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1. Introduction 
The global demand for energy is increasing, and predicted to increase additionally by 37 % by 

2040 [EIA14]. Since the global energy crisis in the 1970's, the utilization of alternative and 
renewable energy sources has been proceeded. Recently, renewable energy provided an estimated 
19.1% of global final energy consumption by 2013 [REN15], and also accounts for 43.6% of 
newly installed generating capacity in 2013 [UNEP14]. As a matter of policy to a sustainable 
future, further installation of environment-friendly energy systems is required. Furthermore, the 
creation of energy dispersive society is essential in the viewpoint of energy security, lowering risks 
of disasters and crisis. In those social backgrounds, efficient techniques for energy storage and 
energy transportation are becoming more and more important. Hydrogen has potential to play a 
major role as one key material.  

Developing hydrogen storage techniques is therefore of greatest importance, as we approach 
the hydrogen society in the near future. Metals are known to store hydrogen compactly and safely, 
the understanding of hydrogen behavior in metal is in all cases required as its cornerstone and 
background.  

Hydrogen is the smallest and most abundant element in the universe, mostly and practically 
existing as water, which is one of the major components in the environment on the surface of the 
earth [Wint09]. The phenomenon that hydrogen can solute into several metals is well known since 
a long time. A pioneering work in this field was conducted by Sieverts [Siev29,Siev35]. It is 
known that hydrogen can be reversibly stored through metal/metal hydride (MH) phase transition, 
even up to several wt.% in some alloys or intermetallic compounds, just by tuning gas pressure or 
temperature [Vught70]. Not only due to their ease to handle, but also from the economical and 
industrial point of view, intermetallic compounds of LaNi5- or TiFe-based alloys are typically 
chosen for hydrogen storage. Currently, further research and development is on the way, focusing 
on improving gravimetric hydrogen density and the reaction kinetics [Dorn07,Orimo07,Hirs10]. 
Hydrogen storage has also been utilized for other technical applications. For example, fuel cell 
systems [Iwasa03] and their co-generation systems such as Ene-Farm [Pana13,Cart13], 
MH-batteries [Nott00,Kane08], MH-chemical compressor systems [Mal78,Nomu83,Loto14], 
MH-heat pump systems [Gure78,Orga87] as MH refrigerators [Uchi04] or air conditioners 
[Ron84], are good examples of developed applications in this field. Metal hydrides can store 
hydrogen with high volume density and high stability, in comparison with other storage methods 
like liquid hydrogen or high-pressure H2 gas tanks [Zütt03,Zütt04]. For example, the volume 
density of hydrogen increases ca. 950 times upon absorption by Pd, compared to its gaseous state 
[Koss11]. Or, as another example, fully hydrogenated magnesium hydride contains hydrogen with 
a volume density 1.5 times higher than the density of liquid H2 [Petr09]. 

Nano-structuring has attracted much attention apart from those developments in a viewpoint 
of controlling the total performance of the M-H reaction, including thermodynamics of the system 
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and interaction of hydrogen with defects. Actually, many studies reported that the metal 
nano-clusters and metallic thin films have rather different, as well very interesting hydriding 
reaction properties from that of massive metals [Pundt04,Pundt06,Yama08], also with incidental 
optical property changes [Huib96] for some materials.  

In case of bulk material, hydrogen absorption in interstitial sites yields lattice expansion in 
three dimensions, forming defects such as cracks at the surface through creating dislocations in the 
material. Metallic thin films are allowed to expand only in the out-of-plane direction, as long as 
the film is not detached from the substrate. This out-of-plane expansion contains a linear 
contribution from the applied in-plane stress, according to the linear elastic theory 
[Laud99+,Slau02]. The in-plane compressive stress of the film can reach the GPa range during the 
hydrogen absorption, while it is zero for out-of-plane direction.  

From an engineering point of view, a high hydrogen capacity in weight ratio is required for 
storage materials for mobile and automotive applications [Hirs10]. Actually, Mg-H is known to be 
the most interesting system in this regard. Its hydride has a high theoretical hydrogen content of 
7.6 wt.%, which is the largest content in the hydrides of industrially low-cost metals [Dorn07]. 
Furthermore, Mg is abundantly supplied, as is shown in Fig. A3.1 [Vesb12] in Appendix A3. This 
high weight content material has an advantage in usage for a practical mobile storage.   

However, the slow sorption rate hinders its practical use [Akib82,Nott09]. The slow hydrogen 
sorption kinetics is caused by the MgH2 itself, which blocks hydrogen diffusion (“Blocking effect” 
[Zhda93,Fried97]). Various attempts overcoming this effect have been reported. Furthermore, 
decomposition of the too stable magnesium hydride is also difficult for a practical mobile storage: 
a hydride decomposition enthalpy between -30 kJ/(mol H2) and -48 kJ/(mol H2) is required 
[Schl01,Baldi09++]. The decomposition enthalpy of the bulk MgH2 is much higher (-74.4 kJ/(mol 
H2) [Stamp60]), which denotes the hydride phase is thermodynamically too stable from a practical 
application perspective. Thermodynamically stable bulk β-MgH2 needs temperature higher than 
553 K in pH2 = 0.1 MPa [Stamp60] to decompose. As this thermodynamical property limits its 
practical use, destabilisation of the β-MgH2 phase is one of the interests from the viewpoint of 
hydrogen storage technique. 

In order to improve the thermodynamic properties of MgH2, alloying with Ni and Cu has 
been investigated [Reil67,Reil68]. But, still a reaction temperature of more than 513K is needed in 
pH2 = 0.1 MPa, in case of alloying with Ni [Dorn09]. Investigations in Mg-based intermetallic 
phases [Kohn00,Rönn03,Kyoi04,Goto05,Taka07,Kama08,Zhan11], in alloys [Kame05,Zhou13, 
Zhon14,Zhou14], and in composite systems with other hydrides or mixed compounds 
[Ichi10,Nori11,Shep11,Godu12,Wan13,Pist14], are proceeding.  

For a better reaction rate, researchers used nano-crystallization upon mechanical alloying 
(ball-milling) [Chen95,Huot01] or by the equal channel angular pressing (ECAP) treatments 
[Skri04], proposed by suitable catalysts [Mintz78,Oele01,Bark03,Hana05,Andr06,Fried06, 
Hana06,Koji06,Du08,Lillo08,Luo08,Yu09,Sabi10,Sing10,Dana12,Zhou13+,Must14,Ren14]. Up 
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to now, the pure impact of grain boundaries on the hydrogen sorption kinetics in Mg is still 
unclear. 

Also, it is known that the mechanical stress in metal films on hard substrates could reach up to 
the GPa orders. Under such conditions, the stress can significantly change the films 
thermodynamics with hydrogen, on the basis of previous studies for Nb-, Gd-, Y-, Pd-, and 
Ti-films [Pundt06,Wagn08,Tal-G10,Kirch14,Wagn15]. Because of the high stability of Mg 
hydrides, an investigation for the possibility of the adsorption temperature reduction in film Mg-H 
system is of a large interest not only from a scientific viewpoint, but also for applications.  

This thesis focusses on the kinetic aspects of hydrogen absorption in Mg thin films which is 
strongly affected by the hydride formation and the blocking effect. Especially the formation of the 
blocking layer turned out to be a central and still unsolved issue. The determination of diffusion 
constants in different concentration regimes and study of an impact of grain boundaries are further 
points of consideration in this thesis.   

To address these points, hydride formation and growth as well as the evolution of inner stress 
will be analyzed in details. The influence of hydrogen loading conditions and the driving force on 
the hydrogen absorption behavior of pure Mg is studied. Also, the impact of the stress on 
thermodynamics of Mg-H system will be evaluated. Furthermore, the influence of the grain 
boundaries on the hydrogen permeability will be addressed. Finally, a hydrogen absorption model 
on Mg films will be formulated, which includes all the experimental results. 

To investigate these points systematically, Mg films were prepared with different thicknesses, 
mainly at room temperature. Some films were also annealed. On these films their crystal structure 
and development of in-plane stress were characterized by in-situ and ex-situ X-ray diffraction 
(XRD) setups. Step-by-step (gas- and electrochemical) hydrogen loading, and constant pressure 
gas loading were used in this work. Permeation measurements have been performed for Mg-films 
on palladium substrates, to see the hydrogen diffusivity at different hydrogen concentrations. The 
influence of stress on thermodynamic properties of the Mg-H system was evaluated, from in-situ 
gas loading measurements at different temperatures. To explain the results, a hydrogen absorption 
model with two stages was developed; applying calculations via Finite Element Method (FEM) 
were also performed. 

This thesis consists of 7 chapters. After the background and motivation of this study described 
in Chapter 1, Chapter 2 treats the theoretical background of the Mg-H system, and related 
hydrogen- and temperature- induced volume expansion, and stress-increase based on linear elastic 
theory are presented. In Chapter 3, the experimental techniques and the calculation methods used 
in this study are summarized. Chapter 4 shows the as-prepared states of samples. Chapter 5 
introduces experimental results during hydrogen loadings. It is separated into individual sections, 
and the individual results are shortly discussed. In Chapter 6, all of these results are globally 
discussed in a combined way, especially focusing on the degrees of different hydrogen 
concentration stages. Chapter 7 summarizes this thesis.
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2. Hydrogen in thin films 
This chapter introduces on thermodynamical and kinetical aspects of hydrogen absorbed in 

metals, focusing on Mg, Pd and their intermetallic compounds. Afterwards, it explains the 
hydrogen induced volume expansion and stress arising in a Mg film clamped to a substrate. At the 
end of this chapter, temperature induced thermal stress in Mg films, with its unavoidable effects on 
film measurements at different temperatures, is explained.   

 
 

2.1 Hydrogen in metals 
Hydrogen atoms solute in metals, after an adsorption- and dissociation process on metal 

surfaces [Chris88]. Hydrogen atoms occupy typically 2 different interstitial sites that are denoted 
as tetragonal site (T-site) and octahedral site (O-site), respectively. Fig. 2.1 shows typical examples 
of the interstitial sites for hydrogen atoms occupation in metals, which depend on the crystal 
structures. For example, the BCC lattice contains 3 possible O-sites and 6 T-sites per metal atom, 
resulting in a maximum theoretical solubility of 3 H/Me and 6 H/Me, respectively. It is known that 
the occupation of hydrogen atoms in metal usually follows the "Westlake's criterion"; a geometric 
model that uses only a minimum hole radius (0.40 Å) and a minimum H-H distance (2.10 Å) in 
the development of a rationale for the observed stoichiometries in hydrides of intermetallic 
compounds. All the hydrogen atoms keep distances to each other, at least the length of 2.1 Å 
[Westl83,Westl83b]. Often, the site occupation of H in BCC lattices changes from T-site to O-site 
as the hydrogen concentration increases. Mg has the HCP structure and keeps it until the solid 
solution limit (see

 
 details in Chap. 2.1.5.1).  

 

Fig. 2 al sites for hydrogen atoms in the FCC, HCP and BCC metal host lattices. (T = "tetrahedral 

 
 
 
 
 

 
 
 
 

.1 Interstiti

site", O = "octahedral site") [Fukai05]. Full circle marks are possible hydrogen atoms positions. Open circles 

depict metal atom positions. 
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2.1.1 Hydrogen induced lattice expansion  
 

The introduction of one hydrogen atom into a metal crystal lattice with lattice constant  
induces a volume expansion, 

a
υ∆ . The relative volume change VV∆  in the hydrogen 

concentration range of the solid solute state is defined as 

 
Ω
∆
⋅=

∆
⋅≈

∆ υ
H3 c

a
a

V
V

       (2.1) 

where  is the whole metal volume, V a∆  is the change of the lattice constant, and  is a 
mean atomic volume [HinMeI]. The metal lattice expands and increases its volume by the 
hydrogen uptake. This volume expansion is approximately 2-3 Å

Ω

3 per hydrogen atom 
[Fukai89,Bara71].  

Thus, hydrogen uptake yields a linear relationship with the hydrogen concentration  
(H/M) in the ideal case. The linear increase of the lattice parameter is experimentally verified for 
most metals with cubic structures [HinMeI]. The relative sample volume change 

Hc

VV∆  can be 
experimentally determined by XRD-lattice parameter measurements or by dilatometric 
measurements at several , applying Eq.(2.1).  Hc

For bulk Pd, which has a solid solution limit in the order of ~10Hc -2 H/Pd [Fries73] (see also 
Fig. 2.13 in Chap. 2.1.6.1), the expansion coefficient is reported as Ω∆υ  = 0.19 [HinMeI]. In 
contrast, the total expansion in the solid solution is small for the Mg-H bulk system, compared to 
that due to the phase transformation ( VV∆ = 0.3), because of the small solubility limit of 
hydrogen in α-Mg phase. The solid solution limit is in the order of = 10Hc -7 H/Mg - 10-6 H/Mg at 
T = 300 K [Koen59,Sanma87]. For bulk Mg-MgH2 system, Ω∆υ  = 0.0787 is determined by 
Schober et al. [Schob81], applying their TEM observation results for a lattice formation model.  

 

2.1.2 Hydrogen solution in metals  
 
Hydrogen solution from gas phase into metals can be expressed by the following reaction 

[HinMeI]. 

 MH(solid))gas(H
2
1

2 →         (2.2) 

The condition of thermal equilibrium is given by the equality of the chemical potential of 
hydrogen in the two phases,  

 αµµ H
gas
H22

1
=          (2.3) 

where is the chemical potential of gaseous hydrogen per molecule, and  is that of 
hydrogen in the solid solution per atom. 

gas
H2

µ αµH
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The change of  and regarding Gibbs's free energy are then expressed as, αµH

 ssH STH ∆−∆=∆ αµ         (2.4) 

        (2.5) ss STHG ∆−∆=∆

where sH∆  and sS∆  are called partial molar enthalpy and partial molar entropy, respectively. 
At a given temperature, the relationship  

                                        (2.6) pln KRTG −=∆

is known, where is an equilibrium constant. pK
Under the equilibrium, the condition 0=∆G  is established. Hence, 

 

( )

0
)(

ln

ln
2
1ln

2
1

ln
2
1

2
1ln

2
1

21
H

H
0

HH
gas,0
H

α,0
H

H
0gas,

HH
α,0
H

gas
H

α
H

2

2

22

222

2

=+∆=

−+−=

⎟
⎠
⎞

⎜
⎝
⎛ +−+=

−=∆

f
a

RTG

fRTaRT

fRTaRT

G

µµ

µµ

µµ

     (2.7) 

where  is the standard free energy change of hydrogen solution reaction per mol H atoms, 
 is the activity of solved H atom, and is the fugacity of H

0G∆

Ha
2Hf 2 gas. If ~ 0, and the 

pressure of hydrogen is below several MPa, one can approximate the activity coefficient 
Hc

2Hp

Hγ  and the fugacity coefficient 
2Hβ as ~1 and thus ~  (defined as Ha Hc ( ) MeHcc =−1 ) 

and ~ . 
2Hf 2Hp

By this, the logarithmic term in Eq.(2.7) becomes 

 21
H

H
21

HH

HH
21

H

H

)()()( p
c

p
c

f
a

≅
⋅
⋅

=
β

2222

γ
      (2.8) 

Combining Eqs. (2.7) and (2.8) results in  

 21
H

H0

)(
ln

2
p

cRTG −=∆        (2.9) 

Eq.(2.6) and Eq.(2.9) gives a relationship between 21
H )(

2
p  and  as follows. Hc

 
21

HpH

21
H

H
p

)(

)(

2

2

pKc

p
cK

⋅=

=
        (2.10) 
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This indicates that the hydrogen concentration  is proportional to the square root of the 

hydrogen pressure,

Hc

21
H )(

2
p . This relationship was firstly found by Sieverts [Siev29] and is called 

Sieverts' law and the equilibrium constant Kp is called as Sieverts' constant often noted as Ks or 
. S

From Eq.(2.5) and Eq.(2.9),  can be calculated at given  and Hc 2Hp T  as follows, if 
0H∆  and  or  are known. 0S∆ 0G∆

 21
H

00
21

H

0

H )(exp)(
22

p
RT

STHp
RT

Gc ss ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ∆−∆
=⋅

∆−
=                (2.11) 

Hydrogen solution enthalpy depends on the conditions of and 0
sH∆ 2Hp T . Table 2.1 

summarizes the reported hydrogen solution enthalpy in Mg with various conditions.  
  
Table 2.1 Hydrogen solution enthalpy ∆Hs in bulk-Mg, reported by [Wata75,Shap81,Popov75]. 

-∆Hs0 [kJ (mol H)-1] Conditions Ref. 

21.06 469-867 K, gasloading with pH2 = 105 Pa [Wata75] 

20.0 ± 0.4 675-918 K, gasloading with pH2 = 105 Pa [Shap81] 

24.4 ± 1.2 676-876 K, gasloading with pH2 = 105 Pa [Popov75] 

 
It is noted that Eq.(2.10) and Eq.(2.11) are strictly valid in ideal case that the interaction of 

hydrogen atoms is negligible. In the actual case, the enthalpy term in Eq.(2.11) is known to change 
at elevated temperature (for example, [Flan91]), or at high , because of the effect of 
interactions between solute hydrogen atoms [Fukai05], and therefore the enthalpy term could 
change. Stress effect on hydrogen potential is also known [Li66,Kirch86]. These effects cause a 
deviation from Sieverts' law.  

Hc

As an example for hydrogen solution in a bulk Pd, the temperature dependence and the 
concentration dependence of the hydrogen solution enthalpy in Pd are shown in Fig. 2.2. Mg is 
excluded in this figure, because of its small hydrogen solubility. Those values are for the bulk 
material, and could be changed under a stressed condition such as clamped thin films. Details 
about and for Pd is will be shown in Chap. 2.1.6.1.  0

sH∆ 0
sS∆
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-96.4 

-48.2 

 0 

Fig. 2.2 Hydrogen solution enthalpy ∆Hs in bulk-Pd, temperature dependency (left, taken from [Flan91]) and 

concentration dependency of ∆Hs in different bulk materials (right, axis added to [Fukai05]). 

 

2.1.3 Formation of hydride phase  
At high hydrogen concentrations ( > 0.1 H/M), interactions among hydrogen atoms 

become important because of the lattice expansion, and the phase transition into hydride phase 
(β-phase) takes place. Hydride formations from gaseous hydrogen can be described by the 
pressure-composition isotherms (p-c-T diagram, e.g. 

Hc

Fig. 2.10 for Mg-H system, or Fig. 2.13 for 
Pd-H system). In the hydrogen concentration range where α-phase and β-phase coexist, there is a 
plateau in the isotherm curve. This plateau has a width, giving the miscibility gap in phase 
diagrams. At the higher  range in the pure β-phase region, hydrogen pressure rises steeply 
with the concentration. Hydride formation is suppressed at high temperatures, because of entropy. 
For a system which has no structure change in the matrix phase such as Pd-H, the miscibility gap 
ends in a critical point ( ), above which the change from the α- to the high-concentration phase 
is continuous. Thus, there is no transition any more. The equilibrium pressure is related to the 
enthalpy change 

Hc

CT
eqp

H∆ and the entropy change S∆ , respectively. Hence, can be expressed as 
a function of temperature by the van't Hoff equation [Zütt04]: 

eqp

 
R
S

TR
H

p
p ∆

−⋅
∆

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ 1ln 0
eq

eq                     (2.12) 

where is the standard pressure, 0
eqp R  is the gas constant, and T is the temperature of the system. 

Entropy change term corresponds mostly to the loss of the entropy of molecular hydrogen 
gas. The standard entropy of hydrogen is approximately 

S∆

0S∆ = 130 J·K-1mol-1 [Fukai05], 
therefore the entropy change in Eq.(2.12) can be treated as S∆ ≈ -130 J·K-1(mol H2)-1 for all 
metal-hydrogen systems.  

The enthalpy term H∆  concerns the bonding energy between hydrogen and the metal. The 
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enthalpy is expressed as the slope in the van't Hoff plot, which describes the equilibrium hydrogen 
pressure logarithmically. This term strongly characterizes the stability of the metal hydride.  

Fig. 2.3 shows van't Hoff plots corresponding to transitions of bulk Pd-PdH0.6 [Fries73] and 
bulk Mg-MgH2 [Stamp60]. Hydrogen uptake gives a β-MgH2 phase with a plateau pressure of 
about 3·10≈H2p -6 bar at room temperature, which is 4 orders of magnitude lower than that of 
bulk β-Pd formation. Detailed plot for Mg-MgH2 transition is shown in Fig. 2.12 in Chap. 2.1.5.3, 
and p-c-T plot for this Pd-PdH0.6 transition will be shown in Fig. 2.13. 

For materials combinations, hydrogen will preferentially solve in Mg and form the hydride at 
lower pressures. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2.3 Van't Hoff plot for Mg-MgH2 transition [Stamp60] and Pd-PdH0.6 transition [Fries73]. Extrapolation line 

to lower temperature is inserted in the figure, for data by Stampfer et al.
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2.1.4 Hydrogen diffusion in metal 
Hydrogen atoms in metal have a large mobility, and diffuse [HinMeI]. In case of the Mg-H 

system, Mg is known to have a strong affinity to hydrogen and the crystal properties change from 
metallic into almost ionic, associated with structural change from hexagonal α-Mg into tetragonal 
β-MgH2 (see details in Chap. 2.1.5.1). Therefore, hydrogen atoms in Mg-lattices behave different 
regarding their motion, depending on the hydrogen concentration. To understand the diffusion 
behavior of hydrogen in the Mg-H system, diffusion theory for interstitial diffusion and 
self-diffusion are explained in this section. In this study, thin Pd film of the thickness 20 nm is 
deposited as capping layer to avoid oxidation of underlying Mg layer. Also, a Pd-substrate is used 
for permeation measurement. Therefore, hydrogen diffusion in Pd is also subsequently treated in 
this section.  

 

2.1.4.1 Diffusion in the α-phase [Abba08] 

In the low hydrogen concentration regime, hydrogen exits interstitially in the metal lattice. In 
the expression of the interstitial diffusion is therefore related to the numbers of nearest interstitial 
sites p , and the diffusion coefficient of interstitial atoms is expressed by  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ∆
−=

RT
F

paD diffexp2 υα                  (2.13) 

where  mD 2s-1 is the diffusion coefficient, α is a geometrical factor that depends on the crystal, 
is the lattice Parameter of the crystal, a υ  is the vibration frequency of a solute atom in a 

substitutional site, diffF∆  kJ mol-1 is the free energy for diffusion, R (= 8.314 J mol-1K-1) is the 
gas constant, and T K is temperature. 

In case of interstitial diffusion, the free energy term equals the free energy per mole required 
for solute atoms to jump over their energy barriers into next cites, mF∆ . Therefore, 

 mdiff FF ∆=∆        (2.14) 

is valid for interstitial diffusion.  
Because a free-energy change is capable of being expressed in the form, 
 STQF ∆−=∆                   (2.15) 

the expression for the interstitial diffusivity can be written by 

 ⎟
⎠
⎞

⎜
⎝
⎛ ∆
−⋅⎟

⎠
⎞

⎜
⎝
⎛ ∆=

RT
Q

R
SpaD mm expexp2 υα             (2.16) 

where  and mS∆ mQ∆ are the entropy change of the lattice (per mole solute atoms) and the work 
(per mole of solute atoms) associated with bringing solute atoms to the saddle point during a jump 
between interstitial positions. 
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2.1.4.2 Diffusion in the hydride phase 

In the hydride phase, because of the large difference of electronegativities, the strong affinity 
of H to Mg affects the diffusion mechanism. The bonding is almost ionic and strong in the hydride 
phase. Hydrogen atoms in this state need additional energy to cut the bonds with neighbouring Mg 
atoms, and jumps into the next position. This bonding energy is an additional energy term, which 
has to be considered [Ande54]. This concept resembles that of the concept treating substitutional 
diffusion. Therefore, this substitutional diffusion process is introduced in this section.  

The self-diffusion coefficient of atoms in a dilute solid solution in metal is expressed by 
rewriting Eq.(2.13) as 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ∆
−=

RT
F

ZaD diffexp2 υα                  (2.17) 

where  mD 2s-1 is the diffusion coefficient of the substitutional atom, α is a geometrical factor 
that depends on the crystal, a is the lattice Parameter of the crystal, Z is the coordination 
number, and υ  is the vibration frequency of a solute atom in a substitutional site. Z is known to 
be 12 for FCC lattice, and 8 for BCC lattice. In case of substitutional diffusion, diffusing atom 
needs a vacancy next to it. Due to this additional process, an additional free-energy change term 
associated with the formation of vacancies, fF∆ , is introduced in the energy term. Therefore in 
case of substitutional diffusion, the diffF∆  part is expressed as 

 mfdiff FFF ∆+∆=∆                  (2.18) 

where and are the free-energy change per mole associated with the formation of 
vacancies and the free energy per mole required for solute atoms to jump over their energy 
barriers into vacancies, respectively. Comparing Eq.(2.14) and Eq.(2.18), for the 
substitutional diffusion is larger than that of interstitial diffusion. This change of free energy 
changes the diffusion coefficients drastically, as will be shown in the next section.  

fF∆ mF∆

diffF∆

 

2.1.4.3 General expression of diffusion coefficient 

Eq.(2.13) and Eq.(2.17) are the theoretical expressions for interstitial and substitutional 
diffusion. However, using experimental results, is usually expressed in the form   D

 ⎟
⎠
⎞

⎜
⎝
⎛ ∆
−=

RT
QDD exp0                (2.19) 

where is a constant that is known as the frequency factor, and  is the experimental 
activation energy for diffusion. 

0D Q
Eq.(2.18) is an expression of  as a function of temperature. 

Transforming Eq.
D

(2.6) yields 
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 ⎟
⎠
⎞

⎜
⎝
⎛∆

−=
TR

QDD 1ln 0  or ⎟
⎠
⎞

⎜
⎝
⎛∆

−=
TR

QDD 1
3.2

log 010           (2.20) 

Thus, is often plotted as Arrhenius plot. D Fig. 2.4 shows an Arrhenius plot, which compares 
the diffusion coefficients of interstitial diffusion and substitutional diffusion, as example diffusion 
coefficients of Pd in Pd, Mg in Mg, H in Mg and H in Pd. The diffusion coefficients of H in α-Mg 
are larger than that of Mg in Mg, comparing at same temperature. Likewise, the diffusion 
coefficients of H in Pd are larger than that of Pd in Pd. Slopes in this figure correspond to the 

 term in Eq.(2.20), and the intercept is equivalent to . Because  is expressed in 
logarithmic scale, it is obvious that the activation energy  drastically affects the diffusion 
coefficient. This difference of slopes are clearly visible in Fig. 2.4 between substitutional diffusion 
coefficients and interstitial coefficients, which is the difference of energy of diffusion, as is 
described in former section. Details of hydrogen diffusion in Mg and Pd will be subscribed later in 

RQ 3.2/∆ 0D D
Q

Fig. 2.4 Diffusion coefficient of Pd in Pd [Pete64] and Mg in Mg [Shew56] as substitutional diffusion, and diffusion 

coefficients of hydrogen in αMg [Nish99] and in Pd [Völk71], as interstitial diffusion. Dashed line is an 

extrapolation to room temperature. Details of hydrogen diffusion in Mg and Pd will be subscribed later in section

2.1.4.4 and section 2.1.4.5, respectively. 
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Chap. 2.1.4.4 and Chap. 2.1.4.5, respectively. In Fig. 2.4, The diffusion coefficient of H in α-Mg 
is smaller than that of H in Pd. The hydrogen solution enthalpy ( sH∆ ) of H in α-Mg is larger than 
that of H in Pd (see Table 2.1 and Fig. 2.2). The difference in the diffusion coefficients is 
explained by these contribution differences on the related . Q

Comparing Eq.(2.16) with the theoretical expression of Eq.(2.19), following relationships are 
available with both parameters: 

   and mQQ = ⎟
⎠
⎞

⎜
⎝
⎛ ∆=

R
SpaD mexp2

0 υα          (2.21) 

A point to keep in mind here is that the relationships of Eq.(2.6) is valid in a state of dilute 
interstitial solid solutions. Increasing concentration of the solute in the solid solution phase makes 
large numbers of interstitial sites being occupied, causing solute atoms interact, or interfere with 
each others jumps. Moreover, logarithmic change of the concentration yields changes of the 
chemical potential of solute atoms. Hydrogen diffusion in metal lattice is no exception, and 
therefore, the diffusion coefficient depends on cH. 

Another point to keep in mind is, Eq.(2.14) is valid only in ideal diffusion in material. In 
realistic experimental condition, depending on methods, the energy for diffusion includes the 
effects from environment such as surface, inner stress, or defects. Non-homogeneous stress, which 
could happen such as in a bended metal foil, is also known to cause long-range diffusion [Cant69]. 
For nanocrystalline materials, trapping effect [Oria70,Kello80,Yang91,Fukai05] is known to 
happen at low hydrogen concentration [Kirch88,Kirch88+,Aran93]. Details about individual 
experimental techniques are available, for example in ref. [Bocq96].  

A preferential experimental method in this work is the permeation method. It could contain 
surface effects, including dissociations of hydrogen at the surface or penetration of hydrogen 
through surface barriers [From76,From96]. Details about permeation measurements applied in 
this work will be described in Chap. 3.8. 
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2.1.4.4 Diffusivity of H in Mg and MgH2

Fig. 2.5 shows a series of hydrogen diffusion coefficients reported in literature mainly for 
bulk Mg-H systems. Diffusion coefficients of individual sources show the expected linear 
relationship to the reciprocal temperature. But the data deviate over more than 25 orders at room 
temperature, when different sources are compared. Corresponding works discussed here are listed 
in Table A3.1 in Appendix A3.   

Fig. 2.5 Series of reported hydrogen diffusion coefficients in Mg-H system, reported by Stander [Stan77], 

Renner and Grabke [Renn78], Simensen et al. [Sime80], Yao et al [Yao08], Nishimura et al. [Nish99], Töpler 

[Toep82], Stioui et al.[Stio84] as measured at elevated temperatures and those of Spatz et al. [Spatz93] and 

Qu et al. [Qu10] at room temperature, with theoretical calculation results by Hao and Scholl [Hao08]. Here, 

experimentally obtained diffusion constants for pure Mg were reported by Nishimura et al. in α-region, and by 

Spatz et al. and Qu et al. in two-phase region, and by Stioui et al. in β region. Extrapolations to room 

temperature are appended to values by Stander, Renner and Nishimura et al.. Details are described in Table 

A3.1. 
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Hydrogen diffusion coefficients reported in literature can be sorted by different regimes of 
hydrogen concentration: in I) the α-phase, where hydrogen diffuses via the interstitial diffusion 
process, II) the two-phase region, where the hydrogen coefficients are often obtained as over-all 
diffusion coefficients, for example by measuring the growth of the hydride layer thickness, or III) 
in the hydride phase.  

In α-phase, Nishimura et al. [Nish99] investigated hydrogen permeation measurements for a 
palladium capped magnesium membranes using a gas permeation technique, and reported an 
equation of [ ]RTD /)24100(exp1054.1 6Mg

H −×= −α  m2s-1, where R  is the gas constant in 
J mol-1K-1. It was measured in the temperature range 473-493 K and in the hydrogen pressure 
range of 0.1-10 kPa. In this study, the grain size is unknown. In Simensen’s study, an 
equation of D

2Hp

H = 9.5×10-6 exp (-46400/RT) m2s-1 is obtained for interstitial diffusion of hydrogen 
in magnesium, in the temperature range of 723K-873K. 

In the two-phase region, a diffusion coefficient of hydrogen was reported by Renner and 
Grabke [Renn78] to be [ ]RTD /)500040000(exp10)18.3( 6Mg

H ±−×±= − , where  is 
in m

Mg
HD

2s-1. They measured the thickness of the hydride layer, grown at different temperatures 
ranging from T = 698 K to T = 798 K. However it is noted that this value was obtained for a 
sample with only 98% purity of Mg including 2 wt.% of cerium.  

For pure Mg, it is known that the hydrogen diffusion constant decreases logarithmically as the 
hydrogen concentration increases [Stan77]. At high temperature, Stander et al. reported the 
hydride fraction dependency of the hydrogen diffusion coefficient at T = 523 K and T = 490 K 
with hydrogen loading pressure of = 3 MPa [Stan77], shown in 2Hp Fig. 2.6. Increasing hydride 
fraction x, the apparent hydrogen diffusion coefficient keeps almost constant up to x = 0.5, and 
drastically decreases at further reacted state. At room temperature, Spatz et al. measured 

to be in the order of  = 1.1×102MgH
HD 2MgH

HD -20 m2s-1 at T = 305 K [Spatz93]. They studied the 
kinetics of hydrogen absorption in thin Mg-thin films with the thickness of 20 Å-800 Å that were 

Fig. 2.6 Variation of diffusion coefficient (D) with

fraction reacted, under = 3 MPa at T = 523 H2p K

(blue) and T = 490 K (red), reported by Stander

[Stan77]. 
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UHV evaporated onto a previously hydrided Pd-foil, with help of XPS technique, developing a 
simple diffusion model that the hydride is preferentially formed on the PdHx/Mg-interface and 
forms a diffusion barrier for subsequent diffusion of hydrogen. The measured diffusion coefficient 
by Spatz et al. [Spatz93] is an mean diffusion coefficient of H in Mg-film. 

In β-phase regime, the crystal is known to be almost ionic [Chen04]. In ionic crystals, the 
diffusing atom is sometimes the cation, and sometimes the anion. With respect to the β-MgH2 
structure, Luz [Luz80,Luz80+] showed that the H- anion diffuse through the growing β-phase layer, 
from their direct observation with Kirkendall marker movements by photomicrographic technique, 
rather than the Mg+ cation [Mintz78]). This growth mechanism of the β-phase was confirmed by 
Vigeholm et al. [Vige84] after rough calculations using the data of Töpler et al. [Toep82].  

The measured hydrogen diffusion coefficient is very small. For example, Töpler et al. 
[Toep82] measured  2.5×10

2MgH
HD

≈2MgH
HD -13 m2s-1, by means of a quasielastic neutron scattering, at T 

= 623 K. This diffusion coefficient is 3 orders smaller than the value reported by Renner and 
Grabke [Renn78]. Also, Stioui et al. [Stio84] found a small value as = 1.5×102MgH

HD -16 m2s-1 at T 
503 K, using nuclear magnetic resonance. Hao and Sholl [Hao08] calculated for H≈ 2MgH

HD - via 
density functional theory to be smaller than 10-36 m2s-1 at room temperature, concluding that H 
diffusion is dominated by mobility of negatively charged interstitial H. Yao et al. calculated 

applying a hydrogen diffusion model for a spherical geometry for comparison with their 
results of gasloading at different temperatures, and obtained to be in the order of 10

2MgH
HD

2MgH
HD -18 

m2s-1 to 10-24 m2s-1 at T = 573 K and T = 373 K, respectively [Yao08]. Applying linear fitting for 
obtained in Arrhenius plot, they calculated a value as activation energy of hydrogen 
diffusion in MgH

2MgH
HD

2, , to be = 107.9 kJ/(mol H) (See Eq.(2.13) ). This value is 
the largest reported value. The purity of Mg is unknown for this work.  

2MgH
HF∆ 2MgH

HF∆

The vacancy formation energy of MgH2 (corresponding to fF∆  in Eq.(2.18) ) is larger 
compared to other metallic bonding materials, since the chemical bond of Mg-H is between 
metallic and covalent or ionic [Chen04], and thus, more strong. Because of this large activation 
energy, hydrogen diffusivity in the MgH2 grains is quite small.   

Qu et al. [Qu10] measured Mg-thickness-dependent on films. They found decreasing 
= 7.8·10

Mg
HD

Mg
HD -18 m2s-1 to 3.7·10-19 m2s-1, increasing Mg film thickness from 20 nm to 100 nm, 

applying Hagi's model [Hagi90] for electrochemical discharging results, in the two-phase region. 
Yang et al. [Yang11,Yang11+] applied a diffusion model for describing the hydrogen absorption 
kinetics in a V-coated nano-wire, and obtained , increasing from 4.36·102MgH

HD -19 m2s-1 to 6.31·
10-18 m2s-1, by increasing T from 500 to 570 K. 

Apart from those works, Corey et al. [Core08] and Conradi et al. [Conr07] measured the 
activation energy of hydrogen in coarse grained MgH2 by NMR in the temperature range T > 533 
K. Their value which corresponds to a diffusion coefficient of 4·10≈2MgH

HD -35 m2s-1 and 
7·10≈2MgH

HD -33 m2s-1 when extrapolated to room temperature. These values are the smallest 
value in literatures reported at the moment.  
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In this manner, the diffusion coefficient of hydrogen in Mg at room temperature varies 
exponentially to the mean hydrogen concentration. It is in the order of 10-10 m2s-1 in the α-Mg 
region and in the order of 10-20-10-35 m2s-1 in the β-MgH2 region, progressing through the 
two-phase region. Thereby the diffusion coefficient varies over 25 orders of magnitude. However, 
hydrogen diffusivities in α-Mg are not determined below 30 °C, up to now. 

 

2.1.4.5 H diffusion in Pd 

Hydrogen diffusion coefficients in bulk-α-Pd ( ) and that in bulk-β-Pd ( ), by 
selected methods, are listed in Table A3.3 in Appendix A3. and  are separated in 
the table. Comparing both values at T = 300 K, varies between 1.3·10

Pd
H
αD Pd

H
βD

Pd
H
αD Pd

H
βD

Pd
H
αD -11 m2s-1 ~ 6.6·10-11 

m2s-1 and  varies between 1.45·10Pd
H
βD -10 m2s-1 ~ 6.6·10-10 m2s-1 at T = 300 K. This difference of 

diffusion coefficients supports the suggestion by Jewett and Makrides [Jewe65] and Sakamoto et 
al. [Saka82] that tends to be 10 times larger than . Pd

H
βD Pd

H
αD

As an example,  values for bulk-sample, involving room temperature in temperature 
condition ranges, are plotted in 

Pd
H
αD

Fig. 2.7, collected from literatures of [Boes76,Wick64+,Riba73, 
Seki75, Kirch80, Sams73, Holl67, Völk71, Simo65, Birn72, Hase77, Züch70, Katl78, Koff68]. 
Corresponding short explanations are shown in Table A3.2 in Appendix A3. A referential value of 

 by Wicke and Bohmholdt [Wick64Pd
H
βD +] is selected and plotted in Fig. 2.7, to clarify the 

difference with  visually. An average value obtained from collected literature at room 
temperature, , is treated as referential value of . This 
value is 9 orders of magnitude larger than (see

Pd
H
βD

-1211Pd
H sm 10)0.2(5.3 −⋅±=D Pd

H
αD

MgH2
H
βD  Fig. 2.5). Thus, hydrogen can permeate 

through 20 nm of Pd-capping layer within 10-3 seconds, and the time delay induced by the 
hydrogen permeation through the Pd capping layer is negligible.  

However, the effect of the difference between and  on the total effective 
diffusion coefficient ( ), obtained from permeation measurement results for Pd/Mg/Pd films, 
is not negligible, because of the existence of α/β moving boundary in the Pd-lattice. This topic is 
described later in Chap. 5.5. 

Pd
H
αD Pd

H
βD

effDH

The slopes of temperature dependency correspond to the activation energy for the diffusion. 
Hydrogen diffusion coefficients determined from permeation measurements generally contains the 
effect of the surface dissociation and penetration process of hydrogen. This is considered in this 
work.  

The mean hydrogen concentration in the equilibrium state for Pd is fundamentally measured 
in the α-phase range in this work. Therefore, the β-phase could exist during hydrogen loading 
process. Both of and are interstitial diffusion, and more than two orders of magnitude 
larger than at room temperature, reflected by the difference of the hydrogen solution 
enthalpies (see Table 2.1 and Fig. 2.2).  

Pd
H
αD Pd

H
βD

gD M
H
α

The kinetics of hydrogen permeation process through α-Pd via electrochemical hydrogen 
permeation measurement, consisting of i) discharging of electron on the surface of metal, ii) 
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hydrogen adsorption process, iii) solution and storage process, vi) diffusion process in the material 
and v) desorption process at the output side, is generally known to be controlled by the diffusion 
process [Deva62]. However at higher hydrogen concentrations for Pd, it is not clear what is the 
rate limiting process for hydrogen permeation, especially for the case that the β-phase nucleates at 
the sample surface, and the α/β boundary moves into sample interior 
[Stac64,Jewe65,Bohm67,Saka82]. For example on one hand, Jewett and Makrides [Jewe65] 
reported the diffusion coefficient of hydrogen in β-Pd ( ) at 293 K to be = 1.5·10Pd

H
βD Pd

H
βD -10 

m2s-1 which is 10 times larger than that in α-Pd ( ), = 1.6·10Pd
H
αD Pd

H
αD -11 m2s-1 [Jewe65]. On the 

other hand, the value of Boes and Züchner [Boes76] at the same temperature at  is 
measured to be = 4·10

%37H ≈c
Pd

H
βD -11 m2s-1. Moreover, also for Mg layer, the diffusion coefficient 

decreases logarithmically with increasing of  (see Chap. 2.1.4.4). Hc
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.7 A collection of bulk- , as functions of reciprocal temperature 1/T, compared with by Wicke 

and Bohmholdt [Wick64+]. See Table A3.2 in Appendix A3 for more information. 

Pd
H
αD Pd

H
βD
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2.1.4.6 Hydrogen diffusion in grain boundaries and nanocrystalline Pd 

Hydrogen can diffuse through a grain boundary different than through the lattice. For example, 
Harris and Latanision [Harr91] reported a value as grain boundary diffusion coefficient of 
hydrogen in nickel at least = 3·10GB-Ni

HD -12 m2/s, from their electrochemical permeation 
measurements performed on fine-grained foils produced by electrodeposition. This grain 
boundary diffusion coefficient was a factor of 40 greater than the lattice diffusion coefficient. 
Moreover, the activation energy for grain boundary diffusion in this system is reported to be 
approximately three-fourths of the activation energy for hydrogen diffusion in single-crystal nickel 
[Harr91]. 

In contrast to this, Mütschele and Kirchheim [Muet87] show a reduction of the hydrogen 
diffusion coefficient for nanocrystalline Pd ( ) compared to that of single crystal ( ) at 
hydrogen concentration < 3.15·10

Pd-n
HD Pd-s

HD

Hc -4 H/Pd, by electrochemical permeation measurement for 
sample with average grain size of 10 nm. Increasing the concentration gives rise to an increase of 
the for > 3.0·10Pd-n

HD Hc -2 H/Pd is also measured for nanocrystalline sample, reaching up to 
 = 1.58·10Pd-n

HD -10 m2s-1, which is about 3 times larger compared to . This hydrogen 
diffusion depends on concentration. Arantes et al. [Aran93] conducted electrochemical hydrogen 
permeation measurements and reported an increase of hydrogen permeability in nanocrystalline 
Ni (grain size ~100 nm) compared to microcrystalline Ni (grain size ~2 µm), and concluded this 
result due to an increase of both hydrogen solubility and hydrogen diffusivity. The diffusivity of 
hydrogen increases by two orders of magnitude when the hydrogen activity is enlarged. However, 
measurements of the time lag during transient permeation show that at very low hydrogen 
activities the diffusion coefficient can be smaller when compared to a microcrystalline sample. 
This effect at lower hydrogen concentration was explained by the trapping effect [Muet87]. 

Pd-s
HD

Taking the simple assumption that the hydrogen diffusion takes place in cubic-shaped grains 
with low diffusivity and through their grain boundaries with high diffusivity, Demouchy et al. 
applied following equation to estimate the grain boundary diffusion of hydrogen through their 
olivine samples [Dorn02,Pundt06,Demo10] 

  GBbulk
H

eff
H

3 D
d

DD δ
+=      (2.22) 

where  is the effective hydrogen diffusion coefficient, is the hydrogen diffusion 
coefficient in the bulk grains, is the hydrogen diffusion coefficient in the grain boundaries, 

is the grain size, and 

eff
HD bulk

HD
GBD

d δ  is the width of the grain boundaries. The value of δ is often 
approximated to be about 2-3 monolayers [Muet87,Herz03]. 

Further theoretical models about grain boundary diffusion are suggested and shown with their 
historical development in the book [Kaur95] written by Kaur, Mishin and Gust. Some of them are 
discussed in this work to estimate contribution of grain boundary diffusion, in Chap. 6.3. 

Grain boundary pathway can be estimated by the excess of the estimated hydrogen flux 
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compared to grain-through diffusion process, as described in the Appendix A1.  

 

2.1.5 Mg-H systems 
 
Several hydrogenation properties and thermodynamical aspects of the bulk- and film-Mg-H 

system and its hydrides will be presented in this section.  
 

2.1.5.1 H in bulk-Mg 

Fig. 2.8 A phase diagram of the bulk

Mg-H system [Okam01]. 

 

 
Fig. 2.8 shows the binary phase diagram of the bulk Mg-H system, at a hydrogen pressure 

25 MPa. Mg forms a solid solution (α-Mg phase) upon sorption of small hydrogen content. 
At this pressure condition, The hydride phase decomposes at T = 287.6ºC (= 560 K), and the 
melting point of Mg is at T = 650ºC (= 923 K).  

=H2p

The solubility limit of hydrogen in the bulk α-Mg under a normal pressure is reported as 
functions of temperature T (unit in K) by Koeneman and Metcalfe [Koen59], and San-Martin and 
Manchester [Sanma87], as follows; 

 ( )TX 2320exp107.8 3
)/( −⋅= −

+βαα  [Koen59]         (2.23a) 

 ( TX 6225exp071)/( −=+βαα )   [Sanma87]                  (2.23b) 

Hence, the solubility at T = 300 K is calculated to be 3×10=Hc -6 H/Mg and 1×10=Hc -7 
H/Mg, respectively. This low solubility limit is represented by the vertical line matching the T 
-axis, in Fig. 2.8.   

Further hydrogenation yields forming of the hydride phase. It is known that 
thermodynamically stable hydride phase is β-MgH2, under moderate conditions. This is 
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represented by the horizontal line ranging up to 287.6 °C in Fig. 2.8. However, further structures 

are also reported as metastable phases, under moderate condition, such as γ-, δ- and ε-phase. The 

crystal structures of Mg and its hydrides are listed in Table 2.2. They vary from orthorhombic 

(orth.), tetragonal (tetr.), and tetragonal (tetr.) to cubic (cubic).  

Upon hydrogenation at ambient hydrogen pressure and low temperature, magnesium with 

hexagonal structure changes into the β-MgH2 phase (TiO2-rutile type structure) [Pred96]. This 

structure change was observed by Ellinger et al. by XRD measurements [Ellin55]. The structure 

of the β-MgH2 phase was determined by Zachariasen et al., applying neutron diffraction 

measurements for its deuteride [Zach63].  

 

Table 2.2 Crystal structures of magnesium and its hydrides [Kele07,Ellin55,Mori06,Vaje06,Semenk78,Bort99, 

Lity85,Ravi04]. Hexagonal Mg and thermodynamically stable β-MgH2 structure, which are mostly treated in 

this work is marked in the list. Further information about symmetry is available in the ref. [Ecke71].  

 

Recently, another β-MgH1<x<2 phase was observed by Schimmel et al [Schim05], which 

doesn't occur in bulk hydride phase but appears characteristic for small particles. It has the same 

structure but smaller lattice constant. A similar phase with slightly smaller lattice constants was 

also detected by Borgschulte et al [Borg07] as β-MgH2-δ phase, using XRD technique. In this 

study, the amount of this phase was reported to depend on the degree of nanostructuring and the 

used additive [Borg07]. 

The thermodynamically stable tetragonal β-MgH2 can be partially transformed into a 

metastable γ-MgH2 phase with orthorhombic structure, under a compressive stress state [Bast80], 

or at higher temperature. This γ-MgH2 phase, which structure was determined by Bortz et al. 

[Bort99], is known to occur often as a by-product in the high-pressure synthesis of Mg-based 

ternary metal hydrides in GPa order (e.g. [Bort98,Nagen99]) by multianvil device, or observed in 

ball milled samples at high temperature, i.e., in nanostructured MgH2 [Hana05,Huot01], after long 

milling times [Vari06,Chit13]. This phase transition from β-MgH2 into the γ-MgH2 also takes 

place by heating at T = 629 K [Semenk78]. Recently, Ham et al. [Ham14] reported that the 

stress-induced orthorhombic γ-MgH2 is thermodynamically destabilized at T = 373 K or lower, 

suggesting drastic destabilization arisen by large tensile stress in single layer γ-MgH2 bonded to 
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rigid substrate, or compressive stress due to large volume change incompatibility in Mg/Nb 
multilayers.  

Fig. 2.9 A schematic figure of the

structure transition from the

β-MgH2 to the γ-MgH2 phase.

Simulated from the parameters

from [Bort99].  

Fig. 2.9 shows a schematic drawing of the structure transition from β- to γ- phase. Concerning 
the β-γ transition pressure, Vajeeston et al. studied the stability of MgH2 structures in the pressure 
range up to 20 GPa using density-functional total-energy calculations, and predicted that the 
β-MgH2 transforms into γ-MgH2 at 0.39 GPa [Vaje02]. The calculations via the Full-Potential 
Linear Muffin-Tin Orbital (FP-LMTO) Method and the Vienna Ab-initio simulation package 
(VASP) performed by Ravindran et al. also suggest the β-γ transition pressure to be 0.385 GPa and 
0.387 GPa respectively [Ravi04]. However, Moriwaki et al. reported the transition pressure to be 
9 GPa from their in-situ high-pressure XRD measurements up to 57 GPa, carried out at room 
temperature [Mori06]. In their high-pressure investigation, they also pointed out that a complete 
conversion from β-phase to the γ-phase didn't take place, and two more high-pressure phases 
exists under a high pressure in the GPa range [Mori06]. 

Apart from the above reactions, a transition from the tetragonal β-MgH2 phase to the δ-MgH2 
phase (distorted CaF2-type lattice) at a pressure of 8 GPa was reported by Lityagina et al. [Lity85]. 
Based on these results, it is assumed that γ-, δ-, and ε-MgH2 phases are not stable under the 
conditions that are used in this work. Therefore, hexagonal Mg and tetragonal β-MgH2 phase are 
mainly treated in subsequent parts of this work.   

Table 2.3 shows a list of reported enthalpy changes for the Mg-βMgH2 system with 
corresponding entropy change and temperature ranges, collected from series of different 
studies [Stamp60,Kenn60,Ellin55,Vige83,Shao04,Peder83,Fried88,Pask10,Tanguy76,Reil68, 
Bogd95,Abba08,Klos95,Kroz90,Stan78], mainly for the bulk system. Enthalpy values are sorted 
from the viewpoint of reaction directions, expressed by the hydride formation enthalpy  in 
absorption direction, and the hydride decomposition enthalpy  in desorption direction. 
Energy change of the reaction ( ) can be calculated for both directions at each temperature by 
relationship of . 

0S∆

0
f H∆

0
d H∆

0G∆
000 STHG ∆−∆=∆

Krozer et al. [Kroz90] reported that Hf∆  is more exothermic than  by about 
11 kJ/molH

Hd∆
≈∆−∆ HH df 2 for Mg films, obtained from a piezoelectric quartz crystal 

microbalance measurements (gravimetric method) at T = 290-370 K with = 1.33-80 Pa. This 
was done for a thin film sample, being affected by elastic energy change due to induced volume 
expansion. Similar tendency with 

Hp

Hf∆  and Hd∆ was reported by Pivak [Pivak12+] for thin 
film, from hydrogenography measurements at T = 333-545 K. In contrast, for bulk materials, 
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difference of only 1.2 kJ/molH2 between Hf∆  and Hd∆ was reported by Shao et al. [Shao04] 
from p-c-T measurements at T = 623-673 K.  

Rudman [Rudm80] pointed out that apparent enthalpy of hydrogen loading of Mg could 
contain not only the enthalpy of hydride formation (which is negative) but also enthalpy of 
hydrogen solution into Mg (which is positive). Also, regarding to the transformation of Mg-MgH2, 
it is noted that the energy of hydride formation or decomposition are affected by the nucleation 
process, therefore the state before each loading/unloading cycle could make a difference in the 
apparent thermodynamics (e.g. [Evar10]).  

 

Table 2.3  A list of reported enthalpy changes for the Mg- βMgH2 system in absorption direction (-∆fH0) and in

desorption direction (-∆dH0), with corresponding entropy change (-∆S0), measured at different temperature ranges,

collected from series of literatures [Stamp60,Kenn60,Ellin55,Vige83,Shao04,Peder83,Fried88,Pask10,Tanguy76,

Reil68,Bogd95, Bohm99,Klos95,Kroz90,Stan78,Borg07,Pivak12P+]. See also Fig. 2.12 in Chap. 2.1.5.3 and Fig.

5.39 in Chap. 5.6.2. 

 
 
Apart from the above, metastable β-MgH2-δ phase is reported by Borgschulte et al. [Borg07] 

in their differential scanning calorimetry (DSC) measurements under hydrogen atmosphere at T = 
447-540 K, for Mg-nanoparticles with diameter of 80-130 nm. In their study, the β-MgH2-δ phase 
is reported to have the tetragonal β-MgH2 structure, but containing more vacancies, and increases 
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reaction kinetics. A correspondence to the new MgH1.2 phase, determined by recent neutron 
diffraction measurements [Schim05], is suggested [Borg07]. However, almost no difference 
between  and was measured for Mg-nanoparticle sample.  Hf∆ Hd∆

The value experimentally determined by Stampfer et al. from most wide temperature range 
[Stamp60], = -74.4 kJ/(mol H0H∆ 2), is used in this work as the reference value of hydriding 
reaction for bulk Mg. 
Fig. 2.10 shows a p-c-T diagram of the bulk Mg-H system [Osum99]. At 300ºC, β-MgH2 phase 
exhibits a decomposition pressure of 5 bar. Oelerich et al. [Oele00] and and Zhou et al. 
[Zhou13] experimentally obtained equilibrium pressures in the same order at 300ºC. But at room 
temperature, a quite low equilibrium pressure of 5·10

≈eqp

≈eqp -6 bar is expected, from extrapolation 
of the measurement of Stampfer et al. [Stamp60] (See Fig. 2.3).  

With respect to the results in Chap. 2.1.4.4, which suggests slow reaction kinetics for Mg-H, 
special care is required for finding proper equilibrium states, especially when blocking effects are 
possible.  

Fig. 2.10 A p-c-T diagram of the bulk Mg-H system, original

data from the study by Osumi [Osum99]. See also Van't Hoff

plot for Mg-MgH2 in Fig. 2.12. 

   
While α-Mg is a metal, the chemical bond for MgH2 turns to ionic [Luz80+,Vaje02,Chen04], 

and MgH2 is insulating [Wester08]. The large band gap of β-MgH2, , is experimentally 
determined to be = 5.16 eV by Krasko [Kras82], = 5.8 eV by He and Pong [He90], 
and = 4.3-4.5 eV by Paik et al. [Paik12] for bulk Mg. 

Mg
BE

Mg
BE Mg

BE
Mg
BE

 

2.1.5.2 Hydride formation in Mg-films 

Limited hydride layer growth is reported by different studies. On thin films, Westerwaal et al. 
reported on a maximum MgH2 layer thickness of 100 nm [Wester08]. Giebels et al. could 
hydrogenate 120 nm Mg films completely [Gieb04], but only at elevated temperatures of 373 K. 
Vermeulen et al. achieved 4.5 wt% H/Mg (60% of the 200 nm Mg-film) that gives a 120 nm 
MgH2 layer. Lohstroh et al. achieved a hydride layer thickness of 220 nm Mg2NiH4 in Mg2Ni 
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films [Lohs04], however, this was an alloyed system. For Mg-alloyed thin films, Lohstroh et al. 
[Lohs04,Lohs05] and Borsa et al. [Bors07] reported the hydride nucleation from substrate side, 
whereas it is reported from the surface for pure Mg thin films (e.g. [Ryde89]). To summarize, 
about 120 nm thick MgH2 layer forms on the surface of pure Mg films before blocking happens. 

All hydrides were β-MgH2 phase. In contrast, random nucleation of metastable γ-MgH2 phase 
is re

asemo [Kroz90] reported the reaction enthalpy 
diffe

ported by Gautam et al. [Gaut11, Gaut12] from their XRD measurement study conducted for 
magnetron sputtered Mg film prepared on glass substrate after hydrogen loading with pH2 = 0.2 
MPa at T = 523 K. Also, Le-Quoc et al. [LeQu14] recently showed the possibility to grow the 
metastable γ-MgH2 film on Si substrate by Reactive Plasma Assisted sputtering at low hydrogen 
pressure (0.4 Pa) and close to room temperature. 

As described in last section, Krozer and K
rence of ≈∆−∆ HH df 11 kJ/molH2 at T = 290-370 K for Mg films, from a gravimetric 

method. Piva reportedk [Pivak12+] ≈∆−∆ HH df 17 kJ/molH2 for thin film, from 
hydrogenography measurements at T = 3  values are larger compared to the value 
by Shao et al. [Shao04], and the different tendencies of them are clearly contrasting, as shown in 
Table 2.5. This is a larger hydride growth model.  

Crystallographic relationships between 

33-545 K. Those

magnesium matrix and the nucleated 
thermodynamically stable β-MgH2 phase are reported by different studies, as listed in Table 2.4. 
They are specified in absorption direction (Abs.) and desorption direction (Des.). Observations on 
bulk samples have been done by Schober [Schob81], with transmission electron microscopy 
(TEM). The crystallographic relationship of β-MgH2(100)[001] // α-Mg(0001)[11-20] was shown 
for T = 543 K with pH2 = 5 MPa. Alternatively, β-MgH2(110)[001]//α-Mg(0001)[10-10] 

Tabl .e 2.4 Crystallographic relationships between the Mg matrices and its hydrides (β- and γ-phase) for thin films

Whisker-, nanofiber-, and powder samples are also listed for a comparison purpose. Determination methods (XRD,

TEM and EELS) and the reaction directions with hydrogen (Abs./Des.) are remarked for each work. 
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relationship for films on Al2O3(001) substrates and β-MgH2(200)[001]// α-Mg(11-20)[11-21] 
relationship for films on LiGaO2(320) substrates were reported by Kelekar et al., in their 
observations on 400 nm epitaxial film upon the hydrogenation reaction at T = 373 K with pH2 = 
0.6 MPa [Kele07]. An (0001)-orientation of Mg was observed in films deposited on glass 
substrates by Özgit et al. [Özgi10], with orientation relationship of β-MgH2(110) //α-Mg(0001). 
This relationship were also observed by Yamamoto et al. [Yama02] in films deposited on glass 
substrate and by Ye et al. [Ye06] in films deposited on Si substrate. Apart from film samples, an 
orientation relationship of β-MgH2(110) //α-Mg(0001) is discussed by Zhu et al. [Zhu11], which 
same orientation relationship observed by Bokhonov et al. [Bokh87] by single crystals of MgH2 
whiskers.  

Other relationships of β-MgH2(110) //α-Mg(-110-1) and β-MgH2 [-111] //α-Mg [01-11] are 
also reported by Danaie and Mitlin [Dana12] from their TEM measurements for MgH2 powder 
samples, at T = 673 K. Those works are also listed in Table 2.4. 

With respect to the orientation relationships, a preferential growth in <110>-direction of the 
β-MgH2 was measured by Saita et al. [Saita06] from their XRD study for MgH2 -nanowire 
investigated via CVD in hydrogen gas. Theoretically calculation has been also conducted by 
Vajeeston et al. [Vaje08], and proved that the energetically most stable plane is β-MgH2(110), as 
well as the (0002) plane of the α-Mg. Therefore, the texture of α-Mg (0002) and preferential 
growth of β-MgH2(110) is generally expected in this work. These planes are shown as the pink 
planes in Fig. 2.11.  

Fig. 2.11 A schematic figure of the α-Mg(0002) plane (left) and the β-MgH2(110) plane (right), drawn by VENUS 

[Izumi05]. Both planes are shown with pink layer in the matrices, consisting of Mg atoms (green) and hydrogen 

atoms (blue). Edge of unit cell is drawn with white line, and axes for both crystals are shown respectively. 
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Apart from hydride formation, interdiffusion of Mg and capping material, such as Pd or Pt is 
known to cause property degradations for Mg-based film type hydrogen sensors. Details about this 
phenomenon will be described in Chap. 2.1.7. 

With respect to the β-MgH2 phase in Mg-film samples, insulating properties are reported 
[Wester08], and a large band gap of = 5.7 eV is experimentally determined by Isidorsson et 
al. [Isido03]. Also, many works are conducted by means of hydrogenography (e.g. 
[Dam07,Baldi09,Baldi10,Pivak12]). The drastic change of the optical properties is known upon 
the phase transition between α-Mg and β-MgH

Mg
BE

2 phase, as is also known for the Y-H system 
[Huib96]. This optical property change is also seen in thick films treated in this work. (Shown 
later in Fig. 5.13 in Chap. 5.2.1.3)  

Electrical resistivity works are also frequently conducted for Mg films. The electrical 
resistivity Mgρ , is reported by Isidorsson et al. [Isido03] to be Mgρ = 6 µΩcm for 188 nm Mg 
films with 10 nm Pd on top, and Mgρ = 6.5 µΩcm for 150 nm Mg films with 12 nm Pd on top, 
respectively. These values contains the influence of the surface Pd. 

The resistivity of β-MgH2 2MgHρ is measured by ex situ measurements to be 2MgHρ = 630 
µΩcm by Isidorsson et al. [Isido03] for Mg film with Pd-capping layer, and by Giebels et al. 
corrected this value to be 2MgHρ =10 mΩcm, removing the effect of the surface Pd layer [Gieb04]. 
Westerwaal et al. [Wester08] reported a value of 2MgHρ > 1 MΩcm by in-situ measurements for 
Mg films with better purity. Details of resistivity measurement will be described in Chap. 3.7. 
Table 2.5 summarize the values of band gap energes of the β-MgH2, resistivities and the 
difference of hydride formation/decomposition enthalpies for bulk-Mg and Mg thin film, which 
were described in this section.  

 
Table 2.5 Band gap energy ( ) for β-MgHMg

BE 2 and electric resistivities of α-Mg ( ) and β-MgHMgρ 2 phase 

( ) for bulk and thin film samples, and difference of ∆H from literatures. 2MgHρ

[Kras82,He90,Paik12,Isido03,Lide04, Aved99,Gieb04,Kroz90,Pivak12+,Shao04]. 
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2.1.5.3 Tuning reaction properties of the Mg-MgH2 system kinetics 

temperatures. First 
reas

lateau pressures for Mg-MgH2, as well as the 
exp

 
ddition and alloying with Ni, Cu has been investigated by Reilly and Wiswall 

[Re

ride decomposition enthalpy by decreasing particle 
size

Most of studies in past concerning Mg-H system were done at elevated 
on of that is the blocking effect of the hydride phase at the reaction interface [Uchi11], and the 

small hydrogen diffusivity in the Mg-MgH2 system (see Chap. 2.1.4.4). Another reason is the 
thermodynamical stability of the hydride phase.  

Fig. 2.12 shows the reported equilibrium p
ected equilibrium plateau pressure for Mg-MgH2 at 300 K. The van't Hoff plots summarizes 

the literature data reported by Wiberg and Baner [Wibe52], Ellinger et al. [Ellin55], Cummings 
and Powers [Cumm74], Stampfer et al. [Stamp60] for bulk samples, and for thin films by Pivak 
[Pivak12+], Borgschulte et al. [Borg07], and Baldi et al. [Baldi09++]. Extrapolation gives the range 
of pH2 = 2×10-5 bar and pH2 = 8×10-5 bar at T = 60 °C. Chemical potential of galvanostatic 
measurements by Vermeulen et al. [Verm06], or thermodynamic modelling by Zeng et al. 
[Zeng99] or by Vermeulen et al. [Verm07] also result in a similar range.  

Fig. 2.12 A series of Van't Hoff plots for Mg-MgH

transition, reported by Wiberg and Baner [Wibe52],

Ellinger et al. [Ellin55], Stampfer et al. [Stamp60],

Cummings and Powers [Cumm74], Oelerich et al.

[Oele00], Baldi et al. [Baldi09P++], Borgschulte et

al. [Borg07], Pivak [Pivak12P+]. Hollow- and filled

symbols are plots, which corresponds to hydride

decomposition reaction and formation reaction,

respectively. 

 

2

A
il67,Reil68]. Increase of the plateau pressures are reported in their work, nevertheless, a 

reaction temperature of over 573K is needed.  
For powder samples, decreasing of the hyd

 below 20 nm is reported by Aguey-Zinsou and Ares-Fernández in their review [Aguey10]. 
Significant drop in particle stability of magnesium hydride with particle sizes below 2 nm ranges 
is reported by Cheung et al. [Cheu05], Wagemans et al. [Wage05], and Vajeeston et al. [Vaje12], 
by theoretical calculations. Most significantly, the desorption energy of the β-MgH2 phase, which 
is 74 kJ/(mol H2) for the bulk form, drastically decreased to 65.3 kJ/(mol H2) for nanowires with 
diameters of 30-50 nm [Saita06]. Aguey-Zinsou and Ares-Fernández [Aguey08] also 
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demonstrated the size dependency of hydride properties experimentally, for surfactant-stabilized 
magnesium nanoparticles with a diameter of 5 nm. An explanation for such size effect of Mg 
nano-cluster on the thermodynamic properties is discussed by Aguey-Zinsou and Ares-Fernández 
[Aguey10] to be the contribution of the surface free energy to the total energy of the system. 

For thin films, Baldi et al. [Baldi09] reported that the thermodynamics of hydrogen 
abso

itable 
cata

2.1.6 Pd-H systems 
apping layer is deposited on the sample surface, to avoid oxidation of 

und

2.1.6.1 H in bulk-Pd 

m, the α-Pd phase solves hydrogen up to = 0.01 H/Pd at 298 K, for 
a bu

sH∆ ) 

        (2.24b) 

rption in Mg can be tuned by elastic clamping. The loading isotherms measured by 
hydrogenography show that Mg films covered with Mg-alloy-forming elements, such as Pd and 
Ni, have hydrogen plateau pressures more than 2 orders of magnitude higher than bulk Mg at the 
same temperature. A Mg thickness dependence of the hydrogen plateau pressure is also reported 
[Wagn08,Baldi09]. For thin Mg films (< 14 nm) sandwiched by Fe nanolayers, Mooij et al 
[Mooij14] recently reported the presence of multiple plateau pressures, whose nature are related to 
be tuned by the film thickness, whereas the hydrogen desorption occurs via a single plateau which 
does not depend on the Mg layer thickness. Furthermore, Tang et al [Tang12] recently reported 
that the biaxial strain, which is introduced in clamped films, also affects the structural stabilities of 
magnesium hydrides on the Mg(0001) surface, using density-functional theory calculations. 

Apart from the above, from viewpoint of increasing reaction rate, application of su
lysts is actually considered [Mintz78,Oele01,Bark03,Hana05,Andr06,Fried06,Hana06,Koji06, 

Du08,Lillo08,Luo08,Yu09,Sabi10,Sing10,Dana12,Zhou13+,Must14,Ren14]. However, most 
studies are done at elevated temperature. The understanding of the reaction process on the 
Mg-MgH2 system is still not enough to avoid surface-blocking layers at room temperature, up to 
now. 

 
 

In this study, thin Pd c
erlying Mg layer. Also, Pd-substrate is used for permeation measurement. Therefore, 

thermodynamic properties of Pd-H binary system with bulk and film samples are introduced in 
this section. 

 

In the bulk Pd-H syste Hc
lk system [Fries73], shown in Fig. 2.13. Fitting function for the temperature dependency of 

the partial molar enthalpy of solution bulk
sH∆ (unit in J/(molH) ) and partial molar enthalpy 

entropy bulk
sS∆ ( in J/(molH•K) ) for hydro t infinite dilution in the bulk-Pd is supposed as 

 38252lk 1002.21097.31029.120.9 TTT −−− ×−×+×−−=         (2.24a

gen a

bu

38252bulk
s 1089.21088.61002.778.71 TTTS −−− ×+×−×+−=∆  
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Fig. 2.13 PCT diagram of the bulk Pd-H 

ystem, at different temperatures between s

T = 298K and 510K. Original data from the 

study by Frieske and Wicke [Fries73]. 

where T is the temperature (unit in K) and should be in the range of 200 K < T < 1000 K 
[Manc94]. Applying Eq.(2.24a) and Eq.(2.24b), -10 kJ/(molH) and -56.2 

with a pla  
ers of magnitude higher than that of bulk β-MgH2 formation 

(See

0-3 Pa and at 298 K, the is similarly calculated as shown in Eq.(2.11) and 
yiel

 hy
lk olH) from calorimetric measurement at a temperature range of 333 

K < 

 

is work

d nano-Pd 

It is known that the thermodynamic properties of metal-hydrogen systems are affected by the 
ial.  

ded and hydride phases are destabilized 
[Fee

≈∆ bulk
sH ≈∆ bulk

sS
J/(molH) is available at T = 298 K. 

 Further hydrogen uptake gives a α'-Pd phase teau pressure of about 0≈H2p 1 3 Pa 
at room temperature, which is 4 ord

 Fig. 2.3). 
It is known that Sieverts' law [Siev29] is obeyed in bulk Pd at low-hydrogen concentrations 

[Manc94]. At 1 Hc  
d Hc  = 1.3·10-5 H/Pd.  
The hydride formation enthalpy of Pd dride is reported by Flanagan et al. [Flan91+] to be 

∆ bu
fH -19.09±0.10 kJ/(m=
T < 433 K. This value is in good agreement with other reported values, by Lässer and Klatt 

-18.7±0.15 kJ/(molH) [Läss83]) or by Zhang et al. ( =∆ bulk
fH -19.1 kJ/(molH) 

[Zhan99]). Furthermore, Flanagan et al. found the same enthalpy value for dehydrogenation, 
( with accuracy within ±0.10 kJ/(molH). Therefore, the enthalpy change of Pd-PdH

( =∆ bulk
fH

bulk
dH∆ ) x 

for both transition directions is treated to be constant, and =∆ bulk
fH -19.09 kJ/(molH) is used in 

th .   
 

2.1.6.2 H in Pd-films an

stress dependency of the chemical potent
Under the presence of compressive biaxial stress, for clamped films on the substrate, the 

solubility limit of hydrogen is exten
n83,Laud98,Pundt06,Wagn08,Pivak09,Wagn11]. For strongly adhering epitaxial Pd-films, 

Wagner et al. reported that the hydride formation plateau pressure shifts up to =film
H2p 400 mbars 

in contrast to =bulk
H2p 18 mbars for bulk, and the formation enthalpy increases from 

=∆ bulk
fH -19.1 kJ/(molH) to =∆ film

fH -17.5 kJ/(molH) [Wagn08].  
Also, the grain size affects the solubility limits. For nanocrystalline films, Mütschele and 
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Fig. 2.14 Binary phase diagram of the bulk Mg-Pd system [Naye85]. 

 

Kirchheim  determin ogen solubility limit for 
nano

also found for 

.7 Mg-Pd system and Mg-Pd-H system 
At the interface of Pd/Mg, formation of intermetallic compounds or intermixing is possible, 

re Mg-Pd and Mg-Pd-H system are 
rega

 
A lar oom temperature (about 19 

at.% of Mg) can be seen at the right side of the diagram. Thus, solutions of Mg atoms into the Pd 

 [Muet87,Muet87+] ed an increase of the hydr
crystalline Pd with grain size of 8-12 nm, prepared by gas-phase synthesis. Solubility limits 

for the α-phase =nano
Hc 0.03 H/Pd, and for the (α'-)hydride phase =′nano

Hc 0.44 H/Pd are 
obtained by them, which are reported by Wicke et al. for polycrystalline Pd as =bulk

Hc 0.008 H/Pd 
and =′bulk

Hc 0.607 H/Pd, respectively [HinMeII]. Therefore the miscibili of Pd-H system 
for nanocrystalline samples is narrowed, compared to bulk. This effect 
nanocluster samples [Pundt99,Zütt00,Sach01,Yama08,Yama09,Sule09], and the different types of 
nanocrystalline Pd-H system, for example by Natter et al. [Natt97] for films by pulsed 
electrodeposition, or by Kürschner et al. [Kuer14] for films by Ar-sputtering. Kürschner et al. 
[Kuer14] recently reported =film

Hc 0.12 H/Pd for the α-phase limit, and =′filmHc 0.5-0.55 H/Pd 
for the β-phase limit. Similar hydrogen solubility limit is expected for Pd-capping layer prepared 
in this work. However in th k, the solution limit of hydrogen in the Pd-capping layer is 
treated as a constant value of =′filmHc 0.6 H/Pd, to estimate hydrogen concentration in Mg.   
   
 

2.1

ty gap 
is 

is wor

during measurements at elevated temperatures. Therefo
rded in this section. Fig. 2.14 shows the binary phase diagram of the bulk Mg-Pd system 

[Naye85].  

ge thermodynamical solubility limit of Mg in the bulk Pd at r
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laye

fragile intermetallic phases at the 
inte

re, annealing of Mg-films is done only without 
the 

m temperature of Tmax = 363 K was chosen for Mg film in this work.  

aldi09, 
Bald

Mg-films directly deposited on Si-substrate are prepared in this study, containing an interface 
i in Mg is quite low (maximum solubility is cSi = 0.005 Si/Mg at T = 

910

r, which could happen at the interfaces of both materials through interdiffusion, is reported as 
a factor of property degradations of the Pd-capped Mg-based hydrogen sensors, or causes 
thermodynamical change of the hydrogen- film-Mg systems.  

Furthermore, several complex intermediate phases, as visible in Fig. 2.14, are known to be 
formed in the Mg-Pd system [Mako06]. Formation of the 

rlayer, such as Mg6Pd, Mg57Pd13, Mg56.4Pd13.5, Mg4Pd, Mg306Pd77, Mg78.5Pd21.5, Mg64Pd17, 
Mg3Pd, Mg5Pd2, Mg2Pd, MgPd, Mg0.9Pd1.1, MgPd2, MgPd3 or MgPd6 
([Ferr59,Naye85,Wann01,Yama02,Mako06,Dufo07, Deng08,Kunk11,Wu14]), makes it difficult 
to apply Pd-capped Mg-based thin films at higher temperatures. Introducing hydrogen in the 
system, hydrides such as α-MgPd3H≈1 (tetragonal, ZrAl3-type), β-MgPd3H0.67 (cubic, 
anti-perovskite) [Kohl05], and Mg2PdHx (cubic, Mg2PdCx-like FCC) [Goto05] form, as 
recognized from high-pressure investigations in GPa range. Those metastable hydrides could 
affect the thermodynamics of the total Mg-film system, including equilibrium pressures. These 
intermetallic compounds are known to react with hydrogen and cause disproportionation reactions, 
as reported for example by Callini et al. [Call10]. 

In this work, annealing treatments are done for some samples. Special care is taken in sample 
annealing, to avoid influences of artifacts. Therefo

surface-capping layer of Pd. Furthermore, hydrogen sorption measurements have been done at 
room temperature.  

Also, in-situ measurements are done at elevated temperatures. To prevent the interdiffusion in 
thin films, a maximu

An alternative way to prevent the film from formation of intermetallic compounds, for 
example, using Ti-buffer layer between Pd- and Mg-layer, is proposed by Baldi et al. [B

i09+]. To prevent formation of the intermetallic compounds, Mg-film samples for 
measurements at elevated temperatures in this study, are directly deposited on Si-substrate. About 
the reactions at Mg/Si interface will be described in the next section. 

 

2.1.8 Mg-Si system  

of Mg/Si. The solubility of S
 K) [Okam07]. Therefore, the solution of Si in Mg is was neglected in this study, even at 

elevated temperature. Only a partial formation of pure Mg silicide will be discussed in this work. 
Details regarding this topic will be described in Chap. 5.6.4. 
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2.2 Hydrogen induced volume expansion and stress in thin 
Mg films 

Hydrogen uptake into a metal matrix yields an elastic lattice expansion and incidental 
mechanical stress, which can be calculated by the linear elastic theory 
[Laud99+,Slau02,Pundt06,Kirch14]. Generally, the in-plane compressive stress arises during 
hydrogen absorption in a thin film, since the volume usually expands upon the hydrogen 
absorption (Fig. 2.15), while the backside of the film is clamped to the rigid substrate. This film 
behavior upon hydrogen loading can be explained by using linear elastic theory, as long as no 
stress release happens, such as film buckling or plastic deformation 
[Niki08,Wagn10,Pivak11,Cize13]. Since the film is clamped to the substrate, a change of the 
substrate curvature is often observed. It can be used to measure the mechanical stress in the film.   

Fig. 2.15 Schematic view of stress and strain development during film expansion: (a) 3-dimensional hydrogen induced 

volume expansion of stress-free film. (b) 1-dimensional expansion of a fixed film. (c) Biaxial-stressed working on the film 

and resulting expansion to vertical direction. 

 
 
In case of many bulk-M-H systems, the hydrogen absorption induced volume expansion ε0 

takes place in 3 directions (x and y in the in-plane direction, and z in the out-of-plane direction). 
The modality of this expansion depends on crystal structure of film material. Fig. 2.15 a) 
describes the case of cubic structure, which the expansion 0ε is known to be homogeneous. In 
contrast, in case of the thin film sample deposited on elastically hard substrates like Si or Al2O3, 
the expansion of the sample in the in-plane directions is restricted due to the clamping by the 
substrates (a). As a result, the in-plane stress increases during the hydrogen absorption. Because of 
the Poisson effect, additional expansion in the out-of-plane direction occurs (b), (c). As already 
said, this compressive stress can be as huge as several GPa [Laud99,Nört06,Pundt06]. 

The compressive biaxial stress in-plane (x-y plane) , which is induced by the 
hydrogen absorption, can be simply calculated [Gemm11] from the Young's modulus 

planein−σ
E  and the 

Poisson's ratioν , according to Hooke's law. 

 )(
1 0ευ

σ ∆⋅
−

=− Eplanein       (2.25) 

where 0<σ relates to compressive stress. 
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This explanation of the elastic behavior is valid as far as following two assumptions are 
fulfilled:  

- the film material is elastically isotropic  
- the in-plane configuration of the grain is homogeneous 
To understand strain of the film in z- direction during hydrogen absorption, theory of linear 

elasticity is explained in the next section. 
 

2.2.1 Theory of linear elasticity for hexagonal (α-Mg) and tetragonal 

(β-Mg) films 
α-Mg has hexagonal and β-MgH2 has tetragonal structure. Therefore the strain during 

hydrogen absorption in matrix is known to be anisotropic. Understanding of the anisotropic nature 
of the Mg-matrix is essential to discuss the inner stress development in Mg films [Nye85]. This 
section deduces the anisotropy of stress in α-Mg and β-MgH2. 

The states of stress and strain in a deformed crystal being idealized as a continuum are 
characterized by symmetric second-rank tensors ijσ  and klε , respectively. Each being 
symmetric and comprising six independent components. Hooke's law of linear elasticity for the 
most general anisotropic solid expresses each component of the stress tensor linearly in terms of 
all components of the strain tensor in the form [Nye85]: 

 klijklij C εσ ⋅=        (2.26) 

where  is the array of elastic stiffness constants. Alternately, the inverse form of Hooke's law 
is written to express each component of the strain tensor linearly in terms of all components of the 
stress tensor as 

ijklC

 klijklij S σε ⋅=        (2.27) 

where  is the array of elastic compliance constants. In Eq.(2.26) or Eq.(2.27), each of the six 
equations for a stress or strain component involves nine material parameters. Each of the 
fourth-order tensors  and  comprise 81 components. The symmetry of the stress and 
strain tensors, that is, 

ijklS

ijklC ijklS

jiij σσ =  and jiij εε = , further imply that the components of the stiffness 
tensor must satisfy ; likewise, == ijlkijkl CC jiklC =ijklS =ijlkS jiklS . As a consequence, the 
number of independent elastic constants is reduced from 81 to 36 in either case. Actual values of 
the and  for various metals are summarized, for example by Gray or Hearmon, in 
literature of [Gray72] and [Hear79], respectively. 

S C

The tensor form of the constitutive equation in Eq.(2.26) provides a concise and effective 
statement of Hooke's law for use in theoretical developments. However, it is often more 
convenient to adopt a matrix form of the constitutive equation from viewpoints of measurement 
and calculation. Such a form is suggested naturally by the fact that there are six independent 
components of stress, six independent components of strain, and 36 material parameters 
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representing the relationship between stress and strain. For this purpose, a contracted notation is 
commonly introduced, whereby a six-component array iσ  is constructed by means of the 
replacements 111 σσ → , 222 σσ → , 333 σσ → , 43223 σσσ →= , 53113 σσσ →=  

62112 σσσ →=  [Kelly12]. Then, 

  kiki C εσ ⋅=       (2.28) 

The elastic energy density is given by [Ashc76]: 

  kiikel Cf εε ⋅⋅⋅=
2
1

       (2.29) 

The right-hand side is summed over all subscripts (Einstein convention).  
 
For further symmetry reasons this tensor simplifies. Its components can be found for the 

different lattice systems. For triclinic system, 21 components are independent, for cubic systems 
the number of independent components reduces to 3 and for isotropic systems it reduces to 2.  

 

2.2.1.1 Hexagonal system (α-Mg)  
For hexagonal systems the stiffness tensor is given by [Nye85]. 
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Information for other systems can be found, for example in ref. [Kelly12,Nye85]. The 
coordinates of the stiffness tensor Cij are given with respect to the internal crystal coordinate 
system. 

 
In case of 0001-oriented hexagonal film, the free energy density can be expressed by 

 )(
2
1)(

2
1

3231132112
2
333

2
2

2
111 εεεεεεεεε +++⋅++⋅= CCCCfel  (2.31) 

Using the relationships of 

 0)( 21133333
3

=++==
∂
∂ εεεσ
ε

CCf
     (2.32) 

 gives 
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      (2.33) 

 
 
The total film expansion  is obtained as  tot

3ε

 0
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Using Eq.(2.33), the Eq.(2.31) is simplified as 
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the in-plane stresses can be obtained from the derivatives of elastic energy density, by  
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In case of 0001-oriented hexagonal Mg-film, applying elastic constants of ref. [Hunt58] 

(shown in Table 2.6) for Eq.(2.36a) and Eq.(2.36b) yields 
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with units in GPa. Here, 1σ  and 2σ  is the corresponding stress of the the x1- and x2- axes, 
respectively, which can be chosen randomly in the basal plane.  

Table 2.6 Elastic constants of cij (units in GPa) and sij (units in GPa-1) at room temperature for hexagonal Mg (x3- axis

parallel to [0001], x2- and x1- axes anywhere in the basal plane) [Hunt58,Hear79]. Parameters for tetragonal β-MgH2

[Yu88,Bara94,Hect07,Zars13] are also associated as reference.  
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2.2.1.2 Volume expansion upon phase transition from α-Mg into 

β-MgH2  
Using Eq.(2.36a) and Eq.(2.36b), the stress dependency on the hydrogen concentration can be 

calculated when the relationship between 0ε  and  is available. For materials with high 
hydrogen solubility (such as Pd or Nb), the hydrogen induced volume expansion can be 
transformed into uniaxial change (see Eq.(2.1)). However Mg has a low solubility limit of 
hydrogen at room temperature, and nucleates as hydride already at low  (see Chap. 2.1.5.1 
for details), therefore this estimation is not suitable. Alternatively, the microscopic volume 
expansion upon phase transition from α-Mg into β-MgH

Hc

Hc

2 is applied.  
The volume expansion per unit cell is calculated as 

32585.01
0.302050.45168
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         (2.38) 

where and is the unit cell volume of β-MgH2MgHβυ Mgυ 2 and Mg, respectively. Here, the unit 
cell of Mg consists of two Mg atoms, and four H atoms are stored per unit cell upon this 
transition-induced volume expansion. Therefore,  

 [ ] 081.0432585.0)( =≈Ω∆υ      (2.39) 

is obtained for the volume expansion upon phase transition from Mg into β-MgH2.  
Strictly speaking, this volume expansion is microscopically not isotropic. This approach 

approximates the expansion with an isotropic expansion factor. Therefore, 

 H0 081.0 c⋅=ε          (2.40) 

is obtained. This simplified approach is also compatible with the value determined by Schober et 
al. [Schob81] (see Chap. 2.1.1). Applying Eq.(2.40) into Eq.(2.37),   

 [ ] H021 GPa72.563.70 c⋅−=−== εσσ         (2.41) 

are calculated as the biaxial in-plane stress working in the film. 
With respect to the total expansion in z direction, applying Eq.(2.40) and Eq.(2.34), a 

relationship between  and  is obtained as follows: tot
3ε Hc

 HH0
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In case of Mg-H system treated in this work,  varies from = 0 H/Mg to = 2 H/Mg 
according to the phase transition from α-phase into β-MgH

Hc Hc Hc
2 phase. Using simplified model,  

 [ ]GPa44.11max −=σ             (2.43a) 



2. Hydrogen in thin films   41 

 and 

 %4.27274.0max, ==zzε             (2.43b) 

are derived for thin Mg film on hard substrate.  
 

2.2.1.3 Tetragonal system (β-MgH2)  
Likewise, linear elasticity theory can be applied for the tetragonal β-MgH2 structure. Eq.(2.30) 

can be rewritten in two different expressions. 
First expression is    
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for , , mmm/42 422 m24  or  symmetry systems [Ladd03], due to the relationships 
of ,

mm4

4455 CC = 1122 CC =  and 2313 CC = , 3231 CC =  [Nye85]. (6 independent coefficients.) 
Another expression is 
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for ,  or m/4 4 4  symmetry systems [Ladd03], due to the relationships of 
, . 4455 CC = 1133 CC = 3223211213 CCCCC ==== ,  and 

[Nye85]. (7 independent coefficients.) 
06116 ≠= CC

166226 CCC −==
Elastic constants of β-MgH2 listed in Table 2.6 corresponds to the axis system of , 

and β-MgH
cba ≠=

2 structure has symmetry of  which belongs to the Patterson symmetry of 
 [Hahn96]. Therefore, Eq.(2.44) is applied [Nye85].  

mnm/42

mmm/4
In case of 001-oriented tetragonal film with  symmetry, the free energy density 

can be expressed by  
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         (2.46) 

and relationships of Eq.(2.32) and Eq.(2.33) are valid in this case. Therefore, the in-plane stresses 
can be obtained from the derivatives of elastic energy density, Eq.(2.45) give  
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and as a result, 21 σσ = . Using elastic constants shown in Table 2.6, stresses are calculated. In 
this work, average values of elastic constants by Zarshenas et al. [Zars13], Hector et al. [Hect07], 
and Baraille et al. [Bara94] are used for β-MgH2. 
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is obtained. 
However, in most of cases, the most dense 110-oriented tetragonal system is found. In this 

case, the internal crystal coordinates should be expressed by the external coordinate system. 
Applying the transformation matrix , the transformation of the strain matrix from  to 

 is possible by using the following relationships:  
ija

mn'ε
ijε

 ( ) ( ) ( ) ( jnmnim
T

ij aa ⋅⋅= 'εε )      (2.49) 

Coordinate transformation from the xyz-system (internal crystal coordinate system) to the 
x'y'z'-system (external coordinate system) is brought to realization by -90 degrees of rotation 
around x-axis and additional -135 degrees of rotation around the reoriented z-axis (Fig. 2.16). 
Therefore, corresponding rotation axis is obtained [Dorn02] as 
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Therefore,  
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In the external coordinates 0''' 231312 =ε=ε=ε  is taken into account, in Eq.(2.51). In Voigt 

notation, )''(
2
1

311 εεε += , )''(
2
1

312 εεε += , 23 'εε = , )''(
2
1

33114 εεε +−= , 05 =ε  

and 06 =ε  is derived from Eq.(2.51). Applying those values for Eq.(2.46), the elastic energy 

density of the tetragonal system is expressed with external coordinates for (110)-direction as 
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Using the condition of thin films 0
'
''

3
3 =

∂
∂

=
ε

σ elf
and assuming similar expansion in the 

Fig. 2.16 Schematic picture about the rotation of the tetragonal βMgH2 crystal structure: a view from (001)-direction (right

side in upper), another view from (100)-direction after -90 degree rotation around the b-axis (right side in bottom), and

further view from (110)-direction after additional rotation of -135 degrees around the c-axis (bottom, left side in bottom).

Mg-atoms are drawn with green ball, the (110)-plane in the unit cell is marked with pink, and the edge of the unit cell is

brawn with white solid lines. The x-, y-, and z-axis in the sample orientation corresponds to the a-, b-, and c-axis

respectively, and especially for current case, the (110)-plane is parallel to the substrate surface after hydrogen loading, as

will be shown later in Chap. 4. 
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in-plane directions 021 '' εεε −== , the total strain in out-of-plane direction for (110) oriented 

tetragonal film,  is expressed as tot
3'ε
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and  

      

22
62)22(62

4
1

'
'' 0

134411

134411
134411134411

1
1 ε

ε
σ ⎥

⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++
+−

+−−++−=
∂
∂

=
CCC
CCCCCCCCCf el

         (2.54) 
For the (110)-oriented β-MgH2, this gives 

 01 3576' εσ .-=        (2.55) 

when average constants are used (see Table 2.6). 

It is noted that 021 '' εεε −== is strictly not realized for the tetragonal (110)-plane. With 
Eq.(2.55), it is possible to calculate 'σ from experimentally obtained , for example in this 
work by measuring the XRD peak position change. This relationship explains the fact that a 
change of inner stress of about 0.76 GPa yields 1 % of strain for (110)-oriented β-MgH

tot
0ε

2 film. This 
value has error of about 30 %, because of strong dependency on the c44 values, which makes the 
largest differences in Eq.(2.55), compared with other referential elastic coefficients for β-MgH2, 
listed in Table 2.6. 
 

2.2.2 Angular anisotropy of hexagonal Mg 
Tromans [Trom11] discussed the angular anisotropy of the Young's Modulus E and the 

Rigidity (Shear) Modulus G of hexagonal materials, and obtained   
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        (2.56b) 

where θ  is the angle between the N directions to the xyz planes of the normal x3-axes and 
transformed x'3-axes (Fig. 2.17). 

Tromans applied Eq.(2.56a) and Eq.(2.56b), for a series of hexagonal materials. For Mg, the 
stiffness parameters of Hearmon [Hear79] (shown in Table 2.6) are applied, and they obtained a 
result that E varies from 42.85 GPa (at θ  = 42.85º) to 50.76 GPa (at θ  = 0º) as shown in Fig. 
2.18, left side. This demonstrates the anisotropy of the E-modulus for hexagonal Mg. In this study, 
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the anisotropy is neglected and Eθ = 45 GPa is used, which contains an error of up to 11%. In a 
similar way, Gθ is available by solving Eq.(2.56b), results shown in Fig. 2.18 right. It can be seen 

 

in Fig. 2.18 that the angular anisotropy of Mg is much smaller, than that of Cd and Zn.  

Fig. 2.17 (a) Direction (θ degrees) of the normal N to the plane xyz with respect to X3 (b) Transformed orthogonal axes 

X'1 ,X'2 and X'3 such that 3 Xi is rotated by θ to coincide with N direction. Drawing quoted from literature [Trom11]. 

Fig. 2.18 Angular variation of Young modulus E (left) and Shear modulus G (right) for hexagonal Mg, calculated by 

Tromans [Trom11] from Eq.(2.56a) and Eq.(2.56b) with stiffness parameters reported by Hearmon [Hear79] (Table 

2.6), compared with results for hexagonal Cd and Zn.  

 
 
 



2. Hydrogen in thin films   46 

2.3 ess in thin films 
In this work, elevated temperature measurements will be conducted for the Mg films, 

sputtered on Si substrates. Stress in Mg films is not only affected by absorbed hydrogen, but also 
by difference of thermal expansion between the film and the substrate. This is introduced in this 
chapter.  

The linear thermal expansion coefficient 

 Thermal str

α  is defined for a solid as 

 
dT
dL

L
1

=α           (2.57) 

where is the length of the solid, and L T again is given temperature of the solid with unit in [ºC]. 
α  is often assumed to be constant, and in this case, is expressed as  

 

TL

)1(0 α⋅+= TLLT          (2.58) 

where is the length of standard state, 0L  T with unit [ºC], and α  is thermal expansion 
constant and has dimension of -1K . In Eq.(2.58), is proportional to the temperature T, and 
standard temperature 

TL  
T = 0 [ºC] yields 0LLT = . For example, α = 2.3  for Si 

at T = 301 K- 473 K [Burk69], or 

-1-1 Kmµm ⋅⋅
α = 12 for Pd at T = 300 K- 663 K [Rabi93] 

are reported as linear thermal expansion coefficients.  
However in fact, 

-1-1 Kmµm ⋅⋅  

α  is experimentally obtained as temperature dependent coefficient. In this 
case, the length of the solid at each temperature Eq.(2.57) is expressed as  

 )](1[0 TTLLT α⋅+=          (2.59) 
where is the length of standard state, and 0L  )(Tα  is thermal expansion coefficient expressed 
as a function of temperature.  

This expansion is allowed in case of freestanding materials. For thin film samples sputtered 
on rigid substrates, expansion of in-plane direction is prohibited, as is shown in Fig. 2.15 in Chap. 
2.2. This fact explains why thermal stress occurs at different temperature conditions. 

Specifically, for films prepared at elevated temperatures ) and then cooled down to room 
temperature (stress measurement temperature, ) will be thermally stressed because of the 
difference in the thermal expansion coefficients between the thin film and the substrate.  

Assuming no plastic deformation of the substrate, the magnitude of the thermal stress in the 
coating is: [Sue94] 

 

( 2T

1T

( )( 21F
F

F
therm. 1

TTE
S −−⋅

−
= αα

υ
σ )        (2.60) 

where  and FE Fυ  are Young's modulus and Poisson's ratio of the film (F), respectively, and 

Fα and Sα  
 on a 

are thermal expansion coefficients of film (F) and substrate (S), respectively. For a 
Mg film Si substrate, Cαα >F . Therefore in this case, deposited film exhibits tensile stress 

)0( therm. >σ  
compressive b

at low temperature. Likewise, Mg films prepared at room temperature reveals 
iaxial stress ( 0therm. <σ ) at elevated temperature.   
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In Eq.(2.59), the thermal expansion of the sub
following equations [Ohring91]: 

strate is not implemented. Strict expressions are 

 Therm
FF

F1 συαε ⋅
−

+∆=
wdE

TFF               (2.61a) 

 Therm
S σ

SS

1 υ
αε ⋅−∆=

wdE
TSS      

−
       (2.61b) 

where is the width of sample, is Young's modulus of substrate,  and  are the 
ve

w  SE Fd Sd
thickness of film and substrate, respecti ly, and Fε  and Sε  are thermal expansion of the film 

d substrate, respectively. In realistic situations, stra compatibility requires an n i Fε = Sε , therefore 
from 61b Eq.(2.61a) and Eq.(2. ), a relationship of 

 { } { }SSSFF
Therm /)1(/)1(

)(
dEdE

Tw FS

υ F υ
αα

σ
−+−
∆−

=           (2.62) 

is derived. Applying n approximation FSSS )/) dEa  of /1(1( dEυυ −>> FF−  for Eq
m on Si substra

.(2.62) 
yields the Eq.(2.60), as is the case for Mg fil te. 

Hidnert and Sweeney [Hidn28] reported )(Tα for Mg at temperature range of T = 273 
K-7

       (2.63) 

pende

73 K as follows: 

 610)00961.080.24()( −⋅+= TTα     

Fig. 2.19 compares this temperature de nt )(Tα  with other thermal expansion 
constants reported by Davis [Davi98], Avedesian and Baker [Aved99], Hodgmann [Hodg20], and  
Grüneisen [Grün10] for each temperatures and temperature ranges. The temperature dependent 
value by Hidnert and Sweeney [Hidn28] at highest temperature treated in this work (T = 180ºC) 
yields 3.26=α -1-1 Kmµm ⋅⋅ . This value (shown in Fig. 2.19 with black line) is 5-10 % larger 
than

 
s higher 

than
45 GPa (See Chap. 2.2), 

 most values of the working temperatures used in this work, and chosen with assumption of 
constant value, to compare thermally induced stress with H-induced stress. It, therefore, 
overestimates the maximal thermal stress in the Mg layer. This value is almost 10 time

 the value for Si, reported by Burkhardt and Marvel [Burk69]. 
Using FE = Fυ = 0.35 and 3.26F =α -1-1 Kmµm ⋅⋅   

(Mg-film), and α = 2.3 (Si-substrate) to Eq.(2.60), the contribution of the 
ther al stress in a Mg film is calculated as 

-1-1 Kmµm ⋅⋅
m

[ ] ( ) ( ) [ ]MPa 661.1103.23.26 
35.01 21therm. TTT

−
    (2.64) 

This shows that temperature increase of 100 K for Mg-film on Si-substrate sample results 
biaxial stress increase of 166 MPa in Mg film. Therefore, Mg-films prepared at elevated 

yield 166 MPa biaxial tensile stress upon cooling by 

Pa1045 6
9

∆⋅=−⋅−⋅
⋅

= −σ

temperatures T∆ = 100 K. The calculated 
thermal stress involves 5-10 estimation. However, it is mu % of over ch smaller than the H-induced 
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stress, which could reach up to GPa order (see Chap. 2.2.1).  
 

Fig. 2.19 Thermal expansion coefficient α of pure Mg as a function of temperature t (red line) [Hidn28], compare

with thermal expansion

d

 constants reported by Davis [Davi98], Avedesian and Baker [Aved99], Hodgmann

[Hod Grüneisen [Grün10]. Chosen value for ork is sh n with bl e in fig20], and this w ow ack lin gure.   
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3. Experimental 
In this chapter, the experimental techniques rquired for this study are presented. First, the 

available Ar beam sputtering technique is introduced for sample preparation. Next, gas- and 
electrochemical hydrogen loading techniques are explained. Then, the X-ray technique to evaluate 
the characteristics of the samples, such as phase transition and crystallography is introduced with 
in-situ hydrogen loading setups. Furthermore, the intrinsic stress evaluation is explained by using 
X-ray techniques and by using profilometer. A setup for EMF measurement is described, and in 
the end the electrochemical hydrogen permeation measurements is presented.  

 

3.1 Sample preparation 
The investigated film samples were prepared by using an Ar beam sputter deposition in a 

UHV chamber. A procedure of 0.5-4 hours pre-sputtering is conducted before every sample 
preparation, to obtain a clean target surface and better background atmosphere. Therefore, the base 
pressures in the main vacuum chamber are lower than 2·10-10 mbar at room temperature, at the 
state before sample preparation. Substrate heating up to 453 K was applied to prepare 
coarse-grained samples, which is half the melting point of bulk-Mg (melting point: 923 K 

capping of the surface, was carried out only after sample cooling at room temperature, to prevent 
the formation of intermetallic phases or the solution of magnesium atoms into the palladium layer, 
which could affect hydrogenation properties of the samples.  

The target holder in the system is rotational and can mount 4 targets at maximum. This system 
is designed for thin film preparation. A low ion current density can be applied and therefore the 
sputtering rate is approximately 10 times smaller (less than 1 nm min-1.) than that of other systems 
operated with a hot cathode. The outlook of the UHV system is illustrated in Fig. 3.1. 

The substrate, the thickness of film, and annealing conditions were varied on purposes of the 
experiments. Typical sputtering parameters are summarized in Table 3.1a. 

Si(100) substrates with thickness of 0.5 mm and 12.5 µm, supplied by Crystec GmbH, were 
used. Specified conditions, depending on the purpose of the experiments will be shown, 
correspondingly. For most samples, a 20 nm thick Pd buffer layer at Tdep. = 300 K was added to 
prevent Mg oxidation from the SiOx existing on the surface of the Si substrate. 

[Aved99]). Substrate heating in the UHV system induces an increase of the base pressure up to 
10-9 mbar, due to degassing from the inner walls of the chamber. Further deposition, such as Pd 
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se of the annealed 
samples, this allows the solution of Mg atoms into the Pd-layer, or formation of intermetallic 
compounds of the Mg-Pd system. Also in case of thick Mg films of d > 1 µm, the Pd buffer layer 
is excluded to prevent detachment of the films during hydrogen loading. Furthermore, in all 
preparation for samples exposed to higher temperature upon annealing or upon measurements, a 
10 minutes Ar-ion beam sputtering treatment has been done on the Si substrates, in order to 
remove the surface oxide and prevent oxidation of Mg. Detailed annealing conditions will be 

Those Mg film samples exposed to higher temperature upon annealing or upon measurements, 
were directly deposited on the Si substrate without this Pd buffer layer. In ca

Fig. 3.1 Schematic view of the Ar-ion beam sputtering system used in this study (The picture is taken from the

r

S irections of x,

ef. [Nört06].). The system can be mainly divided into 3 parts; pre-evacuation chamber, sputter chamber and

TM-AFM chamber as is divided by the blue lines. The manipulator is capable of motion in the d y

and z

a s. 

. The target holder is a cube-shaped Cu block, with a cooling system by the continuous water flow in it. Mg

nd Pd targets were mounted on this cube side-by-side for the successful preparation

Ar+ source 

   Sample transfer rods 

Target holder

Ion beam sputter 
system 

Pre-evacuation system 

UHV-STM system 

STM chamber 

Manipulators (x.y.z) 
with sample holder 

Sample position 
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described later in this chapter.   

aled at T = 1073 K 
for 12 hours, and cooled down in vacuum condition. Deposition rates of Mg and Pd are shown in 
Table 3.1a

Sample 

 

Table 3.1a Applied conditions for sputter deposition. 

 
 In this work, Mg film samples with thickness range from 20 nm up to 2800 nm were 

prepared, and all the film samples were prepared at Tdep. = 300 K. Samples were prepared on Si 
(100) substrates and on Pd-substrates. The Pd-substrates were previously anne

. 
After Mg deposition, an annealing treatment by joule heaters from behind of the substrates 

has been also performed for samples with Si-substrate, in the UHV system. All the annealed Mg 
films were deposited on the Si (100) substrate with a thickness of 0.5 mm, at room temperature. 
Annealing temperatures of Tsample = 453 K and 503 K have been chosen. The heating rate of the 
target was 20 K•min-1. The start of the annealing treatment is defined in this work, when the 
sample temperature reached the targeted temperature, and then the annealing time tanneal is started 
to count up. The down rate of the targeting temperature condition was -20 K•min-1 in the sample 
temperature range of T > 353 K. Sample was naturally cooled down without controlling 
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temperatures. After cooling down of the sample to T Sample = 300 K, the 20 nm thick Pd capping 
laye was deposited on the annealed Mg film. 

During the sample annealing, the maximum total pressures in the chamber were measured to 
be total sample total = 7•10-9 mbar for Tsample = 503 K, respectively. 
This increase of the chamber pressure is attributed to the degassing from the chamber wall inside. 
The maximum partial pressures of oxygen and water were also monitored by QMS to be PO2 < 
10-13 mbar and PH2O < 4•10-10 mbar.  

Pd plates and foils were also used to investigate hydrogen diffusivity through Mg layers, since 
Pd is chemically stable against electrolytes and is able to permeate hydrogen. It allows hydrogen 
loading from the backside, which is not possible in the case of Si substrates. Furthermore, Pd is 
also one of the most studied materials as a hydrogen permeation membrane, and suitable as 
substrate for this purpose. 

Pd plate- and foil substrates with thickness of 12.5 µm and 250 µm were applied for the 
permeation measurements. Pd foils of the purity 99.99 at.% were supplied by Goodfellow GmbH, 
and the thicknesses of some plates were derived by means of cold rolling. All Pd substrates were 
annealed at 1173 K for 8 h in a reduced Ar atmosphere, and cleaned in the chamber by Ar-beam 
for 3 minutes, before deposition of Mg at T = 293 K.  

r 

p  = 3•10-9 mbar for T  = 453 K and p

Fig. 3.2 shows an example of pressure development for Tsample = 503 K in a wide time range. 
Monitoring of the pressure by QMS is conducted for all annealed samples. The atmosphere in the 
evacuated sputter chamber before sample deposition showed PO2 < 10-14 mbar and PH2O < 10-14 

Fig. 3.2 Time change of the total pressure (red) and partial pressures of Ar, CO2, H2, H2O, CxHy, N2/CO, O2

and He in the chamber, during sample annealing at T = 503 K, measured by QMS directly before sample

heating. Pressure increase in the beginning is attributed to the degassing in the chamber. 
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mbar at room temperature, which are below the minimum detection limit. 
Samples were measured promptly after preparation. Edges of the samples for the 

elec

ared in this work are listed in Table 3.1b for gas loading 
mea

trochemical loading measurements were covered by a polymer material, as soon the samples 
were prepared. A detailed description about preparation for electrochemical loading measurements 
is found in Chap. 3.2.1. All of the samples prepared were followed by capping of Pd over-layer in 
order to prevent oxidation and to facilitate subsequent hydrogen absorption [Jain88]. 

Thicknesses of Mg samples prep
surements, and in Table 3.1c for electrochemical loading measurements. All Mg films were 

deposited on 0.5 mm thick Si(100) substrates, or annealed Pd substrates with 12.5 µm or 250 µm 
thickness. Details of the loading procedures and the measurement methods will be described later 
in this section.    

Table 3.1b Mg layer thicknesses of samples prepared for hydrogen gas loading measurements in this work

(unit in [nm]), sorted by hydrogen loading procedures. Si(100) substrates with thickness of 0.5 mm were used.

Table 3.1c Mg layer thicknesses of samples prepared for electrochemical hydrogen loading measurements in

this work (unit in [nm]). Si(100) substrates with thickness of 0.5 mm and the annealed Pd substrates with 12.5

µm or 250 µm thicknesses were used.  
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3.2

s to optimize 
suc

loading treatment for the films deposited on Si (100) and annealed Pd-foil 

pulse-current source, an impedance converter, a time circuit, a reference electrode (Ag/AgClsat.), a 
counter electrode (Pt or Pd) and the electrolyte. Fig. 3.3 shows schematic view of step-by-step 
electrochemical hydrogen loading setups applied in this work. 
 

 

 Electrochemical- and gas- hydrogen loading 
Hydrogen loading has been conducted by electrochemical loading and, alternatively, with H2 

gas phase loading. This section introduces in hydrogen loading techniques and the setups which 
are used in this work. At first, electromotorical force is introduced, with the proces

cessful electrochemical loading conditions for Mg-films. Second part of this section explains 
the procedure for hydrogen gas loading used in this work. 
 

3.2.1 Electrochemical hydrogen loading 
The hydrogen 

substrates were carried out electrochemically, by using a homemade current pulse source in the 
Institut für Materialphysik, Göttingen University. The simplest loading setup consists of this 

Fig. 3.3 Schematic pictures of step-by-step electrochemical hydrogen loading setups, for Mg-film sputtered on

(a) Si- substrate, and (b) Pd substrate. Hydrogen was loaded from the surface for Si-substrate samples, and

from back side for Pd-substrate samples. Pd substrate was fastened on a polymer sample stage, and has

partially contact with electrolyte, in the center of area. 

(a) 
 

(b)
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It is widely known that magnesium reacts with water (including salt solutions) and forms 
oxy or oxides [ASM87,Czer11,Song11]. Magnesium is known to be rapidly attacked by 

d also forms soluble 

phos

pletely into the electrolyte in this case, 
s shown later in this section. Furthermore, those corrosion reactions change the EMF potentials, 

t this corrosion process, several coating 
mat

KOH aqueous solution (KOH aq.) is one of the common electrolytes for electrochemical 
hydrogen loading of Mg-based material, for example used in refs [Rous10,Verm06+,Qu10]. In 
strong alkali conditions (pH > 11.5), a passive magnesium surface hydroxide layer is predicted to 
build up at the surface, which dominates the electrochemical behavior of Mg [Pour73,Hawk99]. 
However in this work, application of KOH aq. solution with concentration of y M (y = 1, 2, 3 and 
6) for Mg-film loading with various loading current densities i A/cm2 (10-7 < i < 10-2) was not 
successful, mainly due to damage of the cable connection and the chemical instability of the 
polymer materials.  

Another candidate of electrolyte shown in Table 3.2 is, a 1: 2 (vol.) mixture of H3PO4 (85%) 
and Glycerin (85%) [Kirch14]. Applying this electrolyte for measurements without polymer 
coating mostly resulted in erosion from the edge, and in its final state, to dissolution of the sample. 
This erosion procedure from sample edge is visually confirmable after 1-2 hour being in touch 
with the electrolyte. Also, pitting corrosion-like damage can be visible, in case of an imperfect Pd 
surface capping layer.  
Fig. 3.4 exemplarily shows the development of the EMF potential during a step-by-step 
electrochemical hydrogen loading measurement on a Mg-film sputtered on a Si (100) substrate, 
without polymer coating. A loading current condition of i = 10-4 A/cm2 was applied for this sample. 
The obtained EMF potential was not stable in the early stage, and stayed almost constant near 0.17 
V after 2 hours. Corrosion-like damages were observed by means of the optical microscope, for 
the film sample after the loading measurement. Fig. 3.5 shows examples of a damaged film in 
comparision to a buckled film. Such damage was typically detected for when the Pd-capping layer 

hydrides 
all mineral acids except hydrofluoric acid (HF) and H2CrO4 [ASM87], an
complexes, such as tartrate and metaphosphate, or insoluble salts, such as oxalate, carbonate, 

phate, and fluoride [Ghal10]. In this viewpoint, most of acid solution electrolytes including 
H3PO4 are not suitable, or an additional suitable coating material is needed. Indeed, this corrosion 
reaction starting from the edge of the samples was observed by a light microscope, when the 
sample is set in the H3PO4 -based electrolyte, despite of the surface capping with the Pd-layer. As a 
result, the sample will be damaged and solved almost com
a
which depend on each reaction [Ghal10]. To preven

erials for the sample edge or additional parts coating were tried in advance, to find out good 
combination of electrolyte and polymer material which is stable against the electrolyte. 

Some aqueous electrolytes of different chemical materials with different conditions of 
concentration or the mixing ratio were prepared for electrochemical hydrogen loading 
measurement for Mg-films, applying different loading current conditions. Some of results are 
shown in Table 3.2.  
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thickness was smaller than 17 nm. For samples in contact with acidic electrolyte (H3PO4 + 
 without polymer coating, such damage was also detected near the edge of the 

samples even with thicker (35 nm) Pd-co ted samples. Results of different measurement setups 
are also shown in Chap.3.2.1. 

 
 
 
 

Glycerin) and
a

Fig

100 µm

. 3.4 Time change of the EMF potential for 20nm Pd capped 160nm Mg film on Si (100) substrate, during

step-by-step electrochemical hydrogen loading with current density of i = 10-4 A/cm2 at room temperature,

using volume mixture 2:1 of 85% Glycerin and 85% H3PO4 solution as electrolyte, without polymer coating.

Inserted pictures are optical microscope observation for the sample surface before and after loading. 

100 µm

Fig. 3.5 Damaged film (left), and buckled film (right, 1400 nm Mg film) after electrochemical hydrogen loading. 

50 µm 50 µm 
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Table 3.2 Results of different measurement setups of Mg-films for electrochemical hydrogen loading

measurements sorted by electrolyte and coating ways, presented with schematic drawings of different

sample preparations. Loading measurements with each condition are tried at least 6 times, and the results

are sorted by the probability of successful loading, expressed by three expressions; ○ (better than 80%),

△ (20%-80%), and × (lower than 20%). 

Fig. 3.6 Pictures of a polymer-coated sample at 

the edges and cable connection, prepared on a 

stage for an in-situ electrochemical loading, 

views from top (left) and from side (right), 

respectively. 

 
A stable EMF potential value was available, when all the edges and cable connection were 

properly covered with polymer coating material.  
With respect to the polymer material, different coating materials diluted with Acetone were 

tried, however mixing with acetone yielded waker polymer coatings. Only the original state of the 
material was applied for all electrochemical measurement in this work. 

Additionally, any treatment with alcohol was prevented, because Mg can react with alcohol, 
such as forming of ethoxides with ethanol, under catalysed conditions [Turo02] 

 2CH3CH2OH + Mg → (CH3CH2O)2Mg + H2    (3.1) 

Main components of the coating polymer material are Acrylate polymers (Poly-(ethyl 
methacrylate), and Polyarylate−PAR) and nitrocellulose. One of the reasons why the 
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electrochemical loading with alkaline electrolyte was unsuccessful can be explained by the 
instability of the containing polymers against alkaline KOH solution [Harp00], such as 
Polyarylate−PAR. Actually, the solution of the polymer coating material was observed within 3 
hours in the contact with 3M KOH electrolyte. Furthermore, hydrolysis reaction of nitrocellulose 
under alkaline condition is known [Chris01]. 

As a result, a combination of electrolyte (H3PO4 + Glycerin) with polymer coating of sample 
edges and cable connection was best choice at this stage. However, this was not enough durable 
for a long loading measurement. 

Another way to overcome this problem, the thickness of the surface Pd-layer avoiding 
damage in long-time measurements was optimized to be 20 nm. This value is larger than what is 
conventionally used in the group. It was found that samples are unstable in case of Pd-capping 
thickness of less than 17 nm.  

The polymer coating has been d irectly after the sample was carried out from 
UHV-chamber. With this improvement, successful electrochemical hydrogen loading was done 
with a proper electrolyte, a stable coating material, and suitable Pd-capping layer thickness. The 
p
te

n h14], 
capped with polymer at the edges and at the cable connections, covered in a in a fresh state. An 
example of polymer-covered sample on the sample stage is shown in Fig. 3.6. 

The hydrogen content in the samples during the step-by-step loading can be calculated by 
Faraday's law [Kirch88]. At each loading step, hydrogen atom produced at the sample surface 
diffuses in and the process is observed as a change of electromotorical force (EMF) until it 
equilibrates. The EMF value at equilibrium as a measure of the chemical potential of hydrogen is 
directly translated into hydrogen partial pressure by the Nernst equation [Atkins82,ASM87]. 

 

one d

olymer material was checked to be stable against H3PO4 electrolyte at least for 5 days at room 
mperature. 

In this work, all further results of electrochemical loading measurements are conducted in 20 
m Pd-capped samples with 1: 2 (vol.) mixture of H3PO4 (85%) and Glycerin (85%) [Kirc

2Hp

( )
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⎠
⎞

⎜
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⎛ −
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     (3.2a) 

Here, is the standard pressure of hydrogen, is the measured EMF value, is the 0p  U 0U
standard potential of reference electrode ( ≈0U 0.195 V for the Ag/AgClsat saturated electrode 
with 3M KCl solution at 298 K [Rieg93,  calibrated to be 0.197 V for this work), n is the 
num er of electrons related to the reaction (n = 2 for hydrogen), 

Ghal10],
[ ]C/mol 96500=Fb is the 

Faraday constant, R is the gas constant and T is absolute temperature. Another expression of 
Eq.(3.2a) yields  
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where the is the free energy change of hydrogen compared to the standard state. Eq.(3.2b) G∆
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p s 
i . 
D

7 
s o ing pulses and isotherm potential curve.  

In a dilute hydrogen concentration range, Siever equation is expected. Using Eq.(2.7) and 
Eq.(2.8) with Eq.(3.2b), a relationship of  

 

rovides a direct relationship between 
2Hp and U  in the dimension of energy, which i

mportant to understand driving force of hydrogen loading process, discussed later in Chap. 6.2
etailed process of electrochemical hydrogen absorption is found e.g. in [Dorn07]. 

A pressure-composition isotherm (p-c-T) can be drawn from one measurement. Fig. 3.
hows a schematic picture of hydrogen l ad

ts' 
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Eq.(3.2c) explains the fact that the EMF change is proportional to the logarithmic change of 
in an ideal metal. In actual situation, typically external stress or existence of defects in lattice 

could cause a deviation from the potential.   
With respect to the total amount of hydrogen loaded into the specimen cH/(Pd+Mg), calculation 

by Faraday's law [Kirch88] was done. 

 

Hc  

F
tI

n
c

n
n

cccc
MM

H ∑∑∑
∆⋅

⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

∆
+=∆+=

+ )(1
000             (3.3) 

where is the initial hydrogen concentration in atomic ratio, nM is the total molar amount of 
metal, ∆n+

H is the molar amount of loaded hydrogen, 
time, and ∆c is the calculated change of the hydrog  
step. The related hydrogen gas pressure is calculated  
by Eq.(3.2a). 

On purposes of in-situ measurement in this stud H loading set up was combined 
with an induction gauge for film stress measurements, and with XRD at HASYLAB, respectively. 
Some special hydrogen loading cells used for these measurements are shown in the next section. 

 

 o

0c  
I is the loading current, ∆t is the loading 

en concentration in atomic ratio per loading
, for comparison to gas-phase measurements

y, the basic 

g. 3.7 A schematic picture showing H loading pulses (left) and an isotherm potential curve derived from a seriesFi f

the equilibrium values of EMF (right) via Eq.(3.2a). 
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3.2.2 Hydrogen gas phase loading setup for in-situ XRD measurement 
The in-situ hydrogen gas loading XRD measurements for the films deposited on Si (100) 

subs

drogen gas in each chamber was remotely controlled by valves. The 

sam

 

trates were performed by using a homemade UHV setup, at beamlines HASYLAB B2 and 

PETRA P08 in DESY for room temperature measurements, and at ESRF BM20 for high temperature 

measurements.  

Fig. 3.8 shows a schematic diagram of a hydrogen gas loading system applied in this work, for the 

measurements at room temperature and at elevated temperature. The simplest loading setup consists of 

a turbomolecular pump, a pre pump, the hydrogen gas source (purity > 99.99%), a pre-loading 

chamber and the sample cell. Hy

ples were measured in a vacuum cell equipped with a kapton- or Al-window that is transparent for 

synchrotron X-ray but can shield inner gas from outside. The base pressure in this system was 10-2 Pa. 

Hydrogen gas pressure of the sample cell was measured by capacitance manometer (BARATRON, 

range of 101-105 Pa). Details of each measurement condition will be described in Chap. 3.2.3.2. 

 

Fig. 3.8 A schematic diagram of a hydrogen gas load ng system applied in this work, for the measurements at

temperature (left) and for the measurements at elevated temperature (right). Sample was installed in the sam

for the in-situ XRD measurements, and hydrogen was loaded from the gas bo r. Pressu

i  room

ple cell 

ttle through pre-chambe res at 

N) aeach state were monitored by pressure gauges at position P1, and by capacitance manometers (BARATRO t

positions P2 and P3. Turbomolecular pump (TMP) was used to evacuate the whole system, before the hydrogen

introduction. Continuous flowing hydrogen gas was use

measured by the mass flow controller (MFC) and mass flo

otel

d for measurements at elevated temperature, controlled and

w meter (MFM) respectively. Sample heating and each 

valve were rem y controlled to stabilize temperature and pressure conditions. 
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3.2.3 In-situ XRD measurement 
In-situ XRD measurement, during electrochemical- and gaseous hydrogen loading, is one of 

the 
beam line of Petra (DESY in Hamburg), and the BM20 

beam line (ROBL, ESRF in Grenoble). These in-situ XRD measurements have been conducted 
using a specially designed electrochemic
“Hydrogen in Metals group” in University Göttingen (described in Chap. 3.2), except for the 
setu
 

rogen loading measurement 
Fig. 3.9

ll was designed by N.M. Jisrawi from the University of 
Western Ontario and further optimization has been done by M. Dornhe or  
of the electrolyte in the loading cell is controllable by manipulating the injector. During the XRD 

action with oxygen at the surface is expected.  

In-situ electrochemical XRD measurements with Si-substrate samples have been done at the 
beamline ESRF BM20 and HASYLAB B2, and for Pd-substrate samples at beamline PETRA 

HASYLAB B2 at DESY. The sample in this cell is 

key techniques of this study. In-situ XRD measurements were performed at the B2 beam line of 
HASYLAB (DESY in Hamburg), the P08 

al loading cell and the gasloading setups developed by 

ps for the high-temperature gas loading measurement at BM20 in ESRF.  

3.2.3.1 In-situ electrochemical hyd
 shows the electrochemical loading cell for the in-situ synchrotron XRD measurements at 

HASYLAB, Petra and ESRF. The initial ce
im [D n02]. The portion

scan, the electrolyte is removed by this injector and for the next loading step it again covers the 
sample surface.  

The cell was purged by the inert gas (N2 or Ar), which is important to prevent H-loss of the 
sample. During the XRD scan, the sample surface is exposed to the N2- or Ar atmosphere, 
however no re

 

Fig. 3.9 The electrochemical hydrogen loading cell applied for the in-situ XRD measurements at DESY and

ESRF. Original design was made by N.M. Jisrawi. 

P08. Conditions of wavelength are listed in Table 3.4 in Chap. 3.3. 
Fig. 3.10 shows an example of a setup at 
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mounted on an Euler cradle so that the rotation and tilt of the sample can be adjusted. In the in-situ 
n 

each step-by-step loading cycle, and at each step the diffractogram is recorded. The 
elec

lied sample stages were cut and polished, as shown in Fig. 3.11. The shape of 

electrochemical loading measurement, a known amount of hydrogen is loaded in the sample i

trochemical loading cell shown in Fig. 3.10 is the same loading cell shown in Fig. 3.9.  
For in-situ XRD measurements during electrochemical hydrogen loading for Pd substrate 

samples, two different sample stages (Type A and Type B) installed in the loading cell were 
applied. The app

 

Fig. 3.10 The experimental station at 

HASYLAB B2.  

1: Electrochemical loading cell,  

2: Euler cradle,  

3: Goniometer for detector,  

4: Goniometer for sample 

1 2 34 

Fig. 3.11 Different types of applied sample stage for in-situ electrochemical hydrogen loading measurements; 

(a) Stage Type A, a view from top, (b) and (c) Type B, views from top and bottom, respectively. 

(a) (b) (c) 

F

Type A Type B Type B 

ig. 3.12 Explanation of sample stage to realize direct contact of sample backside with the electrolyte. (Type B), for

the in-situ electrochemical loading measurements at DESY and ESRF. Whole setup is schematically shown in Fig.

3.3. 

 



3. Experimental   63 

each stage was chosen in advance, so that bubbles are not hanging and contacting sample during 
g the EMF measurement.   

Hydrogen was loaded from backside (Fig. 3.12). Measurement with sample stage Type A 
yiel

hydrogen loading. This avoids artefacts durin

ded bending of sample due to hydrogen absorption (Fig. 3.13 (d),(e)). This bending yields 
disappearance of Mg Bragg peak during hydrogen loading. Therefore, Type B is applied for the 
measurement.  

(a) (b)

(c) 

(d) (e)

Fig. 3.13 Pictures of sample stage Type A (shown in Fig. 3.11 (a)) for electrochemical measurement of Pd-foil

sample: V

edge

iews of the prepared sample on the stage (a) from top and (b) from side, after polymer coating at side

s; (c) Sample fastened in the electrochemical loading cell setup, during electrochemical hydrogen loading at

Beamli H 

H/M

 

ne P08 PETRA; Views of the bended sample (d) from top and (e) from side, after loading up to c = 2

g. The same sample is shown in these pictures.  
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Electrochemical loading conditions for Si-substrate samples are the same as described in 
Chap. 3.2.1. Same loading conditions and coating treatments are applied for Pd-substrate samples, 
but the loading has been done from the backside, avoiding the uncontrollable decrease of the XRD 
peak intensity due to the remaining electrolyte on the surface after the loading process.  
 

3.2
Fig. 3.14 shows a picture of the sample fastened on a holder, which is specially aligned for in-situ 
gasloading XRD measurements at HASYLAB B2, PETRA P08 and ESRF BM20 (shown in 
Chap. 3.3.2). The edges of the sample are connected to cables for resist
Silver (Ag) conductive paste. This sample holder is dir  in an UHV-supported 
vacuum chamber by inserting into a metal tube with X-ra  setup for 
gas loading at Petra P08 is also shown in Fig. 3.14 right. These setup shown in Fig. 3.14 are for 
the measurements at room temperature.   

 
In-situ high-temperature XRD measurements have been done at beam line BM20 at ESRF, 

Grenoble. Fig. 3.15 and Fig. 3.16 show some pictures of the setup. This setup was established by 
the group of C.Baehtz et al., at BM20 at ESRF [ROS1]. With this setup, the measurable hydrogen 
pressure range is mbar <  < mbar, and the sample temperature  ranges up 
to 1074 K. Conditions applied in this work were 

.3.2 In-situ gas loading measurement 

ivity measurements with 
ectly connected
y windows. An example of a

Fig. 3.14 A view of sample on the sample stage for in-situ hydrogen gas loading measurements at roo

temperatur

m

P08 in ents, as shown

in picture with green arrows. Yellow arrows indicate the synchrotron beam direction. 

e, constructed by original work of S.Wagner (left), and an example of a gas loading setup at Petra

DESY (right). Contacts with Ag-pastes are for the contacts for electric resistivity measurem

6101 −⋅ Hp 800  ST
200H <p mbar and 363S <T K were for high 

temperature in-situ gasloading XRD measurements. 
Kapton is used as windows material, installed on the main chamber by epoxy glue for XRD 

measurements. An exhaust pumping tube is directly connected to the main chamber, which is 



3. Experimental   65 

connected to a diaphragm and TMP pumps. A pressure of Hp = 6101 −⋅ mbar was the typical 
vacuum condition for this work. Constant fresh hydrogen gas flow with gas purity of 99.99 % was 
coming into the chamber, and going out to the pumping direction. During the measurement 
con

 by K-type sheath thermoelements, and recorded. Both of the thermoelement 
connections are established by mechanical contacts. Tim change of was continuously 
monitored, recorded and controlle the XRD scans measured in this work 
have been done at a constant condition of  and .  

In this work, the decomposition pressure were measured by decreasing the hydrogen pressure 
at different constant temperature conditions. Detailed prcedure will be shown in Chap. 5.6.2. 

tinuously controlled by mass flow meters at the inlet- and the outlet side. 
Fig. 3.16 shows pictures of the sample setup, installed inside of the main chamber. Four-point 
measurement contacts are installed to the sample stage. The ST  and substrate temperature were 
directly measured

e ST
d by Joule-heating. All 

Hp ST
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Fig. 3.15 Outlook of the apparatus for the in-situ XRD measurements for continuous hydrogen loading 

measurements at beam line P08 in ESRF (right) and a close-up view around the sample stage (left). Inside 

of the sample stage is described in Fig. 3.16. 

Fig. 3.16 Sample stage for in-situ XRD measurements at elevated temperatures, conducted at beam line 

P08 in ESRF, view from the top (a and b) and from side (c and d). The beam direction is indicated with a 

blue arrow in the pi

1. Thermocouple for sample and substrate (K-Type, sheat easurement   

ctures. 

h); 2. Terminal of the four-point m
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3.3 X-ray diffraction (XRD) 
 
X-ray diffraction (XRD) [Culli78] has been carried out to estimate microstructures, texture, 

lattice expansion and inner strain changes during hydrogen absorption. Texture measurements 
were carried out with X'pert MRD (Philips), using wavelength of Co-Kα (λ = 1.790263 Å). 
Additionally to normal 2θ-ω scans, rocking curves for some films were recorded. According to 
Bragg's law [Bragg13], the interplanar atomic distance d was obtained from the peak position in 
2θ. The interplanar atomic distance d depends on a s  of net umbers (h, k, l), called Miller indices. 
Ass

        
(3.4) 

where, α, β, and γ are the inter-edge angles between the vectors consisting the unit cell, in the 
counter planes of a, b and c, respectively.  

Relationships between dhkl and the lattice parameters are listed in Table 3.3. Pd has cubic 
structure, and α-Mg has hexagonal structure, thermodynamically stable β-MgH2 has tetragonal 
structure, and the metastable γ-MgH2 phase has orthorhombic structure, as described in Chap. 
2.1.5. δ-MgH2 and ε-MgH2 are not considered here, because they are rarely found. The d-values of 
α-Mg(0002), β-MgH2(110) and Pd(111) calculated from the crystal information of bulk materials 
are presented in Table 3.3. Atomic plane distances in crystal structures in bulk material are gven 
for stress free samples.    

XRD patterns of β-MgH2 and γ-MgH2 are simulated for the wavelength of Co-Kα in Fig. 
3.18. Typical peaks of nucleated hydrides are reported in lower angles such as β-MgH2(110), 
γ-MgH2(110) or γ-MgH2(111) peak. Therefore, searches for nucleated hydride peak were mainly 
done in this 2θ region (2θ = 28°-60°). 

Additionally, the full width at half maximum (FWHM) of the peak gives information about 
the domain size or about the lattice coherency in the out-of-plane direction of the film [Culli78]. 
For the determination of this XRD domain size, Scherrer's formula [Sche18] was applied; 

 

uming a, b and c as the length of the unit cell respectively,  
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where, ω is a constant, t is the domain size in the out-of-plane direction, λ is the applied 
wavelength, B is the FWHM of the diffraction peak, and θΒ is the peak position of the object, in 
degree. Stricktly speaking, the ω is a scale factor and depends on the theoretically assumed peak 
shape, the distribution of the material (the shape of the grain), and the corresponding mirror 
numbers (h, k, l) of the peak. (Details are available in refs. [Stok48,Lang78]). For convenience, a  



3. Experimental   68 

 
constant value of ω = 0.9 is used in this study. 

Applied wavelength for all in-situ and ex-situ measurements in this work are listed in Table 
3.4. 
 
 
 

 
 
 
 

 

Table 3.3 Relationships between dhkl and the lattice parameters a,b,c,α,β,γ for some crystal structures; Each structure

shown here is associated with phases being treated in this study (marked with blue area).  

Fig. 3.17 Schematic draw of d values for hexagonal αMg (0002), tetragonal βMgΗ2 (110) and cubic Pd (111

ate. 

), in the

stress-free st
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Table 3.4 Wavelength applied i  this work for -situ XRD measurements conducted at ESRF and DESY, an

ex-situ XRD measurements in the institute für Materialphysik (Phillips X'pert). 

n in d

for 

Fig. 3.18 Simulated XRD patterns of hexagonal Mg, β-MgH2 and γ-MgH2 with the wavelength of Co-Kα (λ =

1.790263 Å), under assumption of stress-free (bulk) powder state. Each peak is indexed with mirror numbers

Information of crystal structures quoted from [Zach63,Bort99,Vill98]. Powder Cell [Krau96] was applied for these

simulations. 

.

 
 

3.4 Evaluations of hydride formation kinetics by XRD 
X-ray based evaluation techniques used in this work are explained in this section. By finding 

the maximum intensity position, the (0002) reflection peak of α-Mg phase, is used to evaluate 
mechanical stress in the film. 
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The increase of the hydride volume content xhydride, upon hydrogenation time t is determined 

0
Mg(0002) AA  of thby the peak area change e α-Mg (0002) reflection upon time, by using the 

follo

 

wing equation 

⎟
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⎞
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⎜
⎝
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⋅−⋅=−= mol

Mg

mol
hydride

0

Mg(0002)

0Mg0hydride v
v

1
A

Axxxx          (3.6) 

here x0 is the initial α-Mg volume content, xMg is the content of the α-Mg volume content upon 
hydrogenation, =14.0 cm3/mol is the molar volume of the α-Mg [Aved99], = 18.54 
cm3/mol is the molar volume of the β-MgH2 [Vill98].  

ich remains constant 
during hydrogenation, yields the relationship of the volume changes of each phase.  

A diffusion constant is finally obtained by using a one-dimensional diffusion law for 
the growing hydride phase as simple approximation 

 

w
mol
Mgv mol

hydridev

The AMg(0002)/A0 term corresponds to the molar ratio of α-Mg in the perpendicular direction, 
during the reaction. Multiplying the terms of Eq.(3.6) by the sample area, wh
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where is the surface area of the sample. 
Further details about the time dependent growth of the hydride phase are described in the 

Appendix A1. 
Turning back to the evaluation method of hydride fraction in the Mg-film, Eq. (3.6) is used in 

this work. However, in case of the disappearance of the α-Mg (0002) reflection, which is not due 
to hydrogen loading, Eq.(3.6) is not applicable. Such situation happens in case of the in-situ 
electrochemical loading by a coverage of electrolyte on the surface. In this case, another 
alternative evaluation is applied [Kael68]: 

 

w  

mol
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mol
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⋅= β

β
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Axx           (3.6') 

where and are the peak area of the initial α-Mg (0002) reflection and the 
β-MgH2(110) reflection, respectively. It is remarked that the evaluation using Eq.(3.6') has valibity 
only when the initial Mg-film has a α-Mg (0002) texture (see Chap. 4.1) and with assumption of 
crystallographic relationship of α-Mg (0002)//β-MgH2(110) (see Table 2.4 in Chap. 2.1.5.2 and in 
Chap. 5.1.2). In this study, Eq.(3.6') was used only in Chap. 5.3.2. 

ess and strain evaluations 
In-plane stress in the films is evaluated with three different methods in this study. This chapter 

xplains the theoretical background of in-plane stress evaluation by means of XRD-based 
eak-shift method and sin2ψ method, and by profilometer-based curvature measurement. 
rofilometer-based strain evaluation will be also shown together in the end. In this work, negative 

Mg(0002)
0A Mg(110)βA

 

3.5 Str

e
p
P
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direction of all the stresses are defined as compressive stress. 
 

3.5.1 Stress evaluations from XRD peak shift: 
In-plane mechanical stress arising during hydrogen absorption in the n-Mg films is 

evaluated from the α-Mg (0002) lattice spacings by the formula of Freund and Suresh [Freund03] 

 

pσ  
pσ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−=

0

0

Mg

Mg

2 d
ddE m

p σ

ν
σ                          (3.8) 

where is Young's modulus of magnesium, MgE  Mgν  is the Poisson ratio of magnesium, 
and are lattice spacings of the α-Mg (0002) planes with and without stress σ, respectively. In 

bulk values of polycrystalline Mg were used with 

α
σd  

α
0d  

this work the MgE GPa 45= , Mgν 35.0= , 
and Å were used. This simple prediction could include an error of up to 17 %, 
due to the anisotropic elastic behavior of the hexagonal structure. Details about this point are 
described in Appendix A2.  

 

3.5.2 Stress evaluation with “sin2ψ method”: 
Alternatively, the in-plane stress was evaluated by the position change of the α-Mg 

(

2.600530 =αd

tσ  
tσ  

0002)-reflection upon ψ-tilt of the sample using 

  ⎟
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⎜
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⎝

⎛
=σ ψMg 1 m

t dE
                         (3.9) 
⎠

⎜
⎝ ∂⎟

⎠+ ψν 2
0Mg sin1 d

where is the value of  at the m
ψd  md ψ  sample-tilting angle [Freund03]. This method is 

ca

3.5.3 Stress evaluation by curvature method: 
Evaluations of the film curvature changes using a profilometer (Dektak 150 from Veeco 

Instruments Inc.) before and after hydrogenation, has been conducted in the Institut für 
Materialphysik, University Göttingen.  

In-plane stresses of Mg-films were evaluated from the measured curvatures by using Stoney's 
equation [Ston09] 

  

lled "sin2ψ method"[Janss07], as is also called in the further sections in this work.  
 

Stσ  

κ
υ

σ 2s

f 16
1

s
s

St hE
h

⋅
−

⋅−=                   (3.10) 

the Young 
mod
where Stσ is the in-plane stress in the film, fh is the thickness of thin film, sE is 

ulus of substrate, sυ is the Poisson's ratio of substrate, sh are the thickness of substrate, and 
κ  is the curvature of the substrate. Here, 0<Stσ  is defined as compressive stress, and κ  is 
defined as the inverse of the curvatu us. re radi )1(s sE υ− = 180 GP r Si 00) a fo  (1



3. Experimental   72 

[Hopc10,Proo02,Nye85] is used in this work. The value of κ  is measured at each state, and the 
average of 20 measuremen nt places is adopted. 

The curvature
ts from differe

xκ at a given position ( 0xx = ) is calculated by [Klin98], measuring sample 
surface geometry 

  

)(xf , 

( ){ } 2/32
0 )(1 xf ′+

0 )(xf
x

′′
=κ                       (3.11)  

where )(xf ′ and )(xf ′′  are the derived functions of the first and seco
respectively. 

nd derivative, 

The thickness of each sample was determined by averaging of obtained thickness from 20 
different measurements conducted at more than 2 positions at the sample edge. To calculate Stσ  
by Eq.(3.10), the curvature κ  of each sample was determined by averaging ove xκ -values r 
obta  ined by Eq.(3.11) from  µm-scans at more than 10 different positions on sample surface, 
where at each position x

1500
κ  is averaged value of 3 calculations for 1 scan.    

The evaluation methods applied in this work are classified in Table 3.5. Comparing these 
three methods, the  by s -method can be applied only for equilibrium  
than one scan at different ψ -positions is required. The obtained by profilometer 

ore doing 
man

surements and can be applied with ease. by peak shift method 

rement 

tσ∆ in2ψ states since more
Stσ∆

measurements contains larger errors and needs longer measurement times, furtherm
y scans damages the sample surface layer. Obtaining the pσ∆  by peak shift method allows 

continuous mea Therefore, pσ∆  
is applied for in-situ stress measurements.  

 

Table 3.5 Classification of stress evaluation applied in this work. 

 

 

 

3.6 Film expansion upon hydrogen loading measu
The film expansion of the sample before and after hydrogen loading was calculated. Since 

there is volume changes of about 33 % upon the transformation from α-Mg to β-MgH2 (see 
Eq.(2.38)), a large change of the thickness is expected. In terms of films, the expansion of the 
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out-of-plane direction is considered, because of the film clamping to the substrate. Actually, the 
thickness change is also reported by means of directly measurement by SEM [Gaut13]. 

 bee  conducted in the Institut für 
Materialphysik, University Göttingen, using a profilometer (Dektak150) before and after 
hydr ed 

   0MgH0Mg 2
++= dfdfd

where  is the as-prepared thickness of the Mg film (without surface Pd capping layer), 
is 0.27 for the ), 

In this work, evaluation of the film thickness changes have n

ogenation. From the measur thickness of the film ( 'd ), the fraction of hydride phase 
f  is estimated by applying the following relationship  2MgH

)tot
MgH2

ε            (3.12a) 1('

0d
tot
MgHε  hydrided state (see Chap. 2.2.1 Mgf and 2MgHf  are the fraction of Mg 

phase and hydride phase in the film respectively, with 1MgMg

2

2H =+ ff .  
In case of Mg, the expansion regarding the solid solution lim  

Chap. 2.1.  rewritten by  

   

it of hydrogen is negligible (see
5.1). Therefore Eq.(3.12a) can be

0H
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MgH1' 2 cd ⎜

⎛
⋅+=
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d⎟
⎟
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⎞
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            (3.12b) 

ith nits of H/Mg. The increase of 
film
where Hc  is the hydrogen concentration in the Mg layer w  u

( ) thickness ( d∆ ) has therefore a relationship of 0HMgH0 2'
2

dcddd ⋅=−=∆ ε .  
This assumption is based on a parallel lay

tot

er model (described in Fig. 3.19), and was 
determined by the average of 20 scans for different positions of sample edges. 

measurement for as-prepared  for mples  
with samples for loading, to prevent Mg from oxidation due to damaging Pd-capping by thickness 

eme
ossible, after 

hydrogen gas loading. Stability of hydride phase was also visible by optical changes, as will be 

 
hydr

eously at the sample surface, and the hydride layer starts 
to g

llel to the substrate surface. On evaluation for results of electrochemical loading 
mea , the hydrogen content in the su yer is treated to be PdH
calculate hydrogen concentration in Mg-layer (H/Mg) during the hydrogen loading process. 

'd

Thickness film were conducted  sa prepared together

measur nt. 
Thickness measurements for hydrogen-loaded film were conducted as soon as p

shown later in Fig. 5.13. 
It is noted that this estimation is valid only for samples sputtered on Si-substrate, because of
ogen induced volume expansion of Pd foil. 
A schematic presentation of the parallel layer model is shown in Fig. 3.19. Nucleation of 

hydride phase is here assumed homogen
row into the film, consuming the Mg layer, keeping the interface plane with Mg-layer 

macrospically para
surements rface Pd capping la 0.6, to 



3. Experimental   74 

ctr
t for

Fig. 3.19 Schematic draw of the parallel layer model: 1-dimensional growth of MgH2 layer (light blue) 

sample surface consuming Mg layer (brown) during hydrogen loading, keeping the interface ith Mg

macroscopically parallel to the su e.   

from

w

bstrate surfac

 
3.7 In-situ ele oresistivity measurement 

Four-point electroresistivity measurements were carried ou  Mg-films. The four-point 
measurement sample stage was shown in Fig. 3.14 and Fig. 3.16.  

The effective resistivity of Mg-MgH2 system 'ρ  is evaluated by two different equations. 
The first one is the Bruggeman equation [Qu10]: 

0
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−+⋅ ρρ
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ρρ

LL
f

LL
f         (3.13a) 

where Mgρ and 2MgHρ are the resistivity of Mg and MgH2, respectively, is the geometrical 
factor and equals to 1/3 for spherical hydride nucleation and growth, and are the 
volume fraction of Mg and MgH2 in the film respectively, having relati of 

L
Mgf

2MgHf
onship 

1
2MgHMg =+ ff . Mgρ = 6.5 µΩcm and 

2MgHρ = 10 mΩcm, which are reported by Giebels et 
al. [Gieb04] are applied in this work. Details about those resistivity values are described in Chap. 
2.1.5.2.  

By solving Eq.(3.13a), volume fraction of the hydride phase, , is estimated. It is noted 
that this calculation is based on an assumption that hydride has spherical geometry and is 
nucleating randomly in the film, and not as a parallel layer (see Fig. 3.19). 

Another calculation applied in this work is an equation that is based on the parallel layer 
model, 

2MgHf

   
Pd

Pd

MgH

MgH

Mg

MgPdMgHMg

2

22 
ρρρρ

++=
′

         (3.
dddddd ++

13b) 

where Pdd  and Pdρ (≈1.5·10-5 Ωcm) [Wagn10] are the thickness and resistivity of surface Pd 
layer, respectively.  
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Electroresistivity during hydrogen loading is measured by four-point measurement, and the 
relative change of resistance 0/ RR  is evaluated, which eliminates other artefacts coming from 
sample shape difference.  

 
n

M erful tools to evaluate the diffusivity 
of h gen in metals, especially when the sam  shape a foil, film or 
precisely known thickness. The electrochemical loading technique allows the exact control of 

hy
the thi ed in work. 

In this work, the time-lag method [Kirch80,Cran75,Züch70] with pulse hydrogen loading 
current is adopted in the electrochemical double cell [Kest00 nder p e-condi
298 K. A schematic figure for the setup is shown in Fig. 3.20. The total hydrogen diffusion 

ent
ollowing equation: 

3.8 Electrochemical hydrogen permeatio  measurements  
onitoring the permeation of hydrogen is one of the pow

ydro ple is a a plate like with 

loaded drogen amount, applying Faraday's equation (Eq.(3.3)). Since this is an advantage for 
n films, the electrochemical loading technique is us  this   

 

3.8.1 Pulse loading condition 

] u uls tions [Cran75], at 

coeffici  tot
HD  through a plate of single Pd layer with thickness s was determined by 

measuring the breakthrough time bt  by using the f

 
b

2
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H 98.19 t
sD
⋅

=        (3.14) 

del for film stackings has to be applied, as published by Schmitz et al. [Schm98]. 

For 

However, since the diffusion constant of hydrogen in Mg is of interest, here, the hydrogen 
permeation mo

a bilayer of Mg and Pd, equation 23 in ref. [Schm98] yields, 
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 phase. Here, a  is the thickness of the Mg film 
and 
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which is strictly correct only in the solid solution Mg

Pd Pda  is that of the Pd substrate. HD was measured separately for the Pd substrates. Up to a 
concentration of Hc = 1·10-2 H/Pd it is 11Pd

H 101.01.3 −⋅±=D  m2s-1. Furthermore, k is the 
difference of hydrogen solubility, which is calculated as [Kest00,Fukai05,Gemm11] 
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where the changes of the free energy of solution 22.5 kJ/(mol-H), for bulk Mg 
[Bohm99], and 5.3 kJ/(mol-H) for bulk Pd [From76], at 300 K were used, 
respectively. lculation yields the hydrogen diffusion constant in Mg, as 
obtained from the time-lag method. The 20 nm Pd-coverage layer is neglected in this study. 
Therefore, the calculated hydrogen diffusion constant is expected to be slightly underestimated.  

 

tiostatic loading condition are done in the 
elec

 by [Cran75] 

=∆ Sol.
HinMgG

=∆ Sol.
HinPdG

Finally, this ca Mg
HD

Fig. 3.20 Schematic figure of the setup for electrochemical hyd gen permeation measurements with time-lag meth

own on the left side), and an example of measured time

ro od 

(sh  change of the output EMF potential (red line) with applied 

current-controlled pulse (image, blue), on the right side. Pt was used as the counter electrode, and the edge of sample

was polymer-coated. Current was loaded from back side with i = 10-7-10-3 A , and br was 

determined as a difference time between the start of applied current and the point of deflection with a line, being

de  by lin tting fo

/cm2 eak through time tb

termined ear fi r the rising EMF potential.    

3.8.2 Potentiostatic loading condition 
Permeation measurements with poten
trochemical double cell [Kest00]. A schematic figure for the setup is shown in Fig. 3.21. 

During potentiostatic loading, the time change of the current density was monitored. Diffusion 
constant totD  from potentiostatic loading measurements were calculatedH

 
2

b

tot
H 6 t

sD
⋅

=        (3.17) 
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whe
ments

 value [Deva64], as shown in Fig. 3.21. The time change of the voltage 
tween both ends of electric resistance, which is inserted in series in the circuit, were also 

re s  is the total thickness of the membrane, and bt is the breakthrough time. The bt for 
potentiostatic loading measure  was determined as the time taken for the current density to 
reach 0.6299 of its constant
be
monitored to calculate the amount of loaded hydrogen by using Eq.(3.3).  

Fig. 3.21 Schematic figure of the setup for electrochemical hydrogen permeation measurements with potentiostatic

condition (sho  the left side), and an example of measured time change of the current density (red line)

applied current-controlled pulse (image lue), on the right side. Pt was used as th

wn on  with 

, b e counter electrode, and the edge of

sample was polymer-coated. Current was loaded from the backside with constant voltage (Vp = 0.1 V), and break 

throu tb was determined frogh time m the current change during loading.    

In steady state, the permeation rates of hydrogen in each layer are the same and constant. In 
this case, the diffusion constant of hydrogen in Mg layer, MgD , was calculated by using the 
following relationship [Cran75] 

 tot

s
=   (3.18) 
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 Eq.(3.17). Applying approximations of cc ≈
and 

where Sub-Pda  and Sub-Pdc are the thickness and the hydrogen concentration in the Pd substrate, 
as well as Mg

Ha and Mgc  are the thickness and the hydrogen concentration in the Mg layer, 
Cap-Pda and Cap-Pdc are the thickness and ation in the Pd capping layer, 

tota and totc are the thicknesses and the hydrogen concentration for whole layers. 
 

tot
HD

PdD  were determined by Cap-PdPd , Sub-
tot

Sub-Pd cc ≈ ( ) 310−== cck (see Eq.(3.16)) yields 
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4. Sample characterization of the as-prepared 
Mg-films 

The characterization of as-prepared Mg-films will be presented in this chapter, changing 
Mg-layer thickness and substrates. The dependency of the in-plane stress on the prepared film

 

Fig. 4.1b A cross-sectional picture from TEM

observation for as-prepared Mg-film (160nm),

sputtered at room temperature. 

 

 

 
thickness, and the out-of-plane grain size difference by annealing condition will be shown. 

 

4.1 Mg films on: Si-substrate 
4.1.1 As deposited Mg films 

Mg films with thicknesses ranging from 20 nm to 2800 nm deposited on Si (100) substrates 
were characterized by means of XRD. Fig.4.1a exemplarily shows the XRD pattern for an 
as-prepared Mg film with the thickness of 160 nm, deposited on Si (100) with the 20 nm thick Pd 
buffer layer. A strong reflection of the Mg(0002) is observed.  

as evaluated by applying the Scherrer formula 
(Eq.(3.5), [Sche18]) to the Mg(0002) peak width, and calculated to be 30 nm. Cross-sectional 
TEM observation for this sample show a columnar structure in the Mg-layer with the lateral grain 
ize about 30 nm and vertical grain size in a range of 30-80 nm, as is shown in Fig. 4.1b.  

 
 

 
 
 

 
 
 

 

Fig.4.1a XRD pattern of the as-prepared sampl

temperature and with the Pd buffer layer

thickness of 20 nm. 

160 nm, deposited on Si (100) substrate at room

fof 20 nm Pd-capped Mg film with the thickness o

e

The vertical grain size for the same sample w

s
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Fig. 4.2a shows the XRD peaks of the α-Mg(0002), easured for as-deposited samples with 
various Mg-thickness from 20 nm to 2800 nm, deposited on the Si(001) substrates. The initial 
in-plane stresses, calculated from the peak shift by using Eq.(3.8), are plotted in Fig. 4.2b. The 
vertical grain sizes are also calculated by Eq.(3.5), and plotted in Fig. 4.2b. The peak intensity in 
Fig. 4.2b is almost proportional to the sample thickness.  

m

The peak position shifts to higher angles for smaller film thickness, as shown in Fig. 4.2a. 
This shows the tendency of compressive biaxial stress increase with increase of the sample 
thickness (Fig. 4.2b). The dependency of the stress increase on the thickness is significant for 
samples with d < 200 nm, compared to samples with d > 1000 nm. 

Fig. 4.2a A series of Mg(0002) Bragg peaks measured by same XRD condition for as-prepared

nc-Mg films sputtered on Si (100) substrate with thickness of X [nm]; X = 2000 (red), 1000 (orange),

750 (green), 500 (blue), 200 (violet), and 20 (black). As a reference, 2θ value which corresponds to

atomic plane distance for the bulk Mg(0002) is marked with black  in the figure.  

 

 arrow

Bulk

Fig. 4.2b Calculated in-plane stressσ (filled red markers, left axis) and vertical grain size x (hollow

blue markers, right axis) plotted versus Mg film thickness d, obtained for as-prepared samples from

XRD peak position and peak width (FWHM), respectively. 
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The vertical grain size corresponds to the sample thickness for a thin film at d
increases to 540 ± nm at d = 200 nm. No thickness dependency was visible for sam
500 nm.  

Fig.4.2c A result of the texture measurement at the Mg(0002) peak position, measured for the as-prepared sample 

d

 

(20 nm Pd-capped Mg film with the thickness of 500 nm, deposited on Si (100) substrate at room temperature an

with the Pd buffer layer thickness of 20 nm). 

 = 20 nm, and 
ples with d > 

 

 

 

 

 of 60 
nm - 2100 nm were prepared and characterized by means of XRD. 

Fig. 4.3a exemplarily shows the XRD pattern for the as-prepared sample of an Mg film of the 
thickness of 100 nm, deposited on Si (100) after ong
reflection of the Mg(0002) is observed. At allic
compounds might occur. However, these phase D pattern, for all 
samples.  

The lateral grain size for the same sample w y applying the Scherrer formula 
(Eq.(3.5), [Sche18]) to the Mg(0002) peak width, and calculated to be 35±4 nm.  

 
 
 

The texture measurement at the 2θ position of the Mg(0002) peak, shown in Fig.4.2c, show 
the (0002)-texture of Mg in the out-of-plane direction. This preferential growth of Mg(0002) 
direction [Higu02,Leon02,Isido03,Chec04] is recognized for all samples. 

 
 
 

 

 

4.1.2 Annealed Mg films  
In this section, results from properties of annealed Mg films will be shown. Mg films

annealing at T = 453 K for 30 minutes. A str
high temperature, formation of intermet
s are not visible in the XR

 
 

as evaluated b
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Fig. 4.3a XRD pattern of the as-prepared

annealed sample of 20 nm Pd-capped

Mg film with the thickness of 100 nm,

deposited on Si (100) substrate. 

 
Fig. 4.3b shows the XRD peaks of the α-Mg(0002), measured for as-deposited samples with 

various Mg-thickness from 20 nm to 1400 nm, deposited on the Si(001) substrates, with t
annealing condition of T = 453 K for 30 minutes. It is noted that these measurements were 
performed by different conditions, and therefore they have different maximum intensities. 

 

he 

The initial in-plane stresses, calculated from the peak shift by using Eq.(3.8), are plotted in 
Fig. 4.3c. The peak positions showed no clear correlation with the film thicknesses, showing that 
the stress state is thickness independent. Stress values ranging from 

Fig. 4.3b A series of Mg(0002) Bragg peaks measured by same XRD condition for as-prepared

annealed Mg films sputtered on Si (100) substrate with thickness of X [nm]; X = 1400 (orange), 500

nm (pink), 180 (violet), 100 (brown), 60 (green) and 20 (black). As a reference, 2θ value which

corresponds to atomic plane distance for the bulk Mg(0002) is marked with black arrow in the figure. 

 

Bulk

σ≈+50 MPa to +300 MPa 
were obtained for all whole sample thickness range, which reveals tensile stressed state. These 
results dif

σ≈

fer from the case of the samples, which were not annealed (See Fig. 4.2b).  
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 about 
n be seen in annealed samples and the samples without annealing process.  

The vertical grain sizes are also calculated by Eq.(3.5), and plotted in Fig. 4.3c. The grain size 
reduces from 60 nm to 40 nm, with reduction of the film thickness. No clear grain size 
changes ca

The sample showed a strong αMg-(0002) texture. A pole figure for this peak is shown in Fig. 
4.3d.  

Fig. 4.3c Calculated in-plane stress σ (filled red markers, left axis) and vertical grain size x (hollow

blue markers, right axis) plotted versus annealed Mg film thickness d, obtained for as-prepared

samples from XRD peak position and peak width (FWHM), respectively.  

Fig. 4.3d The XRD peak of αMg-(0002) (left) and corresponding texture measurement (right),
obtained from the annealed 2800 nm Mg film, annealing at T = 453 K for 30 min., measured

at T = 300 K with the wavelength of CoKα (λ = 1.790263 Å). Fully hydrogenated state by pH=

20 mbar will be shown later in Fig. 5.1b, and in-situ loading results about this experiments will

be shown in Fig. 5.15a in Chap. 5.2.2. 
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4.2 Mg films on: Pd-substrate 
Results for Mg-films of 80 nm, 200 nm, 300 nm and 2

shown in this section.  
The XRD pattern obtained for a 2088 nm-thick Mg-film t room 

temperature is shown in Fig. 4.4a with red lines. The wavelength of CoKα is used in these XRD 
measurements. The strong αMg-(0002) texture perpendicular to sample plane is observed by the 
2θ-θ scan. Using Eq.(3.5), grain size of α-Mg was calculated to be 

088 nm deposited on Pd foil will be 

 on a 250 µm thick Pd foil a

438± nm, which is similar to 
the grain sizes of films deposited on Si. Using Eq.(3.8), in-plane stress in α-Mg matrix was 
calculated to be . The result of the texture measurement at the 2θ position for 
the α-Mg(0002) peak is also shown in Fig. 4.4b. XRD pattern in hydrogen-loaded state will be 
described in Chap. 5.1.2, and also results of in-situ measurement in Chap. 5.2.3.  

endent. 
Furthermore, an effect of the Pd-foil bending on the film stress state is expected. 

 
 
 
 
 
 
 
 
 
 
 

 

MPa 120−=pσ

For the 200 nm film, Scherrer formula (Eq.(3.5)) gives a grain size of 19 nm and a stress of 
= +155 MPa, applying Eq.(3.8). Likewise, a grain size of 25 nm and a stress of pσ = +56 

MPa were obtained for 80 nm film. Those values are plotted in Fig. 4.4c.  
The obtained stress states for Mg films sputtered on Pd-foil were thickness indep

pσ
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 a)  

 b)  Fig. 4.4 (a) XRD pattern of as-deposited
Mg film sample on the Pd-substrate, before

gure ahydrogenation, and (b) the pole fi t
the αMg(0002) peak of the as-depo

sample.  

sited

 

 

As prepared 

Fig. 4.4c Calculated in-plane stress σ (filled red markers, left axis) and vertical grain size x (hollow 

let markers, right axis) plotted versus Mg filmvio  thickness d, obtained for as-prepared samples from 

XRD peak position and peak width (FWHM), respectively.  

20 nm / 2088 nm Mg on 250 µm Pd 
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5. 

evelopm

d resulting from 

5.1   

01) substrate at T 
= 300 K without annealing process, before and after hydrogen loading cycle in the unloaded state. 
Dec e of α-Mg (0002) peak area and narrowing of the peak width is observed. The pole figure 
of the remaining α-Mg (0002) shows smaller intensity, keeping the original texture, which is also 
shown in Fig. 5.1a for a 2800 nm Mg film. In-situ measurement for this sample will be shown 
later in Chap. 5.2.1.3. 

thickness. Fig. 5.1b shows the α-Mg(0002) peak of a 2800 nm Mg-film, annealed at T = 453 K for 
30 minutes. The related as prepared state is shown in Fig. 4.3c. By hydrogen loading, the peak 

Hydrogen loaded Mg films 
 
In this section, the results of XRD measurements of Mg-films used for electrochemical- and 

gaseous hydrogenations will be presented. At first, samples with fully hydrogen-loaded states are 
briefly compared with those in the as prepared state. Then, the d ent of film properties 
(stress, thickness, EMF potential, and electrical resistivity) will be shown. Diffusivity of hydrogen 
will be discusse gas loading measurements, and subsequently also from 
permeation measurement. In the end, results of the in-situ measurements, performed at elevated 
temperatures, will be shown. 

   

 Comparison: as prepared-hydrogen loaded Mg films
5.1.1 Mg films on: Si-substrate 

Fig. 5.1a shows the XRD peak of α-Mg(0002) for films deposited on a Si(0

reas

The XRD peak change can be compared with that of an annealed sample, with same 

Fig. 5.1a XRD Bragg peak of αMg(0002) for the 2800 nm thickness Mg film, before and after hydrogen loading with

the constant gas pressure of pH2 = 20 mbar for t = 33300 s (= 9.25 hours) at T = 300 K. Pole figure for loaded state is

also shown in right picture. 
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maximum intensity decreased about 20 times. The α-Mg(0002) peak position shifted from 2θ = 
40.254 degree to 2θ = 40.494 degree during hydrogen loading, which reveals an increase of the 
in-plane tensile stress of 362 MPa ( from 26 MPa to 388 MPa), using Eq.(3.8). Grain 
size decreased by gas loading from 

Fig. 5.1b The XRD peak of αMg-(0002) (left) and the corresponding texture measurement (right), obtained for the

annealed 2800 nm Mg film, measured at T = 300 K (measured by the wavelength of CoKα, λ = 1.790263 Å). Fitting

curve for the peak is also appended in the figure. The prepared state of this sample is shown in Fig. 4.3b. 

Fig. 5.1c Calculated in-plane stress σ (filled red markers, left axis) and vertical grain size x (hollow

blue markers, right axis) for hydrogenated Mg film, plotted versus initial film thickness d, obtained for

as-prepared samples from XRD peak position and peak width (FWHM), respectively. The σ-values

before hydrogenated states (filled grey markers, left axis) and corresponding vertical grain sizes

(hollow grey markers, right axis) are plotted together, for comparison. 

=∆ pσ pσ
645 ± nm to 213± nm, using Eq.(3.5). 

ially 
hyd  the 
as-p rogenation for all samples. Also, slight 

Fig. 5.1c shows an overview of the obtained in-plane stress and grain sizes of part
rogenated Mg films with different thicknesses, measured in this work. Comparing with
repared state, the in-plane stress decreases upon hyd
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decreases of the vertical grain sizes are visible.  
 grain sizes of partially hydrogenated films 
rly shows that the in-plane stress increases 

upon hydrogenation, for all of the annealed samples. This behavior differs from the stress 
dev

 

5.1.2 Mg films on: Pd-substrate 

In-plane stress and vertical grain size upon partial hydrogenation of Mg-films deposited on 

drogenation, the decreasing of α-Mg (0002) peak area and the broadening 
dth were observed for all films. At the same time, a peak near 2θ = 32.83 appeared, 

incr

Likewise, an overview of the in-plane stress and
obtained in this work are plotted in Fig. 5.1d. It clea

elopment for films which were not annealed. Also, the decrease of the vertical grain sizes upon 
hydrogenation was larger than that for films without annealing process.   

Thus, the stress development in Mg film also depends on the hydrogen loading process, such 
as hydrogen loading current conditions or the loading gas pressures, which will be shown later in 
this work. (see Chap. 5.2.1.3.1 and Chap. 5.3.2) 

 

Fig. 5.1d Calculated in-plane stress σ (filled red markers, left axis) and vertical grain size x (hollow

blue markers, right axis) for hydrogenated Mg film, plotted versus initial film thickness d, obtained for

annealed samples from XRD peak position and peak width (FWHM), respectively. The σ-values

before hydrogenated states (filled grey markers, left axis) and corresponding vertical grain size

(hollow grey markers, right axis) are plotted together, for comparison. 

s

annealed Pd-foils were calculated and plotted as functions of film thickness in Fig. 5.1e, applying 
Eq.(3.8) and Eq.(3.5) to the results of ex-situ electrochemical hydrogen loading XRD 
measurements. Upon hy
of the peak wi

easing with hydrogenation state. This new peak was indexed as (110)-reflection of the β-MgH2 
phase. Further peaks of other magnesium hydrides were not obtained. 

Fig. 5.1f exemplarily presents the XRD patterns for the 2088 nm sample, before and after 
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hydrogen loading. The grain size of α-Mg was calculated to be 336 ± nm, exhibiting a slight 
decrease compared with the as-prepared state. In-plane stress of t e Mg-film calculated by 
Eq.(3.8) yielded  for α-Mg grains, which stays almost constant. The change 

h
MPa 120−=pσ

Fig. 5.1e Calculated in-plane stress σ (filled red markers, left axis) and vertical grain size x (hollow 

 

violet markers, right axis) for hydrogenated Mg film on Pd substrate, plotted versus Mg film

thickness d, obtained from XRD peak position and peak width (FWHM), respectively. The σ-values

before hydrogenated states (filled grey markers, left axis) and corresponding vertical grain sizes

(hollow grey markers, right axis) are plotted together, for comparison. 

Fig. 5.1f Obtained XRD patterns for 2088 nm thick Mg film prepared on a Pd-substrate, before (red)

and after hadrogen loadi . Identified p exed for each reflection peak.  ng (blue) hase is ind

of in-plane stress and the vertical grain size were independent of the thickness of the Mg film.   
Comparing equilibrium pressures (see Fig. 2.3), PdH0.6 is more instable than MgH2, and also 

diffusivity of hydrogen in Pd is more than 3 orders faster than in α-Mg, at room temperature (see 
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Fig. 2.4). Therefore, decomposition of Pd hydride is suggested to proceed preferentially, yielding 
no c

 

 the substrate curvature changes and on the 
X-ray techniques. (see Chap.3.5) 

 

5.2.1 Mg films on Si-substrate  
H-loading for nc- and annealed Mg-films on Si (100) substrate samples have been done by 

electrochemical- and gaseous hydrogen. The gaseous hydrogen loading condition is divided in 
two different conditions, which are 1) constant pressure conditions and 2) step-by-step pressure 
increase method. This section presents the results of electrochemical hydrogen loading, at first. 
Then, gas loading with the condition of step-by-step pressure increase (2) and with the constant 
gas loading pressure (1) will be shown. In the end, the results for nc Mg-films will be summarized.  

 

5.2.1.1 Results of step-by-step electrochemical loading  
 for 

100 one 
at th were 
calc with 
max

The bragg peak evolution of the α-Mg(0002) and β-MgH2(110) peaks in equilibrium states at 
different hydrogen concentrations of cH = x H/Mg (x = 0, 0.02, and 0.7), are shown in Fig.5.2a. At 
cH = 0.02 H/Mg, a drastic intensity decrease of the α-Mg(0002) peak is found. For x = 0.02 and x = 

 

d as the total stress change 
upon
concentration. The stress development is plotted in Fig. 5.2d. 

lear hydrogen induced expansion in this ex-situ XRD measurement. Therefore, an in-situ 
XRD measurement will be conducted for Mg films sputtered on Pd substrate in Chap. 5.2.3.      
 

5.2 In-plane stress evolution upon hydrogen absorption 
In this section, the results of the inner stress evolution of the Mg-films on hydrogenations will 

be presented. The in-plane stress changes in the Mg-films were measured and evaluated by three 
different ways, which are based on evaluations from

In-situ step-by-step electrochemical hydrogen loading measurements were conducted
0 nm thick Mg-sample deposited on Si at room temperature. These measurements were d
e beamline P08 in DESY Petra III. Developments of cH = x H/Mg (x = 0, 0.02, and 0.3) 
ulated from the loading condition, assuming solution of hydrogen into Pd surface layer 
imum concentration up to PdH0.6 (H/Pd = 0.6).  

0.7, the β-MgH2(110) peak is observed, too. 
θ-2θ scans at different tilting angle ψ were conducted for α-Mg(0002) peaks in equilibrium 

states at each hydrogen concentration, as shown in Fig.5.2b. The peak positions of all peaks are 
determined by fitting each curve with gaussian functions, and plotted as functions of sin2ψ in Fig. 
5.2c. By applying linear fitting for obtained d values, different slopes were determined for each 
state of the Mg films. By using Eq.(3.9), in-plane stress tσ  at cH = 0 H/Mg (as prepared state), 
cH = 0.02 H/Mg and cH = 0.7 H/Mg were determined to be tσ  = -103 MPa, tσ  = -251 MPa 
and tσ  = -376 MPa, respectively. Thus, tσ∆ =-273 MPa is obtaine

 loading up to cH = 0.7 H/Mg. Therefore, the in-plane stress increases by increasing hydrogen 
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Between cH = 0 H/Mg up to cH = 0.02 H/Mg , the slope of the s ange from is calculated 
to be 

tress ch

Hdcd tσ = -7.4 GPa /(H/Mg). It is reduced from cH = 0.02 H/Mg to cH = 0.7 H/Mg to be 
only Hdcd tσ = ).   -183 MPa /(H/Mg

Also from the peak position shift of the α-Mg(0002) reflection, this tendency of the stress 
increase was visible. The peak position change from 2θ = 22.083 (at cH = 0 H/Mg) to 2θ = 22.074 
(cH = 0.02 H/Mg) yields Hdcd pσ

= 0.7 H/Mg) it 
= -6.58 GPa /(H/Mg), and from 2θ = 22.074 (cH = 0.02 

H/Mg) to 2θ = 22.07 (cH yields Hdcd pσ = -170 MPa /(H/Mg), using Eq.(3.8). 
Both and values change more strongly at lower cH, compared to high cH. At smaller 

hydrogen concentration, relationships of 

tσ pσ  

Hdcd tσ = -7.4 GPa /(H/Mg) and Hdcd pσ
 

= -6.58 
GPa /(H/Mg) have good correspondence, with the calculated relationships of Hdcdσ = -5.72 
GPa /(H/Mg), expected from linear elastic theory (see Eq.(2.41) in  At higher 
hydrogen concentration, 

Chap. 2.2).

Hdcd tσ and Hdcd pσ is in the same order,
about 58% in the absolute value.  

The curvature change was also measured by profilometer before and after hydrogen loading. 
Th nds to 
a e was 
ca

by 
th ed at low cH.  

 

5.2.1.1.1 Reacted hydride fraction  

A thickness increase upon hydrogenation to x = 0.7 for the same 1000 nm sample was 
measured to be 

 but contains an error of 

e curvature changes from 310413.1 −⋅=κ m-1 to 21033.3 −⋅=κ m-1, which correspo
stress change from 10−=Stσ  MPa to 250−=Stσ  MPa. Thus, the stress chang
lculated to be Stσ∆ = 240 MPa. This is similar to tσ and pσ .  

Thus, an increase of compressive in-plane stress was observed upon hydrogen loading, 
ree different methods. An extraordinary large change was obtain

( )151020 ±=−′=∆ ddd  nm, which corresponds to 
H/Mg calculated by Eq.(3.12b). The 8.5% difference of between this value and loading 
condition of 

( )11.076.0H ±=c  

Hc
7.0H =c  H/Mg could result from assumption of a preferential solution of 

hydrogen in the Pd layer. 
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Fig.5.2a Bragg peak change of the αMg(0002) and βMgH2(110) at different hydrogen concentration of cH = x H/Mg (x =

0, 0.02 100, and 0.7), drawn with red, green and blue, respectively, conducted for 1000 nm Mg film sputtered on Si ( )

su

is

bstrate at room temperature. As prepared state corresponds to x = 0, and the state without electrolyte on the surface

 shown. 

Fig.5. ), and

c

2b αMg(0002) peaks at different tilting angles ψ, at cH = 0 H/Mg (as prepared, left), cH = 0.02 H/Mg (middle

H = 0.7 H/Mg (right). The corresponding atomic plane distances for each curve are plotted in Fig. 5.2c. 

Fig. 5.

αMg(000

2c Obtained atomic distances of (0002) plane (d ) from 

2) peaks, as functions of sin2ψ, at cH = 0 H/Mg (as 

d), c = 0.02 H/Mg (green), and c = 0.7 H/Mg prepared, re H H 

(blue).  

Fig. 5.2d The in-plane stress development 

step-by-step el

during the

ectrochemical hydrogen loading, calculated by

Eq.(3.9) from the slope of the d-sin2ψ plot, shown in Fig. 5.2c.
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5.2.1.1.2 Hydride stability in air  

The stability of the hydride in the sample was evaluated for the same sample, by comparing 
the stress change before and after leaving it in air at room temperature.  

The film thickness change 1 month after hydrogen loading was measured to be 
20−≈∆d nm for the 1 µm film, which corresponds to a mean concentration of 55.0H ≈c

 

Eq b).

ψ me as also use
y MPa was obtained. Both values of and 

 existence of a sta ide phase remai

Furthermore, the optical property change due to the hydrogen loading was visible by eyes for 
all samples, which were prepared on Si-substrates at room temperature. An example will be 
shown later in Fig. 5.13, compared with as prepared state. This clear difference was visible 
typically for more than 5 hours in the air, at room temperature. After leaving the hydrogenated 
sample in air for more than 1 week, the appearance of these samples becomes optically metallic, 
and there were no clear difference by eyes with the as-prepared samples.  

 

 
H/Mg by .(3.12  Thus, the decrease of the hydrogen concentration in this sample was 
calculated to be Hc∆ =0.21 H/Mg, during leaving the sample in air. 

The stress change was also measured by XRD techniques, by the peak shift, and a 
compressive stress relaxation of 50≈∆ pσ MPa was obtained during 1 month. The stress 
change determination by sin2 od w d for this sample (shown in Fig.5.3a), and a 
relaxation of compressive stress b p

th
 40≈∆ tσ σ∆

t  are about 20 % of the maximum relative stress change of the film by hydrogenation (see 
Fig. 5.2d), which explains the ble hydr ning in Mg film. 

 

σ∆

Fig.5.3a Bragg p g(0002) at different tilting angles ψ (ψ = 0°-10°) (left) and obtained d values oeak of αM f 

αMg(0002), measured for the sample which was left in air for 1 month after hydrogen loading (right, with red

markers). The d values measured for the same sample right after hydrogenation are also plotted (right, with blue

triangle), for comparison. 
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5.2.1.2 Results of step-by-step gas loading  
Fig. 5.4 and Fig. 5.5 shows the XRD results in equilibrium state at different hydrogen gas 

pressure of = x mbar (x = 0, 3, 11.9 and 119), by means of step-by-step hydrogen gas 
absorption applied for nc Mg-films with the thickness of 200 nm and 60 nm sputtered on Si (100) 
substrate, respectively.  

 
 
 

b
ere

H2p

Fig. 5.4 Development of the XRD peaks of α-Mg(0002) (left) and β-MgH2(110) (right) for 200nm thickness nc-Mg film, at

pH2 = 0 mbar (red), pH2 = 3 mbar (brown), pH2 = 11.9 mbar (green) , and pH2 = 119 mbar (blue). Plots for β-MgH2(110) at

pH2 = 119 mbar contains additionally non-equilibrium states with proceeding indication. Measurements were conducted

at HASYLAB PETRA beamline P08 with λ = 1Å. The black arrows indicate the progress of the peak change during the

measurement. 

Fig. 5.5 Development of the XRD peaks of α-Mg(0002) (left) and β-MgH2(110) (right) for 60nm thickness nc-Mg film, at 

pH2 = 0 mbar (red), pH2 = 3.6 mbar (brown), pH2 = 11.9 mbar (green), and pH2 = 119 mbar (blue). Plots for α-Mg(0002) at 

pH2 = 119 mbar contain additionally non-equilibrium state. Measurements were conducted at HASYLAB PETRA 

beamline P08 with λ = 1Å. The black arrows indicate the progress of the peak change during the measurement. 

The base pressure of the vacuum in the cham
both sample H2p = 2×10-5 bar, and this value is h

er before hydrogen gas introduction was for 
 treated as 0 bar. XRD peaks of α-Mg(0002) 
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reflection for both films exhibited a peak shift and the peak disappeared at the loading step of 

For the 200 nm thick film, peak positions of α-Mg(0002) at equilibrium states are fitted to be 

ields in-plane 
stres
concentratio  mbar was

H2p = 119 mbar.  

2θ = 22.143°, 22.122°, and 22.123° for each hydrogen pressure of H2p = 0 mbar, 3 mbar, and 
11.9 mbar, respectively (Fig. 5.4 left side). Applying Eq.(3.8) for these peak shifts y

s development of pσ = -80 MPa, -141 MPa, and -138 MPa, respectively. The hydrogen 
n in the sample in equilibrium state under loading condition of H2p = 3  

calculated to be 2
H 104 −⋅≈c H/Mg, by using the change of the Bragg peak area for α-Mg(0002) 

reflection. Therefore, ( )≈dcd pσ -1.53 GPa/(H/Mg) was obtaineH

H2 = 0 mbar to H2p = 3 mbar. Also, a slight increase of the tensile stress was visible in a further 
peak shift from H2p = 3 mbar to H2p mbar. The equilibrium pressure for the Mg-MgH

d for the first peak shift from 

= 11.9 
p

2 
transition at given temperature is 1.0H2 ≈p mbar (see Fig. 2.3). Therefore, the hydride phase is 
expected to nucleate at H2p = 3 mbar, a nfirmed by the appearance of the β-M 110) 

in Fig. 5.4. The stress development in the solid solution concentration regime was calculated 
to be 

s is also co gH2(
peak 

( ) =Hdcdσ -5.72 GPa/(H/Mg) by linear elastic theory (see Eq.(2.41) in Chap. 2.2), and 
com -step electrochemical loading measurements 
(described in ). Therefore, the increase of in-plane stress in α-  is suggested 
to happen ma e solid solution concentration regime, and later it is relieved by plastic 
deformation in the early stage of hydride nucleation. The small value of the obtained concentration 
dependency of the stress change 

parable values are obtained in the step-by
Chap. 5.2.1.1 Mg grains
inly in th

( )≈Hdcd pσ -1.53 GPa/(H/Mg) compared to the theoretical 
value can be explained by this process. 

In the same way, the in-plane stresses in equilibrium states were also calculated for the α-Mg 
(0002) reflection of 60 nm thickness sample. Peak positions of the α-Mg(0002) are fitted to be 2θ 
= 22.269°, 22.246°, and 22.216° for = 0 mbar, 3 mbar, and 11.9 mbar, respectively (Fig. 5.5 
left side). Applying Eq.(3.8) ifts yields an in-plane stress development of = 

 change for first loading step was c ulated to be 

H2p
for these peak sh pσ

278 MPa, 214 MPa, and 128 MPa, respectively. From the peak area change of the α-Mg(0002), 
the equilibrium hydrogen concentrations in the sample at H2p = 3 mbar and H2p = 11.9 mbar 
were calculated to be 2

H 106 −⋅≈c H/Mg and 1
H 108 −⋅≈c H/Mg, respectively. Therefore, the 

concentration dependency of stress alc
( )≈H

pared to the expected value by Eq.(2.41), shown in the results for the 200 nm thickness 
sample. 

dcd pσ -1.07 GPa/(H/Mg). This stress dependenc on the concentration is also smaller 
com

 

y 

Table 5.1 summarizes the concentration dependency of the stress change for each loading 
step and samples. 
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The stress change was also obtained by the sin2ψ-method. Fig. 5.6 shows the results of the 
diffraction measurements conducted for α-Mg(0002) and β-MgH2(110) peaks of 200 nm and 60 
nm thickness nc-Mg films, by changing ψ-angle in the range of ψ = 0º-10º. The position of ψ = 0
º was previously individually determined, to the maximum peak intensity position, in equilibrium 

es the sin2ψ-plots for the α-Mg(0002) and the β-MgH2(110) peaks of the 200 nm and 60 
nm thickness nc-Mg films. For the 200 nm sample at = 11.9 mbar, before hydride nucleation 
(non-equilibrium state) is plotted with brown line. Increases of the compressive stress by 
increasing the hydrogen concentration are observed. This is also obtained by calculation of the 
peak shift.  

The atomic plane distance for the β-MgH2(110) was calculated to be 3.216 Å, which is an 
expansion of about 7.5 % compared to the theoretical value (see Fig. 3.17). Applying this 
expansion to Eq.(2.55) yields -580 MPa for a 200 nm sample. Furthermore, the in-plane 
stress calculation by peak shift (Eq.(3.8)) are also applied for the β-MgH2(110) peak for 200 nm 
and 60 nm samples, and were calculated to be -1.75 GPa and -1.28 GPa, 

 

 
 

 
 

Table 5.1 Stress dependency on concentration at each loading step (unit in MPa/(H/Mg)), calculated from

 with Mg layer thickness of 200 nm and 60

nm.

ter 3

peak shift and Bragg peak area change of αMg(0002) for samples

 Equilibrium hydrogen pressures pH (unit in mbar) at each step are also described. αMg(0002) peaks were

disappeared af rd loading.  

states at each hydrogen loading step. The maximum offset change due to this process was 0.2 
degree for the α-Mg(0002) peaks, and 2 degrees for the β-MgH2(110) peaks. The fitting curves to 
determine the 2θ-positions for each peak are also implemented in those figures. 

By fitting all peaks for each ψ-position in Fig. 5.6, sin2ψ-plots are obtained. Fig. 5.7 
summariz

H2p

≈pσ

=pσ =pσ
respectively. =tσ -1.72 GPa, is also obtained for the 200 nm sample, applying sin2ψ-method 
(shown in Fig. 5.7). Table 5.2 compares the obtained stress values of both samples at each
hydrogen loading step. 
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5.2.1.2.1 Reacted hydride fraction  

 fra
-st

m (R
.7). y using Eq.

This results su

Fig. 5.4 and Fig. 5.5 show by the complete disappearance of the α-reflection, that the Mg films 
are completely hydrided. The reacted ction is also evaluated from the resistivity change. Fig. 
5.8 shows the time change of the resistivity measured for both samples during the step-by ep 
loading. On one hand, by using Eq.(3.13a) directly for the resistivity results, the hydride content in 
the last state was calculated as 

2MgHf = 0.237 for 200 nm fil /R0 = 10), and 
2
< 0 for the 

60 nm film (R/R
MgHf

0 = 2 (3.13b), 
2MgHd =195 nm (

2MgHf = 
0.975) for 200 nm film (R/R

On the other hand, b

0 = 10), and 
2MgHd =54 nm (

2MgHf = 0.9) for 60 nm film (R/R0 = 2.7). 
pports that using a parallel layer model is a suitable assumption, for the hydrided 

Mg film. 
 Additionally, increases of the thickness by hydrogen loading for the 200 nm and the 60 nm 

Mg film were measured to be ( )452 ±=∆d nm and ( )411 ±=∆d nm, which corresponds to 
c  and ( )08.093.1H ±= ( )5.036.1H ±=c  respectively, using Eq.(3.12b). This yields a 
hydride layer with a thickness of 193 nm for 200 nm film and 41 nm for 60 nm film, assuming the 
parallel layer model (see Fig. 3.19). 

  
 

 

y peak shift (σ p) and sin2ψ method (σ t) at different concentrations (unit in

MPa

Table 5.2 Obtained stress b

/(H/Mg) ), calculated for Bragg peaks of α-Mg(0002) and β-MgH2(110), for 200 nm- and 60 nm samples.  

mb

mbar 

mbar 

ar 
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ig. 5.6 XRD peaks of αMg(0002) and βMgH

 

F 2(110) at different tilting angle ψ (ψ = 0º-10º) for dMg nm thickness

n ed on 

p

c-Mg film (dMg = 200, 60) deposit Si (100) substrate, measured in equilibrium states of each loading

ressure steps at pH mbar (pH = 11.9, 119) and at vacuum condition (as prepared). Fitted curve to determine peak

position is also plotted together as curve without dots. 
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.7 Sin2ψ plots for αMg(0002) and βMgH2(110) peaks for dMg nm thickness nc-Mg film (dMg = 200, 60)

deposited on Si (100) substrate, measured in equilibrium states of each loading pressure steps at pH  = x mba

Fig. 5

r

(x = 11.9, 119) and at vacuum condition (as prepared). Fitting lines to determine slopes are implemented. For

200 nm sample at pH = 11.9 mbar, before hydride nucleation (non-equilibrium state) is plotted with brown. 

Fig. 5.8 Resistivity change measure ith thickne t) and 60 nm, during step-by-ste

sured b nt measurement at room temperature. Loading pressure

conditions are written in the picture with blue letters.  

d for nc-Mg film w ss of 200 nm (lef p

H2 gas loading, mea y means of four-poi
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5.2.1.3 Results of constant gas-pressure loading: hydride formation 

kinetics  
Fig. 5.9a shows the XRD peak shift of the α-Mg(0002) peak for a 2800 nm thick Mg film, during 
hydrogen loading with a constant pressure of pH2 = 20 mbar at T = 300 K. This loading pressure is 
far above the hydride formation pressure of β-MgH2 (pH2 = 10-2-10-1 mbar T = 300 K), see details 
in Fig. 2.12 in Chap. 2.1.5.3. The sample was deposited on a Si substrate with the thickness of 0.5 
mm at room temperature. Reaction time t = 0 indicates the beginning of the reaction, and the 
averaged value of the beginning and at the end of each scan is used as further values of t. Each 
reaction time regime was indicated with different colours in this picture. The peak shifts to lower 
angles almost monotonically, decreasing the peak area as the hydrogenation reaction proceeds. 
This decrease of the α-Mg(0002) peak can be directly interpreted as the phase transition to the 
β-phase, since the hydrogen solubility in the α-Mg is almost negligible (see Chap. 2.1.5.1). A 
layer thickness of the β-MgH2 reached almost 2000 nm, as calculated from the peak area change 
with Eq.(3.6).  

The time change of the in-plane stress in the α-Mg phase, calculated from the same 
measurement for the same sample by Eq.(3.5), is shown in Fig. 5.9b. Colours indicating each time 
regimes corresponds to the same reaction times, t. The in-plane stress change at each curves is 
increased by about = 50 MPa from t = 0 s to t =33300 s (= 9.25 h). pσ∆  

Fig. 5.9a XRD peak shift of the αMg(0002) peak for

the 2800 nm thickness Mg film, during hydroge

loading with the constant gas pressure of pH2 = 2

n

0

mbar at T = 300 K, at different loading time t. Plots

are colored by red for t = 0-856s ( = 0-0.24hour), by

green for t = 856-6260s ( = 0.24-1.74hour), by blue

for t = 6260-21300s ( = 1.74-5.92hour), and by violet

for t = 21300-33300s ( = 5.92-9.25hour). A constant

wavelength of λ = 0.999119 Å was applied at the

beamline HASYLAB B2. 

Fig. 5.9b Time change of the in-pla

stress in the αMg phase, durin

hydrogen gas loading of 2800nm Mg film

with pH2 = 20 mbar at T = 300 K, as a

function of loading time t, calculated fro

the XRD peak shift of the αMg(0002),

with Eq.(3.8). 

ne

g

m
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The in-plane stress change of the same sample was also calculated by the sin2ψ method, using 
Eq.(3.9), which is shown in Fig. 5.9c. This measurement was carried out for the α-Mg(0002) peak 
of the as-prepared and the hydrogenated sample, with the Co-Kα (λ = 1.790263 Å) wavelength at 
different tilt-angles ψ from 0 to 6 degrees. The compressive stress , obtained from the slope of 
the linear fits, increased from = -705 MPa to = -761 MPa, before and after hydrogenation. 
The increase of the compressive is theref = 55 MPa, which is in good 
agreement with the value that calculated from the peak shift. 

Furthermore, the curvature difference of the same sample was measured by the profilometer. 
The obtained average curvature radius changed from 

tσ
tσ tσ

ore obtained as tσ∆  

Fig. 5.9c Obtained αMg(0002) XRD peak and calculated atomic plane distance d, at different steps of tilting

angle ψ of range from 0 to 6 degrees, before (upper side) and after hydrogenation of 2800nm Mg film with a

constant hydrogen pressure pH2 = 20 mbar at T = 300 K. Indicated stress values with blue fonts are calculated

from the slope by linear fitting of d against sin2ψ, applying Eq.(3.9).  

) 100(602 ±=κ m to ) 80(490 ±=κ m 
by hydrogenation. This curvature change indicates an increase of the comp  
in-plane direction from  to , applying Stoney's 
equation, which is presented in Eq.(3.10). The cha s therefore obtained 
s 95 MPa. This value is in a similar range with and , since this 

measurement results contain the whole error of +/- 25 MPa in this case. Their values are involved 
in T ble 5.3 to compare with other obtained stress values of , an  for 
different Mg thickness films deposited on Si substrate.  
Table 5.3, summarizes the values of stress changes from the as-prepared state to the hydrogenated 

ressive stress in the
MPa 415−=Stσ MPa 2.510−=Stσ

nge of the in-plane stress i
=∆ Stσ pσ∆ tσ∆a

pσ∆ , tσ∆ d Stσ∆a
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state, for all Mg films on Si-substrates, as treated in this work. It can be seen that 
and for films deposited at room temperature has negative values, for all cases, 

which indicates the increase of compressive stress by hydrogenation, regardless of the hydrogen 
loading techniques. Also, those different stress values for each film are similar, and the reliability 
of stress values is ensured. Results for annealed samples will be shown later in Sec. 5.2.2. 

Focusing on the stress development during hydrogen loading, Fig. 5.9a and Fig. 5.9b show 
that the reaction kinetics and the stress change are larger in the beginning of loading, and smaller 
in the end. However, the loading hydrogen gas pressure is also known to be a factor to control 
hydride growth during hydrogenation reaction [Bloch97], for the metal-hydrogen system. The 
in-situ XRD measurements allow to see the effect of the loading hydrogen gas pressure on the 

Mg-film and for a 500 nm Mg film for 2 different hydrogen loading pressures of pH2 = 20 mbar Pa 
and pH2 = 200 mbar, respectively, at T = 300 K. The data contain information about diffusion 
constants and the related stress development. The stress development in the α-phase with time at 

Table 5.3 Obtained inner stress change before and after hydrogenation (unit in MPa) in different x nm thick Mg

films (  60,100,200,500,1000,1400,2800) on Si substrate, sorted by different methods (see Table 3.5) and bx = y

differe t hydrogen loading methods, measured at T = 300 K for samples prepared with-/without annealing

treatment process. With respect to the gas loaded samples, it is noted that the stress change also depends on

the gas loading pressures, as will be described later in this section.  

n

tσ∆ , Stσ∆ pσ∆

reaction kinetics.   
Fig. 5.10 presents the diffraction peak evolution depending on the loading time for a 2800 nm 
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constant hydrogen gas pressure is determined for each film from the peak shift of the α-Mg (0
lattice reflectio
different film thicknesses (

002) 
n. Fig. 5.11 summarize the stress state as calculated by using Eq.(3.8), for the two 

a for 500 nm and b for 2800 nm) and the two loading pressure 
conditions ( pH2 = 20 mbar and pH2 = 200 mbar), as a function of square root of the loading time 

t . The 2800 nm-thick sample loaded by pH2 = 20 mbar corresponds to the sample shown in Fig. 
5.9a, Fig. 5.9b and Fig. 5.9c. 

As shown in Fig. 5.10, for all measurements the peak area shrinks upon hydrogen exposure, 
verifying hydrogen absorption in Mg and the hydride formation. Fig. 5.12 shows the relative peak 
area change of the α-Mg (0002) plotted as a function of the square root of the hydrogen gas 
loading time, obtained from the in-situ XRD measurements shown in Fig. 5.10. The results on Mg 
films with thickness of 2800 nm (circles) and 500 nm (triangles) are presented, for comparison. 
The results for the samples loaded at pH2 = 200 mbar are marked in bold red, and results for the 
samples loaded at pH2 = 20 mbar are marked with blue open sign. 

The time-dependency of the peak area development reveals two different regimes 
distinguishable by different linear slopes. These regimes are denoted as I and II, and attributed to 
two different regimes of absorption kinetics. For each film the hydrogen absorption regime change, 

Fig. 5.10 The evolution of the αMg-0002 peaks during hydrogenation, for the sample thickness of 2800 nm an

500 nm, constant hydrogen gas pressures applied with 200 mbar and 20 mbar. Plateau H2 pressure of Mg at 

d

T

= 300 K is 10-5 mbar. 

200
It  or 

20
It  for pH2 = 200 mbar or pH2 = 20 mbar, respectively, is marked with straight lines.  

The time dependency of the stress-state is more complex. As shown in Fig. 5.11 a), the initial  
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Fig. 5.11 The in-plane stress states as calculated from the peak shift of the α-(0002) lattice reflections for the

samples shown in Fig. 5.10, with the thickness of a) 500 nm films in triangles, and b) 2800 nm films in circles,

as a function of square root of the loading time t . Arrows mark the transition between different kinetics

regimes. 

Fig. 5.12 The relative peak area change of the α-Mg (0002) as function of the square root of the hydrogen gas

loading time, obtained from the in-situ XRD measurements (shown in F 0ig. 5.1 ), for Mg films of 2800 nm

(circles) and Mg films of 500 nm (triangles). For 200 mbar hydrogen loading pressure (bold red) and 20 mbar

hydrogen loading pressure (blue open) the hydrided volumes differ strongly. For details see text. 
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stress of the 500 nm film is about ≈ -540 MPa. Upon hydrogen exposure the α-phase turns 
into an even more compressed state. It reaches =pσ -590 MPa for the sample loaded at p

pσ

H2 = 
200 mbar, and even =pσ -635 MPa for the sample loaded at pH2 = 20 mbar. Further on, the 
compressive stress in the α-phase decreases until it reaches a constant value close to the initial 
stress state. The constant value is reached after a time that corresponds to 

200
It  or 

20
It , as 

marked in Fig. 5.12 by arrows.    
The initial stress of the 2800 nm film is about -80 MPa. It stays nearly constant for the 

sample loaded at pH2 = 200 mbar. For the sample loaded at pH2 = 20 mbar, it slightly changes to a 
more compressive state. In total, the effect is much less pronounced for the 2800 nm film.  

As discussed in the following, the different stress states during hydrogen loading can be 
related to the changes of the hydride morphology in the films. With respect to these hydride 
morphology changes, a model is established to explain hydrogen absorption process. Details will 
be described in Chap. 6.3. 

 

5.2.1.3.1 Reacted hydride fraction  

The reacted volume fractions for both of 2800 nm and 500 nm samples were evaluated by 
different methods. At first, the increases of the film thickness for the 2800 nm thick samples were 
measured by a profilometer to be 

≈pσ

( )14280 ±=∆d nm for the sample loaded at pH2 = 200 mbar 
and m for the sample loaded at pH2 = 20 mbar. Applying Eq.(3.12b), these 

a mean concentration of 

( )30420 ±=∆d n
changes correspond to ( )03.075.0H ±=c  H/Mg and 

H/Mg, respectively. This yields hydride fractions of  for the 
sample loaded at pH2 = 200 mbar, and = 0.55 for the sample loaded at pH2 = 20 mbar, 
respectively. Second, from the α-Mg(00 ak area decay, the volume fractions are 
calculated to be f 0.4 and 

( )08.011.1H ±=c  37.0
2MgH =f

2MgHf
02) Bragg pe

≈ ≈
2MgH 2MgH

Likewise, increases of thickness by hydrogen loading for 500 nm Mg film were also 
obtained: They are ( )1278 ±=∆d nm for the sample loaded at p

f 0.75, respectively.  

)112 ±=∆d nm 
H2 = 200 mbar and 

20 for the sample loaded at p( H2 = 20 mbar. Applying Eq.(3.12b), these changes 
correspond to a mean concentration of ( )18.016.1H ±=c  H/Mg and ( )3.067.1H ±=c  
H/Mg, respectively. This yields a hydride fraction of 

2MgHf = 0.58 for the sample loaded at pH2 = 
200 mbar, and f = 0.89 for the sample loaded at p

2MgH H2 

g(0002) Bragg peak area decay, they are calculated to be 
= 20 mbar, respectively. From the 

α-M ≈
2MgHf 0.75 and ≈

2MgHf 0.89, 
respectively. 

Calculated values of reacted hydride fractions, and achieved hydride thickness for both of 
2800 nm and 500 nm samples are listed in Table 5.4.  

The 
2MgHf values obtained by thickness measurement are 7% up to 25% smaller compared 

to the values obtained by XRD peak area. The film thickness decrease after 2 weeks was only 5% 

2

in maximum, which is almost the error of the thickness measurement with the used profilometer. 
This supports the adequate stability of the hydride phase if the formation of MgH  is assumed. 
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Therefore, the hydride phase fraction is treated to be constant for these measurements. Instead of 
hydride phase decomposition, the surface roughness change is due to the existence of volume 
expanding hydride precipits. This is suggested to make an effect of decreasing α-Mg(0002) peak 
areas. 

Thirdly, the fractions of the hydride phase ( 2MgHf ) were also calculated from the relative 
resistivity measurements. The relative resistivity changes of 2800 nm samples were measured to 

/Rbe R
13b), hydrid = 0.4 and = 0.55 were 

obta

0 = 1.7 and R/R0 = 2.2, for 200 mbar loading pressure and for 20 mbar loading pressure, 
respectively. Applying Eq.(3. e fractions of 2MgHf

2MgHf
ined, respectively. Likewise, for 500 nm Mg samples, R/R0 = 3.6 and R/R0 = 14 were 

measured for 200 mbar loaded sample and 20 mbar loaded sample. Applying Eq.(3.13b), hydride 
fractions of 2MgHf = 0.75 and 2MgHf = 0.95 were calculated, respectively. These calculated 
values of hydride fraction are in good agreement with values calculated from α-Mg(0002) Bragg 

Table 5.4 Calculated fractions of hydride (fMgH2) for 2800 nm and 500 nm films, upon hydrogen loading by pH = 200

m gg

p s for each loading condition (∆dMgH2) are

also li

bar and 20 mbar, from each film thickness change (∆d) by profilometer, from each decay of α-Mg(0002) Bra

eak area and from resistivity measurements. Achieved hydride thicknesse

sted. 

Fig. 5.13 Optical appearance of the completely hydrogen loaded sample directly after H2 loading and bringi

out from the chamber (including 10min. time of evacuation), compared with as-prepared state (left), and it

ng

s

change after 5 hours. The silver spots relate to Ag-paste. 
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peak
Fig. 5.13 exemplarily shows the optical property change for 500 nm sample loaded at pH2 = 20 

mbar, compared with the as prepared state (left side). Leaving this hydrogen loaded sample in the 
air for 5 hours results no clear change by eyes, as shown in the right side in Fig. 5.13. Assuming 
this optical property change due to the transition into the hydride phase, the result supports that the 
magnesium hydride can be exist in the Mg film at room temperature even in the air.  

  

5.2.2 Mg films on Si-substrate, annealed 

Hydrogen loading measurements for annealed samples were also conducted. No formation of 
oxide or intermetallic compounds was recognized after the annealing treatment at 453 K to 503 K, 
by XRD measurement for each prepared samples before hydrogen loading. Samples with Mg 
layer thickness of 180 nm, 1450 nm and 2800 nm were prepared.   

Stepwise constant pressure loading at pH2 = x mbar (x = 20, 200, 900), was done for a 180 nm 
Mg film annealed at T = 503 K for 30 min. Fig. 5.14 shows the result of XRD measurement. Each 
loading step was done for a loading time of t = 3600 s. The in plane stress ( ) was calculated to 
be 410 MPa, and exhibited almost no change during hydrogen loading ( < 20 MPa). 
Moreover, only small peak area change of the α-Mg(0002) peak is visible, after the whole loading 
process. Thus, hydrogen loading for this sample seems to be very sluggish, already in the α-phase. 
Oxidation of the Mg-film surface during the sample annealing condition for this sample cannot be 
excluded. A surface oxide could be the reason for the sluggish kinetics. Therefore, the annealing 
temperature is lowered to T = 453 K for 30 min, for further samples.  

 area decay and the thickness change (Table 5.4). 

Pσ
≈Pσ Pσ∆

Fig. 5.14 The development of the αMg(0002) Bragg peak for a 180 nm Mg thick sample (annealed at T = 503

K ), as-prepared state (red) compared with peaks after hydrogen loading at room temperature by a constant

pressure of pH = 20 mbar for the loading time of t = 3600 s (green) and further loadings by pH = 200 mbar for t

= 3600 s (brown) and by pH = 900 mbar for t = 3600 s (purple). Measured with the wavelength of λ = 0.9991

Å.  

19
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In order to see more pronounced change of peak area and position, thicker Mg-layer sample 
and longer hydrogen loading time were applied. 2800 nm thick Mg film, annealed at T = 453 K 
for 30 min. was prepared. This sample was loaded by a constant hydrogen pressure of pH2 = 200 
mbar, for 7 hours. Fig. 5.15a shows the α-Mg(0002) peak development and the corresponding 

. Now, the α-Mg(0002) peak area clearly decreases indicating hydride formation. The change 
was calculated to be = 50 MPa. A slight increase of the compressive stress was 

visible at the early stage drogen loading. In contrast, an increase of tensile stress was 
observed in further loaded states. The change of before and after hydrogen loading was 
calculated to be = 2.4 GPa (Fig. 5.15b). 

Stress changes before and after hydrogenation are summerized in Table 5.3. Both of the stress 
changes and upon hydrogenation revealed tensile stress. This tendency differs from 
the result for samples without annealing process. 

Pσ
of Pσ  Pσ∆

of hy
tσ

tσ∆

Pσ∆ tσ∆  

Fig. 5.15b Results of ex-situ XRD measurement for αMg(0002) peak, at different tilting angle ψ (ψ = 0, 0.5,

cted for annealed 2800 nm Mg film, 7 hours after hydrogen loading (left) and corresponding d 
2 t

1.5, 2, 3), condu

values plotted against sin ψ, compared with as-prepared state (right). σ  values obtained from each slope are

appended with blue letters. 

Fig. 5.15a Development of αMg(0002) for annealed 2800 nm Mg film, during hydrogen gas loading with constant

pressure at pH2  = 200 mbar (left) and the time change of the in-plane stress σp obtained from the shift of αMg(0002)

XRD peak (right). Plotted markers in both graphs are colored by different degrees of loading time t (unit in s), with red (t

= 0 - 407), green (t = 407 - 3200), blue (t = 3200 - 9500) and violet (t > 9500). 
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Fig. 5.16 Development of the XRD peak for the αMg(0002) during hydrogen absorption, at the concentration

of cH = 0 H/Mg (red), 1.2 -4 e), 1.0·10·10  H/Mg (orang g 

 H/Mg (light blue) and 2 H/Mg (blue), measur

deposited on an ann p urren

-3 H/Mg (brown), 2.0·10-2 H/M (grey), 4.0·10-2 H/Mg

(green), 4.0·10-1 ed with λ = 1 Å for a 250 nm Mg sample

ealed 12.5 µm Pd foil, by means of the step-by-ste  electrochemical loading with c t

density i = 10-5 A/cm2 (for cH < 2.0·10-2 H/Mg) and H  2.0·10i = 10-4 A/cm2 (for c  at T = 298 K.  

cH = 0  

≥ -2 H/Mg) 

cH = 1.2·10-4

cH = 1.0·10-3

cH = 2.0·10-2

cH = 4.0·10-2  
cH = 4.0·10-1

cH = 2.0   

Fig. 5.17 Obtained d value (0002) plane ions os of αMg , as funct f

sin ψ, measured in equilibrium at each hydrogen concentration,2

from =Hc 0 H/Mg up to =Hc 4.0 x 10-2 H/Mg Expressions are

same as shown in Fig. 5.16. 

 foil,  K. 
increases, the peak shifts to lower angles and the peak area 

decr e up to -3

nge is 
supe

-Mg (0002) lattice reflection is mainly due to an increase of in-plane 

 

5.2.3 Mg films on Pd-substrates 

Fig. 5.16 shows the peak position and intensity change of the α-Mg (0002) peak during an 
in-situ XRD measurement on a 250 nm Mg sample deposited on a 12.5 µm Pd at 300  

As the hydrogen concentration 
eases. Hydrogen is dissolved in the α-Mg lattic  a concentration of =Hc 10  H/Mg, as 

the peak only shifts but its area is not changed. Above this concentration, the α-phase peak area 
decreases, and thus, hydride formation starts. The peak area change in this concentration ra

rimposed by a Pd-substrate bending effect, and therefore it is much stronger than expected 
from the calculated concentrations. The concentrations are, therefore, determined by the loading 
current and time. 

The peak shift of the α
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compressive stress during hydrogen absorption. The α-Mg peak clearly shifts also in the 
two-phase region. The shift of the α-Mg in the two-phase region is assumed to originate purely 
from the stress by the surrounding hydride phase.  

Applying Eq.(3.8), the stress change in the α-Mg phase at mean concentrations between = 
0 H  be 

m on the Pd-substrate, y

 and f

le with the stress increase expected from Eq.(2.41).  
The obtained EMF-values of corresponding measurements will be shown (Fig. 5.29b) and 

discussed in Chap. 5.5.2. 
 
 

5.3 Chemical potentials of hydrogen in Mg-H films  
The results of electrochemical loading measurements will be presented in this section. 
 

5.3.1 Chemical potentials of hydrogen in Pd films and foils 

Fig. 5.18 presents the results of electrochemical hydrogen loading measurements for the 2 µm 
thick foil- and 20 nm thick film Pd samples sputtered on Si (100) substrate, as references for the 
substrate and the capping layer. The solubility limit of hydrogen for the film 20 nm Pd is about 

= 7·10-2 H/Pd. It is much larger than that for the Pd foil which is about = 10-3 H/Pd.  
Comparing at the two-phase region, the plateau position for the thin film sample corresponds 

to the hydrogen partial pressure of 

Hc
/Mg and Hc = 4.0·10-2 H/Mg was calculated to ≈p

mσ -150 MPa.  
Fig. 5.17 shows the change of atomic plane distance d in the α-Mg phase for the same sample, 

as a function of sin

∆

2ψ at the given hydrogen concentration, measured in quasi-equilibrium states. 
The slope of this curve is positive for the as prepared Mg fil ielding tensile 
stress of +30 MPa by Eq.(3.9). For the electrochemically hydrogen loaded films, the slope 
changes to negative, yielding compressive stress of tσ = -16 MPa for Hc  = 1·10-3 H/Mg, tσ = 
-40 MPa for 2·10Hc = -2 H/Mg, inally tσ = -120 MPa for Hc = 4·10-2 H/Mg. Applying 
equation Eq.(3.9), the stress change between Hc = 0 H/Mg and Hc = 4.0·10-2 H/Mg is 

≈∆ t
mσ -150 MPa. This value correlates well with p

mσ∆  calculated from the result of Fig. 5.16.  
In total, -150 MPa hydride-related stress at Hc = 4.0·10-2 H/Mg is acting compressively on 

the α-Mg grains. This correlates to a compressive stress increase of -3.5 GPa/ H/Mgc . This value is 
comparab

Hc Hc

≈Hp 3·10-2 bar. It is nearly 4 times higher than the value for 
foil sample which is ·10-3 bar. Extrapolated value of bulk Pd-PdH0.6 transition at room 
temperature in the van't Hof  Plot (Fig. 2.3) yields 

≈Hp 7
f ≈Hp 10-2 bar. 
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5.3.2 Chemical potentials of hydrogen in Mg films: effect of loading 

current 
Chemical potentials were determined for Mg films on Si, for thicknesses ranging from 80 nm 

to 500 nm. The loading current density was varied for the different films. 
The results of the EMF measurements are presented in Fig. 5.19. Parts of these results are 

published in ref.[Uchi11]. Samples and loading conditions are listed in Table 5.4. For all films, the 
α-phase solubility limit is about = 2·10-4 H/Mg. This is larger than the bulk value of =1·
10-7 H/Mg [Sanma87] or = 3×10-6 H/Mg [Koen59]. But, such an α-phase solubility limit 
increase is well-known for other thin films systems [Stei94,Laud98,Wagn08,Wagn11]. For many 
EMF-curves two plateaus are detected. One at the pressure range of the Mg-MgH2 transition and 
one at the equilibrium pressure range for the Pd-PdH0.6 formation (between = 3×10-3 bar and 

= 1×10-2 bar).  
The shapes of EMF curves strongly depend on the current densities. The maximum mean 

 

2  
hydrogenated by lower current densities of i < 3×10-7 A/cm2. The maximum hydrogen 

Hc Hc

Hc

Hp

Hp

solubilities Hc  differ between 0.01 H/(Mg+Pd) to 1.55 H/(Mg+Pd). Only one plateau of 
Pd-PdH0.6 can be seen for samples hydrogenated by high current densities i > 3×10-6 A/cm2. Also, 
the maximum achieved hydrogen concentration of Hc = 0.01 H/Mg is very small. This indicates a
strong blocking effect. The second plateau related to Mg-MgH  appears for the samples

Fig. 5.18 Development of the EMF values (left axis) and corresponding hydrogen partial pressure (right axis)

for 25nm thick Pd film on Si (100) substrate (red circle) and 2µm Pd foil (blue triangle), during step-by-step

electrochemical hydrogen loading with constant current density of i = 10-4 A/cm2 at room temperature, plotted

as a n of hydrogen concentration (bottom axis).  functio

2 µm foil

20 nm film
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con

 

step-

XRD lso gi

centration in these Mg-films is large (about Hc = 1.55 H/(Mg+Pd)). The width of the 
Mg-MgH2 plateaus strongly differs by the loading conditions. The different widths show that the 
samples are not in true equilibrium even though the potential is constant. The applied smallest 
current density condition is even less than that reported by Vermeulen et al [Verm06]. 

 

e 5.5 The Mg-layer thicknesses and applied loading current conditions of the samples, prepared for the 

by-step EMF measurements. Achieved MgH

Tabl

2 thickness estim ed from the hydrogen content (N) and from the 

 peak ratio (X) are a ven.  

at

Fig. 5.19 EMF curves for Pd capped Mg film on Si (100) substrate, during step-by-step electrochemical hydrogen loading at

various current densities i (unit in A/cm2), plotted as a function of total hydrogen concentration with logarhysmic scale (left picture)

and concentration in H/Mg with linear scale (right picture): Sample A (black) and B (brown) (i = 1.0 x10-3-2x10-4), Sample C (green)

and D (red) ( -6 -6 -7 -7 es, and the

estimated va Table 5.5.

Equilibr ppended in

the figure.   

i = 1.2x10 -3x10 ), E (blue) (i = 3x10 ) and F (violet) (i = 1.2x10 ). The Mg thicknesses of the sampl

lues of the MgH2 thickness from the hydrogen content and from the XRD peak ratio are given in 

ium hydrogen pressure at room temperature corresponding to the Mg-MgH2 and Pd-PdH0.6 transitions are a
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With respect to the EMF plateau potential appearing at low current densities, the hydrogen 

pressure calculated from the obtained potential reveals good agreement with extrapolated data 
from

m 
surf

ayer 

 a collection of literature data (see Fig. 2.12).   
The right picture of Fig. 5.19 refers to the hydrogenation of Mg by subtraction of a 20 n
ace Pd-hydride with cH = 0.6 H/Pd. Thus, the x-axis gives the mean H concentration in the Mg 

films. This can be split into one part of a MgH2 layer and a remaining l of Mg with a 
negligible amount of hydrogen. For the 500 nm thick film with the observed maximum mean 
concentration of cH = 0.72 H/Mg, a maximum MgH2 layer thickness of 195 nm is detected for a 
low current density of i =1.2×10-7 A/cm2. About the same thickness of 200 nm is obtained using 
the measured XRD peak area ratio of Mg(0002)Mg(110) AAβ = 40% and Eq.(3.6') of the 500 nm 
film.  

0

corresponds to the value of 150 nm obtained from the XRD intensity peak ratio. The MgH2 layer 
thickness depends on the loading current density and is nearly independent of the total film 
thickness, as shown for 270 nm to165 nm thin Mg-films. For higher loading current density, a 
blocking hydride layer of the thickness of about 30 nm bui er surface. 

The achieved hydride thicknesses for each sample able 5.5. The evaluated 
thicknesses from the loaded hydrogen content and from the XRD peak ratio are shown with N and 
X, respectively. Both evaluated hydride thickness values have good agreement for each sample. 
Furthermore, it is clear that the smaller loading current density condition yields larger hydride 
thickness. The maximum layer thickness of MgH2 in this result (up to 195 nm) is already larger 
than the maximum reported hydride thicknesses. (See Chap. 2.1.5.2). 

In conclusion, the hydrogenated volume depends on the loading current: for a large loading 
-4 2  

5.4 Hydrogen solubility and hydride nucleation observation in 
Mg films 

The beginning of hydride nucleation can be seen 
in Fig. 5.19. Regarding to the hydrogen co
mainly in α-Mg grains and at grain bo dary-rich Mg layer. To obtain 
precise hydrogen solubility in Mg grains, it is necessary to divide hydrogen content which solves 
into the α-Mg grains and which residess at grain boundaries.  

A rough estimation of the hydrogen concentration in grain boundaries were applied in this 
work, using the measured apparent solubility limit. (See Appendix A4 for details). The sample E 

For the slightly higher loading current density, a layer of about 160 nm is hydrided which 

lds up on the Mg-lay
ar  listed in Te

current density density i > 2×10  A/cm , a blocking layer with a thickness of 30 nm MgH2 builds
up on the Mg-layer surface. For a small loading current i < 4×10-7 A/cm2, further growth of 
hydrides is possible. 

 
 

by the beginning of the plateau region for ex. 
ncentration axis, hydrogen atoms are expected to exist 

undaries, in a grain boun
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in Table 5.5, which has the largest thickness (500 nm) and with smallest loading current density 
condition, has the apparent solubility limit at ≈nc

Sol-Hc 10-4 H/Mg (see Fig. 5.19). Applying these 
values for Eq.(A4.8) yields ≈GB

Hc 10-2 H/Mg. In the solubility of H in Mg-grains is that the bulk 
sample and, thus, about G

Hc =3×10-6 H/Mg (see Sec. 2.1.5.1), ( )≈G
H

GB
H cc 3500 is obtained. 

Apart fro the EMF plot, a direct method to see m hydrogen solution into α-Mg lattice is the 
XRD

om g 
< 4

Fig. r
peak

 the β
bserved at this concentration. The 

hyd
egrees.  

ample  peak nucleation was clearly 
observed at cH in the order of 10-1 H/Mg. However from the peak decrease of α-Mg(0002) for the 
60 nm Mg film sample, the solution limit of hydrogen in Mg grains, was expected to be smaller 
than H = 5·10-3 H/Mg. 

o see smaller hydrogen concentration regions, further in-situ measurements have been 
conducted with smaller current densities and thicker samples. Two Mg films with thickness of 

 peak shift, by increasing hydrogen concentrations up to that concentration where a rapid 
decrease of peak reflection area starts. The XRD peak contains information about the grain while 
grain boundaries are not visible. To see the precise hydrogen solubility in Mg-grains, in-situ XRD 
measurements have been conducted at beamline BM20 in ESRF Grenoble. 

At first, Mg films with two different thicknesses of 60 nm were prepared on a Si(100) 
substrate at ro  temperature, and Pd-cappin and polymer coating were added as shown in 
Chap. 3.2. Maximum loading current densities of i ×10-4 A/cm2 is applied for these samples. 

 5.20 shows the result for the 60 nm sample. Fo  the Mg(0002) peak, a rapid decrease of 
 intensity and peak shift was observed. Clear peak area decrease of α-Mg(0002) is obtained, 

at cH = 5·10-3 H/Mg. This peak area decrease was expected for nucleation of -MgH2 phase. 
However, the nucleation of the β-MgH2(110) peak was not o

ride peak was eventually observed at further hydrided state of cH = 2.5·10-1 H/Mg, at sample 
tilting angle ψ of ψ = 4.5 d

Fig. 5.20 Appearance of the βMgH2(110) peak (left), and development of Mg(0002) peak (right) from XR

easurements for 60nm Mg film at different hydrogen concentration c

D

m h

pictur tens ea

H from cH = 0 H/Mg up to cH = 1 H/Mg. Bot

e are drawn with same color for same conditions of cH. Maximum peak in ity for βMgH2(110) p k

appeared at the sample tilting angle of ψ = 4.5 degrees at cH = 4.3·10 H/Mg. -4 

From both results of 60 nm and 188 nm s s, hydride

 c
T
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1400 nm were prepared on Si(100) substrates, at room temperature. Two different hydrogen 
loading conditions of the maximum current density i were applied, i < 4·10-6 A/cm2 for Sample 1 
and i < 2·10-5 A/cm2 for Sample 2, respectively. Due to small current density and limited 
measuring time at beamline, loadin  externally for larger concentration steps. 
Schematic diagrams of loading conditi mples are described in Fig. 5.21. 

Fig. 5.22 shows the result of XRD scans on the change of the Mg (0002) peak at different 
hydrogen concentrations in equilibrium states. Both samples revealed increasing compressive 
stress change to the initial state up to ∆σ = -400 MPa (Sample 1) and ∆σ = -250 MPa (Sample 2) 
in the hydrogen loading processes, being charged up to cH = 5·10-3 H/M (Sample 1) and cH = 7·
10-3 H/M (Sample 2). Both sample revealed a decrease of the in-plane compressive stress for 
further hydrogenation. This is attributed to a detachment of ptically observed after the 
loading (Fig. 3.5 right). With respect to hydride peaks, peak tiltings between ψ = 1.0° and ψ = 
3.5° against the α-phase are also observed for Sample 1.  

2.5·10-4 H/Mg and cH = 4.3·10-4 H/Mg, which is 
presented in Fig. 5.23. This concentration range is in good agreement with the EMF result shown 
in Fig. 5.19. Applying rough estimation of apparent solubility limit 2.5×10-4 H/Mg (see 
Fig. 5.19) and =3×10-6 H/Mg for Eq.(A4.8) yields 5×10-2 H/Mg, thus, 

g was prepared
ons for both sa

 the films, o

The most visible stress change happens in the concentration range of 10-3 H/M (see peak shift 
of Sample 2 from cH = 5·10-3 H/M to cH = 7·10-3 H/M.). Just prior to this large stress increase, the 
development of the β-MgH2(110) peak was observed for both samples. For example, Sample 1 
showed nucleation of hydride peak between cH = 

≈nc
Sol-Hc

G
Hc ≈GB

Hc
( )≈G

H
GB
H cc 2×104 is obtained for 1400 nm sample. In the end, a thickness of 1300 nm hydride 

ess development due to hydrogen induced expansion in alpha solid solution region was 
layer was achieved for this sample.  

The str
expected to be ( )  H/MgGPa  72.5H −=dcdσ from linear elastic theory, as is shown in 
Eq.(2.41). In the concentration range up to cH = 5·10-3 H/Mg for sample 1 (before buckling), the 
stress development was calculated to be ( ) H/MgGPa  1 9.7 ±−=dcd pσ H

ld have been affected by hydride nucleation, however, is in agreement with experiment. This 
agreement explains that hydrogen resides not only in grain boundary, but also dissolves in the 
α-Mg grains, at c

. This value 
cou

.  
 o

electrochemical loading XRD measurements have been also performed 
in th

 the

reb

H = 5·10-3 H/Mg
The maximum intensity f the β-MgH2(110) peak was achieved at a sample tilting angle ψ 

(rotation by axis vertical to the plane which the beam progressing) from ψ = 1.0° to ψ =3.5°, 
which is shown in Fig. 5.24. Since buckling of the film [Niki08] makes intensity disappear, this 
tilting was attributed to the grain rotations. 

Furthermore, ex-situ 
e Institut für Materialphysik, University Göttingen. Surprisingly, the hydride reflection does 

not occur in  diffraction pattern, as can be seen in Fig. 5.25, showing the case for 300 nm thick 
Mg film. This clearly hints on a tilting of the lattice during phase transformation towards the main 
axis of the used Bragg-Brentano geometry, the y moving the reflection away from the 
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Fig. 5.21 Schematic diagrams of loading conditions for sample 1 (left) and sample 2 (right). Current densities are plotted

in left axis with green and red for sample 1 and 2, respectively. Corresponding hydrogen concentrations (right axis for

both graphs) are schematically plotted by blue lines. Concentration conditions for each scan are appended with pink

areas in both figures. A picture for loaded sample up to cH = 9·10-2 H/Mg (Buckled) is involved in left picture for sample 1.

A picture for Sample 2 (loaded state) with light microscope is shown in the right side of Fig. 3.5. 

Fig. 5.22 XRD peaks of αMg (0002) for sample 1 (circle) and sample 2 (triangle) at different hydrogen concentrations cH

(in H/Mg), described in the left side and the right side, respectively. 

detector-position. Thus, sample tilting should result in the appearance of the hydride reflection. 
This was checked in this work by performing ψ-tilts of the sample and, indeed, found the missing 
hydride reflection, as shown in Fig. 5.26. An explanation of this plane relationship is given in Fig. 
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5.27  

n, for further measurements. According to the 
con

. 
Because the hydride-peak intensity strongly depends on the correct detector position, the 

hydride concentration was fundamentally evaluated not by peak area of the β-MgH2(110) 
reflection but by the area of the α-Mg(0002) reflectio

ventional detector position, this area is more reliable than that of the hydride reflection, which 
needs the sample to be tilted.  

Taking this peak tilting into account, an in-situ XRD measurement has been performed for a 
188 nm thick Mg film, as results shown in Fig. 5.23. Each scan for hydride peaks is measured at 
different sample tilting angle ψ at the maximum peak intensity (ψ = 0°-0.5° for scans of cH < 0.48 
H/Mg and, ψ = 0.5° and 3.0° for cH = 1.17 H/Mg and 1.43 H/Mg, respectively). 

ψ = 3° 

ψ = 0.5° 

ψ = 0.5° 

ψ = 0.2° 

ψ = 0° 

Fig.

nm M gen concentrations of cH = 0 H/Mg (red), cH = 0.13 H/Mg (orange), cH = 0.48 H/Mg (ligh

 5.23 Peak development of the βMgH2(110) peak (left), and αMg(0002) peak from XRD measurements for 188

g film at different hydro t

green), c  1.17 H/Mg (green), and cH = 1.43 H/Mg (blue). Each scan for hydride peaks are measured at the

sample-tilting angle of ψ at the maximum peak intensity (ψ = 0°-0.5° for scans of cH < 0.48 H/Mg, and ψ = 0.5° and

3.0°

H =

 for cH = 1.17 and 1.43, respectively). 

Fig. 5.24 Development of the βMgH2(110) peak, from XR

measurements for the Sample 1, at different hydrogen

concentration c

D

=H. Peaks at sample tilting angle of ψ = 1.0° and ψ 

3.5° are also plotted, scans in order to find the maximum peak

intensity at cH = 4.3·10-4 H/Mg. 
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Fig. 5.25 XRD pattern of the αMg(0002) reflection after

hyd

invi

 

rogen loading (cH = 1.4 H/Mg). The hydride reflection is

sible in this scale and geometry (shown by an arrow). 

Fig. 5.26 XRD pattern of the α-reflection after hy

loading up to c

drogen 

sitions 

flection 

becomes more intense by tilting.  

 

H = 1.4 H/Mg, at two different Ψ po

(Ψ = 0° and Ψ = 2.6°). The weak hydride re

Fig. 5.27 Schematic figure with the cross-sectional view of the columnar shaped sample at the early stage of hydride

nucle plan

2.6° 

ation, showing the lattice plane tilting between (0001) planes in the textured parent αMg phase (green) and the (110) e

in ra  righndomly nucleated βMgH2 phase (blue). Zoomed picture of the selected area with yellow separator lines are shown in t

side. es, is

emp

 The expression of tilting angle ψ, which is the angle of difference between perpendicular lines of both plan

hasized in this figure.  
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5.5 Determination of hydrogen diffusion constants 
Permeation measurements have been conducted to probe the hydrogen distribution in grain 

boundary rich Mg films. In this Chapter, the results of electrochemical hydrogen loading 
mea

  

[Kirch80] an

iation is needed upon the solution fro

he process of hydrogen permeation was

urements, focusing on the α-phase and the two-phase 
regi

order of i = 10-5 A/cm2 were applied, here. Thereby, a blocking layer should be formed, for higher 

surements will be presented.  
The diffusion coefficient depends on the concentration strongly for both layers of Pd and Mg. 

Therefore, in this work, the diffusion coefficient of pure palladium at each concentration was 
measured first, and those values were applied to calculate the hydrogen diffusion coefficient for 
each concentration, applying the pulse-loading method with small concentration steps. Afterwards, 
the diffusivity through the Pd/Mg package is determined. In the end, the hydrogen diffusivity at 
higher hydrogen concentrations will be discussed using results of constant pressure gas loading 
measurements (see Sec. 5.2.1.3). 

5.5.1 Hydrogen diffusivity in Pd foils 

In order to see the hydrogen concentration dependency on hydrogen diffusivity in Pd, 
electrochemical hydrogen permeation measurements have been performed on the annealed 250 
µm Pd-foil at T = 298 K, using the electrochemical double cell. Fig.5.28a presents the EMF 
change and the obtained hydrogen diffusion coefficients as a function of the hydrogen 
concentration, with green triangles and blue triangles, respectively. Reported values of Kirchheim 

d of de Ribaupierre and Manchester [Riba73] are also implemented as references in 
this figure.  

In case of hydrogen permeation through a membrane, it is known that additional activation 
energy for dissoc m the entry surface. However, the thickness 
dependency on the break through time with same hydrogen concentration showed a proportional 
dependence (Fig. 5.28b) which shows that t  not affected 
by any surface effects, according to the Fick's 1st law. Hence, surface effects of this Pd-foil on 
hydrogen permeation are neglected, for further measurements in this work. 

 

5.5.2 Hydrogen diffusion through Pd/Mg/Pd films 

The chemical potential and the related diffusion constants are obtained for two Mg films by 
means of electrochemical permeation meas

on. Fig. 5.29 a) shows the equilibrium EMF values (plus-signs) with respect to a 
Ag/AgCl-standard electrode and the related total hydrogen diffusion coefficients tot

HD  
(cross-sign) as determined by the time-lag method for a 20 nm Pd / 2088 nm Mg / 250 µm Pd 
sample (cf. Eq.(3.14)), as a function of the hydrogen concentration of up to Hc  = 3·10-1 
H/(Pd+Mg) and Hc  = 8·10-2 H/(Pd+Mg), respectively. Pulse loading current densities in the 
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hydrogen concentrations. For comparison, the measured diffusion coefficient of hydrogen in the 
annealed Pd substrate is implemented, as determined in the 
concentration range  = 1·10-2 H/Pd (marked with black line 
in Fig. 5.29 a)). The posit ation plateaus of Mg-MgH2 films and the 

1211Pd
H sm 10)1.0(1.3 −−×±=D  

between Hc  = 7·10-7 H/Pd and Hc
ions of the hydride form

Fig.5.28a Obtained hydrogen diffusion coefficients for Pd-foil (right axis), plotted as a function of

concentration with equilibrium EMF values (left axis). Values of diffusion coefficients by Kirchheim [Kirch80

and de Ribaupierre and Manchester [Riba73] are also implemented in the figure with red line and re

marker, respectively. 

]

d

Fig. 5.28b Thickness dependency of hydrogen diffusion coefficient compared at the same hydrogen

concentration (cH ~ 8x10-5 H/Pd), marked with red markers. The proportionality proves diffusion control in

the experiment. 
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Pd-PdHx substrate (as shown in Fig. 5.19) are marked in shaded green in Fig. 5.29 a). The position 
of th

d EMF-value crossed the hydride formation plateau of MgH2. At 
this

The measured total diffusion constan

e Mg-MgH2 plateau is determined by slow loading on similar films, using current densities in 
the order of i = 10-7 A/cm2 (See Chap. 5.3.2). In Fig. 5.29 a), the Mg-MgH2 plateau is only visible 
in a change of the slope which is attributed to the slow kinetics in the system. The EMF curve in 
Fig. 5.29 a) shows that the Mg film starts to form the hydride at a concentration of Hc  = 1·10-5 
H/(Pd+Mg). Here, the measure

 stage, hydrogen predominately dissolves in the Mg film because of its lower hydrogen 
solution enthalpy compared to that for Pd. 

Fig. 5.29 a) Total hydrogen diffusion coefficie

densities were 10 -10  A/cm . The positions of the hydride formation plateaus are marked by shadeed areas. 

position of the hydride formation plateau of the Mg-MgH

-6 -5 2 The

2 film is clearly visible by the EMF-curve. 

 

renta 20 nm Pd / 250 nm Mg / 12.5 µm Pd sample, as function of the hydrogen concentration cH in H/Mg. Loading cur

forsubstrate are marked by shades.  (All EMF values with respect to Ag/AgCl-standard electrode).; b) EMF values U

nts 
tot

HD  (cross symbol and black line) as determined by the time-lag

method as a function of the total hydrogen co tion cH in H/[Mg+Pd], for a 20 nm Pd / 2088 nm Mg / 250 µm Pd

sample at 300 K. The related EMF values U are shown. Loading current densities were 10-6-10-5 A/cm2 for cH < 3·10-3

H/(Mg+Pd), 10-5-10-4 A/cm2 for cH > 3·10-3 H/(Mg+Pd). The gray line gives the hydrogen diffusion coefficient in the

annealed Pd substrate 
Pd

HD . The positions of the hydride formation plateaus of Mg-MgH2 films and the Pd-PdHx

ncentra

t ( ) 11tot
H 101.07.2 −⋅±=D  m2/s stays constant up to a 

This value is significantly smaller than the diffusion 
1110)1.0(1. −⋅±  m

concentration = 5·10-3 H/(Mg+Pd). 
constant of the Pd-substrate 3=D
Mg-film on the breakthrough time. It furth diffusivity thr  the film 
package does not change strongly up to = 5·10-3 H/(Mg+Pd). According to the EMF-values, at 
this concentration the hydride formation in the Mg film has long started. Thus, the high diffusivity 

Hc
Pd

H
2/s, clearly showing the effect of the 

er shows, that the hydrogen ough

Hc
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is kept in the α-β two-phase field of the Mg-H system.  
Above = 10-2 H/(Mg+Pd) where the EMF value indicates the Pd hydride formation, 

starts to decrease. Because of the thickness of the substrate, the drop of is governed 
by the contribution of Pd-H at this concentration. In the two-phase region of Pd-H, the diffusivity 
is known to be reduced [Kirch88+]. 

A breakthrough time of time tb = 1033 s is obtained for a 20 nm Pd / 2088 nm Mg / 250 µm 
Pd sample by pulse loading method, for concentrations up to = 10-2 H/(Mg+Pd). Applying this 
breakthrough time with the measured diffusion constants of 

Hc
tot

HD tot
HD

Hc
( ) 11tot

H 101.07.2 −⋅±=D  m2/s and 
 m2/s for the multilayer model (Eq.(3.15)), a hydrogen diffusion constant of 

 m2/s can be gained.  
Fig. 5.29 b) shows the EMF values of a 20 nm Pd / 250 nm Mg / 12.5 µm Pd sample, as a 

function of the hydrogen concentration in the Mg-film. This EMF-curve is generated by 
subtracting concentrations of the related EMF-curve of the Pd-substrate. Loading current densities 
in the order of 10-6 A/cm2 were applied. The hydride formation plateau is more pronounced 
because of the lower current density. It appears at ≥ 1·10-3 H/Mg. The difference in the plateau 

du
.3.

t respon

11Pd
H 101.3 −⋅=D

( ) 11Mg
H 1027 −⋅±=D

Hc  

widths, illustrated in Fig. 5.29 a) and Fig. 5.29 b), is 
10-5 A/cm2 and 10-6 A/cm2, respectively (see Chap. 5
the Mg and the Pd-layers in these samples is no

e to a different loading current density of 
2). The slightly different thickness ratio of 
sible for this finding, since the measured 

Fig. 5.30 Obtained hydrogen diffusion coefficients for Mg film for the thickness of 0 nm (only Pd substrate,

plack dots), 80 nm (blue triangle markers), 200 nm (green quadrilateral markers) and 2100 nm (red triangl

markers), plotted as a function of concentration cH in H/(Mg+Pd). Mg layer were sputtered on the same Pd

foil thickness of 250µm, and hydrogen was loaded from the substrate side, as is shown in the schemati

figure right side. 

e

c
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plateau width can be tuned by the loading current density [Uchi11]. 

drogen diffusion Fig. 5.30 compares the effect of the Mg-layer thickness on the total hy
coefficient totD , by using the same condition of hydrogen loading current densitH

kness increase the total diffusion coefficient 
y. Upon 

thic tot
HD  decreases, clearly showing the impact of 

the diffusion of hydrogen through the Mg-film. As the diffusivity is smaller in Mg than in Pd, it 
lowers the total diffusivity.  

Permeation measurements by potentiostatic loading condition were also applied for a 20 nm 
Pd / 2100 nm Mg / 12.5 µm Pd sample. A breakthrough time of tb = 257 ± s is obtained, for total 
concentration of Hc < 210−  H/(Mg+Pd). Applying this breakthrough time for Eq.(3.17) yields a 
total diffusion coefficient of 

 
( ) 13tot

H 105.09.5 −⋅±=D  m2/s. Applying this value with 
11Pd

H 101.3 −⋅=D  m2/s for Eq.(3.19), a hydrogen diffusion constant of 
( ) 11Mg

H 1015.8 −⋅±=D  m2/s is gained. 
 

5.5.3 Sample bending 
After electrochemical hydrogen permeation, self-bending phenomenon was observed for the 

fully

 the Mg layer, and therefore such bending effect is expected to happen. In case of 
MgH

te

 hydrided samples, after leaving the samples for 1 hour in air (shown in Fig. 5.34). This effect 
can be explained by the different stress states between both surfaces, caused by remaining stable 
hydride in the Mg-layer. At the substrate side, the hydride phase of Pd dissociates faster compared 
to stable MgH2, which explains directly the existence of in-plane stress in the Mg-film side. 
Because of the large difference of the hydrogen diffusion coefficients with factor of more than 
1000 (Fig. 2.4), the hydride dissociation rate is controlled by the slower hydrogen diffusion 
coefficient in

2, decomposition from high cH state needs additional process of α-Mg nucleation in the 
hydride phase, which could make the over-all dissociation energy of MgH2 higher [Evar10].    

Fig. 5.31 Bulged Pd/Mg/Pd-substrate sample a

 
 
  

f r

electrochemical hydrogen loading. (A picture from the

Pd-substrate side). The shape of the film remained stable. 
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5.5.4 Hydrogen diffusivity at higher cH

In this Chapter, the ples will be presented.  reaction kinetics of gas-loaded sam
e peak areas developm

First, the estimation of the different apparent diffusion constants for the different regimes is 
intended. Assuming the one-dimensional diffusion Eq.(3.7), which is motivated by the measured 
t1/2 - dependency of each regime, the mean effective hydrogen diffusion constants can be obtained: 

, , and 
in the first, second, and at the end of the second regime, 

respectively. These values are determined nearly independent on the different film thickness and 
gas pressures. The apparent diffusion constant drops by two orders of magnitude between regime I 
and the end of regime II. The diffusion in the beginning and the end of regime II differs only by a 
factor of 5. Thus, regime II can be regarded as a transition regime.  

Fig. 5.32 compares the calculated diffusion coefficients with literature data, extrapolated from 
high temperatures values [Stan77,Renn78,Sime80,Toep82,Stio84,Nish99,Yao08] or measured at 
300 K [Spatz93,Qu10], with theoretical calculation [Hao08]. The increase of the hydride volume 
fraction (as marked by an arrow in Fig. 5.32 right side) leads to a drop in the apparent diffusion 
constant. The hydrogen diffusion constant 

Fig. 5.10 and 
Fig. 5.12 show the time dependency of th ent. In those graphs, two different 
regimes of kinetics with a linearity in t1/2 can be observed upon hydrogen absorption of Mg-films.  

-12-16I Mg,
H sm 101.0)2.5( ×±=D -12-18II Mg,

H sm 100.5)5.5( ×±=D
-12-18END-II Mg,

H sm 100.5)1.0( ×±=D  

( ) 11Mg
H 1027 −⋅±=D

ultilayer mo
mperature extrapolation of the h

 m2/s, as obtained from the 
permeation experiment at 300 K using the m del, is shown as a blue circle in the figure 
and marked with ‘P’. It matches to the low-te ydrogen diffusion 
coef
K. This confirms that the h
α-phase. However
and the hydrogen concentration reveal the existence of MgH2 phase. It is found up to = 

H/(Mg+Pd), as shown in Fig. 5.29 left in Chap. 5.5.2.  
The value of  m2/s obtained for the n-Mg films is higher than the 

extrapolated values measured by Stander [Stan77] under 3 MPa hydrogen loading pressures, and 
even higher than those for Mg-alloys reported by Renner and Grabke [Renn78] and Simensen 
[Sime80]. It is about 10 orders of magnitude higher than the reported hydrogen diffusion constant 
in MgH2, as determined by Spatz et al. [Spatz93].   

The fast hydrogen diffusion in the α-Mg phase confirms the presence of α-Mg phase diffusion 
paths through the film even when Mg-dihydride is already formed. It allows excluding the 
presence of a closed Mg-dihydride layer at the film's loading side. 

Further diffusion constants, as measured by changes of the relative peak area with XRD and 
using Eq.(3.6) and Eq.(3.7) are added as triangles for the 500 nm films and as circles for the 2800 
nm films, in Fig. 5.12. They are labelled I and II.  

r 
va

ficients obtained by Nishimura et al. [Nish99] in pure α-Mg, in the temperature range 473-493 
ydrogen diffusion in the n-Mg-films at 300 K is equivalent to that of the 

, this value was still measured in our experiment on n-Mg, when the EMF curve 

Hc
3106 −⋅

( ) 11Mg
H 1027 −⋅±=D

The diffusion coefficients obtained in this work at each regime are compared with othe
lues in Fig. 5.32.  
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Fig. 5.32 Obtained hydrogen diffusion constants from this work at T = 300 K from the

electrochemical hydrogen permeation m ment (blue circle), and from gaseous hydrogen

loading measurements (regime I and II, hollow blue triangles relate to 500 nm Mg and loading

hydrogen pressure of 20 mbar; hollow black triangles and red circles relate to samples of 500

nm and 2800 nm thickness, with loading hydrogen pressure of 200 mbar, respectively). Fo

easure

r

comparison, ex tions of literature data are plotted. (See Fig. 2.5 in Chap. 2.1.4.4 and

Table A3.1 in Appendix A3 for explanation). 

trapola
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5.6 tu

drogen system were investigated in the temperature range of 
288  

s the mechanical propert
material and the h
properties and on the th of the H-Mg and the H-Pd system will be shortly 
disc

ion

 In-si  gas-loading measurement at elevated temperatures 
To investigate the mechanical stress impact on the thermodynamical stability of β-MgH2, 

equilibrium states of the Mg film-hy
 K-343 K under the constant-flow hydrogen gas atmosphere with the pressure conditions up to 

pH2 = = 35 mbar. 
Temperature changes change the free energy. It affect ies of the 

ydrogen sorption properties. The effect of temperature on the mechanical 
ermodynamic change 

ussed in this section. 
 

5.6.1 Temperature effect on in-plane stress and solubility ratio 
Because of the difference in the thermal expansion coefficient between Mg and Si, Mg films 

reveals not only the stress due to hydride nucleat , but also thermal stress due to temperature 
change. To divide these contributions, the temperature effect on the inner stress for the Mg film 
was investigated at different temperatures, before hydrogen loading. 

Due to the temperature change of T∆ = 343 K - 288 K = 55 K, a contribution of the thermal 
expansion stress therm.σ  on the biaxial in-plane stress change is calculated by Eq.(2.60) as 

MPa 36.91MPa )55661.1(therm. =⋅=σ .   
Recently Pivak et al. [Pivak12] reported a temperature dependency of Young modulus E on 

temperature T , to be proportional at T  > 273 K and the slope of MPa/K 49.18−=dTdE , 
mperature dependency, using Varshni's theoretical model [Vars70]. According to this te E  

decreases about 2.5 % from 45 GPa to 44 GPa, as the temperature increases from T  = 343 K to 
288 K. Because this change is small compared to the expected error due to angular anisotropy (up 
to 11%), as shown in Chap. 2.2.2, E  was treated as a constant in the used temperature range in 
this work. Moreover, the temperature change also affects the hydrogen solubility change in metals 
(see Chap. 2.2.1 or ref. [Fukai05]), thereby the stress is also affected. However, these effects are 
here ignored, because of the small solubility limit of H in Mg, also in the used temperature range. 
(See Fig. 2.8). 

In the α-phases, hydrogen dissolves into Pd and Mg, according to the solubility ratio of 
hydrogen in both layers. This can be estimated by the solution energy of hydrogen for each 
material, as shown in Eq.(3.16), assuming equilibrium states of bulk material. Fig. 5.33 presents 
the temperature dependence of the solubility ratio, ( )Pdin  HMgin  H cck = . The  changes  

till 
ase 
be 

k
by about 1 order of magnitude by increasing T from T = 273 K to T = 373 K, however this is s
large deviation of k ≈ 10-2 at T = 373. This increase of k  is mainly dominated by the incre
of Mgin  Hc . The solubility of hydrogen in Mg at T = 373 is roughly estimated to 

5
H 10−≈c H/Mg by Eq.(2.23a).  
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Fig. 5.34 Results of in-situ XRD peak change of β-MgH2(110) conducted for 1400 nm Mg film on Si-substrate

(annealed at T = 453K for 30 min.), in loaded state and after unloading for 15 minutes at T = 293 K. 

Unloaded (for 15 min.) 

mpared to that of Pd-PdH0.6 
tran

 
another for measurements at elevated temperatures. 
Fig. 5.34 shows an example for the β-MgH2(110) peak shift during unloading, for an annealed 

n in Mg

tion o

The transition of Mg-MgH2 is expected at lower Hp , co
sition in the temperature range of T = 293-363 K, which is treated in this work.  

 5.33 The solubility ratio of hydrogen concentratio

and in Pd (c

Fig.

H in Mg and cH in Pd, respectively), as a func f

temperature T, up to the melting point of bulk-Mg. An

to the

 treating hm99]

g

and Pd.  

extended figure is inserted, which corresponds 

temperature range  in this work. Data of [Bo

and [Flan91,Wick64] are used for solution energy of H in M

 
 

5.6.2 Transition pressure at different temperatures 
Transition pressures of the Mg-MgH2 system were investigated for Mg films on Si-substrates, 

at different temperatures. Especially in this measurement, the effect of temperature on the hydride 
stability is of interest. The hydride stability in annealed Mg film was evaluated at room 
temperature as a reference, because grain coarsening during the measurements at elevated 
temperature is expected, for nc-Mg films. Two annealed 1450 nm Mg-film were prepared for the 
measurements here, at the same time: one for a preliminary experiment at room temperature, and
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1450 nm Mg-film, previously loaded by hydrogen gas with pH2 = 20 mbar. The stability of the 
β-MgH

For another a

2 phase at room temperature is obviously confirmed by the few changes of the Bragg 
reflection of β-MgH2(110). A swift decomposition at T = 293 K by hydrogen gas evacuation was 
not possible. 

nnealed 1450 nm Mg-film, decomposition pressures pH were investigated for a 
hydrogen gas loaded Mg-film at different temperatures (T = 313 K, 323 K, 333 K and 363 K) by 
observing increase and decrease of α-Mg(0002) and β-MgH2(110) peaks. Fig. 5.35 shows a 

Fig. 5.36 XRD peaks for βMgH2(110) (left, a) and αMg(0002) (right, b) in equilibrium states at T =

323 K under several hydrogen pressures of loading /unloading directions. 

 

Fig. 5.35 A schematic diagram of the sample temperature (Ts, left axis) and hydrogen pressure (pH,

right axis) controlled during in-situ XRD measurement performed in this work at elevated

temperatures. Yellow markers correspond to the equilibrium conditions for the executed XRD

scans. Blue and pink areas indicate the loading- and unloading process, respectively. 
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sche atic diagram of the sample temperature and hydrogen pressures controll during this 
measurement.  
Fig. 5.36 exemplarily shows the results of XRD peaks for α-Mg(0002) and β-MgH2(110) 
measured at each quasi-equilibrium step at T = 323 K, as an example. Nucleation and increase of 
β-MgH2(110) and decrease of the α-Mg(0002) were observed in the 1st loading and 1st unloading 
process.  

Further on, the decomposition pressures were also determined in the 2nd cycle at T = 313 K 
and T = 333 K, yielding pH2 ~ mbar and pH2 ~ mbar, respectively. The 
decomposition pressure at T = 363 K was also determined to be pH2 ~1.5 mbar in the 3rd cycle. 

The peak changes of β-MgH2(110) during each unloading step are shown in Fig. 5.37. 
In-plane mechanical stress change in the Mg films before and after hydrogen loading is 

evaluated from the αMg-(0002) peak shift to be GPa, using Eq.(3.8). 
The tendency of increasing decomposition reaction rate by elevation of the reaction 

temperature was clearly visible. For example, evacuation for 15 minutes is adequate for 

m

2105.9 −⋅ 1103 −⋅

Fig. 5.37 Developments of the β-MgH2 (11

peak in each quasi-equilibrium state at (a) T 

(b) T = 333 K,  and (c) T = 363 K, during u

0) Bragg

= 313 K,

nloading

processes. 

c) 

PH2 = 1 x 10-4

PH2 = 8 x 10-5

T = 313 K 

PH2 [mbar] 
Unloading MgH2(110) 

a) T = 333 K 
Unloading 
PH2 [mbar] 

MgH2(110) 

PH2 = 3.5x 10-4

PH2 = 1.5 x 10-4

b)

4.0+≈∆ pσ
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deco position from cH ~ 2 H/Mg to cH ~ 0.2 H/Mg at T = 363 K, meanwhile the evacuation for 

decr

 curves, shown in Fig. 5.38. 

9. which will be shown in the next Chapter. Strictly speaking, these plots 
are from the results of each steady state, however they could be a value in quasi-equilibrium. 

the pressure 
axis

5.6

ers, compared with ref

ecom  t
± 7 kJ/m

conditions a the true equilibrium conditions, because 

m
15 minutes yielded almost no peak change at T = 293 K for the same sample.  

During the measurement, no peak nucleation of the γ-MgH  phase was observed. Thus, the 2

ease of the β-MgH2 phase was directly treated to transform into the α-Mg phase. The mass 
ratio of both phases upon transition were roughly estimated from the peak area change of the 
β-MgH2(110) at each temperature, and plotted as function of the hydrogen concentration to 
generate isotherm

Based on the obtained result, the p-c-T curves are plotted in Fig. 5.38 for Mg-film at different 
temperatures ranging from 313 K up to 363 K. The directions of the reaction are indicated by 
arrows in the figure. The plateau pressures on the decomposition reactions were adopted for the  
van't Hoff plot in Fig. 5.3

Therefore, it is remarked that errors are possible in both of the concentration axis and 
 in Fig. 5.38. 
 
 

Fig. 5.38 p-c-T isotherm curve obtained by this work for 

orption 

n), and 3rd 

desorption cycle at T = 363 K (green). 

Mg-film, 1st cycle at T = 323 K (red), part of 2nd des

cycle at T = 313 K (blue) and T = 333 K (brow

 
 

.3 Hydride decomposition enthalpy of Mg films: stress impact 
The obtained plateau pressures for the decomposition reactions at elevated temperatures are 

plotted in a van't Hoff plot with error bar by purple mark erential data in Fig. 
5.39.  

The hydride d position enthalpy calculated from hese measurements was calculated as 
62 ol from desorption plots. Those values contain large errors; stricktly speaking, the 

t each hydrogen loading step could be not in 
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of th

A MgH2-δ phase is reported in this system by Borgschulte et al., as an intermediate phase, 
from their DSC study [Borg07]. Formation of
stress-induced vacancy deviation. However it is d
phase, from just one single peak in the diffraction p

Baldi et al. reported that the plateau pressure d
be reduced by applying Ti buffer layer, in their
speaking, results of this work could contain an effe
increases equilibrium pressure according to Baldi ldi09++]. This point will be discussed 
later in Chap. 5.7.5.  

In this work, a peak separation of the β-MgH2(110) peak was expected in case of existence of 
MgH2-δ phase. However, due to broad peaks, this effect was not recognized. No peaks of obtained 
XRD pattern were indexed by intermetallic compounds or hydrides in the Mg-Pd system or in the 
Mg-Pd-H system, however, solution of Mg into Pd layer, or formation of intermetallic compounds 
at interlayer with Pd is possible. During long waiting time at high temperature which changes 
thermodynamic property of the film Mg-H system. Therefore, strictly speaking, the obtained 

e blocking effect. It is remarked that the plateau pressures obtained in this measurement were 
values in quasi-equilibrium states.     

 this phase could be possible, by such as 
ifficult to clarify the existence of this MgH2-δ 
attern. 
epends on the loading cycle, and this effect can 
 hydrogenography study [Baldi09++]. Strictly 
ct of interdiffusion at Pd/Mg boundaries, which 
et al. [Ba

pressure values could contain large error. 
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Fig. 5.39 Van't Hoff plots obtained this work (marked in purple circles) compared with reference valu

[Wibe5

es

in the

desorp

 

2,Ellin55,Stamp60,Cumm74,Oele00,Borg07,Baldi09++,Pivak12+]. Hollow/filled symbols are 

tion/absorption reaction, respectively. 

However, taking errors into account, the obtained absolute enthalpy values are smaller than 
that of bulk Mg, reported by Stampfer et al. (-70.8 kJ/molH2 to -72.6 kJ/molH2) [Stamp60] or by 
Kennelly et al. (-74.1 ±2.9 kJ/molH2)[Kenn60], as is visible in the difference of slope in Fig. 5.39. 
The influence by the in-plane compressive biaxial stress, mainly due to the clamping by the 
substrate is suggested for this smaller hydride formation enthalpy compared to the bulk material.  

About this high equilibrium pressures, some possible reasons are discussed.  
At first, an increase of sample temperature due to the high enthalpy change upon the 

transition into β-MgH2 is suggested. An increasing temperature yields a higher partial pressure of 
hydrogen in equilibrium, as is shown in Fig. 5.38. However, a temperature change during 
hydrogen loading was not observed (with error smaller than 1 K by directly installed 
thermocouple on the sample.) Therefore, further possibilities are discussed, assuming no 
temperature change due to the reaction.     

rogen 
lo n that the increase of stress 

Now, the contribution of the elastic term on the free energy change upon the hyd
ading reaction is discussed [Laud98,Dorn02,Pundt06]. It is know
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affects the chemical potential of hydrogen [Li66,Kirch86]. In order to calculate the free energy 
change due to the increase of compressive inner stress, an estimation is introduced. Assuming an 
isotropic film clamped on a substrate (Fig. 2.15), the change in the free energy F∆ can be 
expressed for this case by [Dorn02] 

 ( ) iiii dMVVF εεεσ ⋅==∆ ∑∫∑∫      (5.1) 
i

whe

i

re V  is the volume (treated to be constant), yyxxyyxxii M ,,0,, εσ ⋅−== is the biaxial stress 
(principal stress), ε  the expansion which uld occur in a free film, M wo  the biaxial modulus, 
and i = x, y. Then ∑∫

=

≈∆
yyxx,

HH
2
H

i
dccMVF α , therefore, the following relationship is obtained 

[Zhan13]. 

 McF ≈∆         (5.2) 

where 14.0 c olume of the α-Mg [Aved99], .70=M  
are already obtained for (0001)- oriented hexagonal Mg .(2.37) and 

Eq.(2.39), respectively. The contribution of the biaxial stress to the free energy
kJ/(mol Mg) ) is calculated to be 

   

     w     
According to this estimation, MgH2 laterally fixed on a hard substrate could be destabilized 

by up to 24 kJ/(mol Mg) 0.25 eV/(Mg atom). This result has also good agreement 
with the rough calculation by  (calculated to be ) for Mg 
film, assuming isotropic material [Dorn10]. Similar influence of the biaxial stress on the 

odynamical peroperties is also reported for Pd by Wagner et. al. [Wagn08,Wagn15]. 
On one hand, this contribution of the biaxial 

enthalpy for absorption reaction of Mg with hydro
hand, for decomposition reaction from fully hydrided 
instability of the hydride phase.  

Recently, Zhang et al. [Zhan13] reported on the effect of biaxial stress on the 
thermodynamical stability of β-MgH2 using first-principles calculations based on the density 
functional theory (DFT). In their study, the structural deformation and energy of β-MgH2 crystal 
due to the biaxial stress is calculated as a function of biaxial strain, and involving this energy term 
into the energy term of phase transition, they concluded decrease of decomposition temperature 
for β-MgH2 phase, under negative strain of εzz. Fig. 5.40a shows the β-MgH2 structure with (110) 
plane, and Fig. 5.40b shows the reported strain energy of β-MgH2 phase as a function of strain 

te at 323 K. Th to about -1 % 
strai

2
H

2
HVα

m3/mol is thV =  63 GPa ande molar v
081.0H =α   film by Eq

 F∆ (unit in 

2
H

2
H

926 487.6)1063.70()081.0()1041( ccF ⋅=⋅⋅⋅⋅⋅≈∆ −

ith 20 H << c (5.3) 

=∆F ≈  
Dornheim Mg) kJ/(mol 4.4 2

HcF ⋅≈∆

therm
stress to the free energy could cause smaller 
gen, compared to Bulk sample. On the other 

state needs further discussion about the 

From the XRD peak shift, atom plane of the β-MgH2(110) has strain of 
( (3.21Å-3.19Å)/3.19Å=) +0.7%, at hydrided sta is strain corresponds 

n in (100) direction of the β-MgH2 structure, applying rotation matrix (see Eq.(2.50)-Eq.(2.55) 
in Chap. 2.2.1). From this strain, destabilization of the hydride phase is evaluated. 
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According to this, -1 % of strain change induces 0.23 eV destabilization of the strain energy. 
This value has good agreement with the calculated value, F∆ ≈  0.25 eV/(Mg atom), as 
obta

itional possible side effects are discussed, apart from the previous discussions above. For 
pow

ined in this work.  

Fig. 5.40a The crystal structure of tetragonal βMgH2.

Bonds between Mg atom (green) and H atom (blue)

are expressed by pink solid line, and the (110) plane is

shown with plane. 

 

Fig. 5.40b Calculated total energy and strain energy as a function of biaxial strain ε in βMgH2 unit cell, calculated

by DFT  Zhang et al.. [Zhan13]  by

 
 
 

5.6.4 Alternative explanation  
Add
der samples, Vajo et al. [Vajo04] showed that Si can destabilize MgH2 by setting up a 

competing reaction (given by MgH2 + Si ⇔ Mg2Si + H2) which decreases the enthalpy change 
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of magnesium hydride ( Hf∆ and Hd∆ ) for pure Mg from H∆ = 75.3 kJ/(mol H2) to H∆ = 
36.4 kJ/(mol H2) for the silicide. In that process, Mg2Si forms as an intermediate compound which 
might be possible at the interface between the Mg-film and the Si substrate. However, this aspect 
can 

mparing the stability of MgO 
and

 to be able to increase the reaction of Mg with H2, by being a trapping and 
hyd

ays stable at interlayer between Mg and Si substrate.  
A further suggested effect that is more realistic and that could characterize the MgH2 is the 

effect of intermixing between Mg and Pd capping layer, which is reported by Baldi et al 
[Baldi09++]. This effect could increase the electrical resistivity, or result in other intermetallic 
compounds [Call10,Pasq11], which were not clearly observed by a resistivity change or by 
nucleation-related XRD peaks, in this work. However, a Pd solution effect on Mg-H 
thermodynamics is possible, as is reported in case of a Fe solution effect, which is known to 
destabilize the β-MgH2 phase of Mg-film samples, as reported by Tan et al. [Tan11]. To determine 
these intermixing effects, further measurements with a buffer layer could be a solution, with 
material which prevents not only interdiffusion of Mg and Pd, but also has the character not to 
form intermetallic compounds with Pd or Mg. Ti, which has almost no solid solution regime with 
Pd and Mg, or Ta (as reported by Pivak et al. [Pivak12]) could be candidates for such buffer 
layers.  

 

5.6.5 Conclusion for measurements at elevated temperatures  
Higher decomposition pressures compared to that of bulk samples were measured for the 

studied Mg film samples. No evidence of metastable hydride phases was obtained. Intermetallic 
compounds are not expected to be formed during the measurements. Calculation of in-plane stress 
showed the possibility of mechanical impact on the β-MgH2 phase destabilization, which is in 
good agreement with DFT calculation result by Zhang et al. [Zhan13]. Nevertheless, the 

be neglected, because of the enough thickness of the Mg-layer (> 1µm). A solution of Si in 
Mg can be also neglected (see Chap. 2.1.8).  

Instead of the effect of forming Mg2Si at the interface, oxygen atoms that originally exist on 
the substrate surface as SiOx, are able to destabilize MgH2 phase. Co

 SiO in the Ellingham diagram [Ellin44], MgOx is thermodynamically more stable than SiOx. 
Therefore, it is thermodynamically preferred for O atoms to exist as MgOx rather than SiOx at the 
interface between Mg and the Si substrate.  

With respect to MgOx, partially oxidized magnesium formed on the Mg surface of up to ~14 
Å thickness is reported

ride nucleation centre, as Hjort et al. reported [Hjort96]. Yoshimura et al. [Yosh04] also 
reported a similar effect. Oxygen effect on the stability of MgH2 is still not clear, however, it is 
suggested not to be the dominant effect for destabilization of MgH2 phase in this case, because of 
the low mobility of oxygen in Mg. Wriedt [Wrie87] reported that the solubility of oxygen is quite 
small, including elevated temperatures, and there is no possibility for dissolved oxygen atoms to 
diffuse in solid Mg. This fact suggests that oxygen atoms diffusing through the Mg layer are not a 
realistic reaction. Most probably, MgOx st
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intermixing effect between the Mg and the Pd capping layer is also suggested as a possible factor 
for destabilization of the MgH2 phase. To divide these factors or eliminate a solution effect, further 
experiments with buffer-layers [Baldi09++,Pivak12] are needed. Also, further measurements with 
more thinner films are needed to clarify the mechanical impact on the hydride phase stability.
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6. Global discussion 
In this chapter, the results obtained in different measurements are synthesized and discussed.  

 

6.1 Thermodynamic discussion of hydride nucleation 

T ing Gibbs en gies of b
om temperature. The 

Fig. 6.1 shows a schematic drawing of the free energy curves in the Mg-H binary system at a 
constant temperature , show er oth α-phase (Gα) and β-phase (Gβ). The liquid 
phase (Gβ) is ignored at ro chemical potential of hydrogen in the α-phase 

αMg 

βMgH2

GE - GC

GD - GF

Fig. 6.1 Schematic draw of the free energy curves in the Mg-H binary system at a constant temperature T, for

id

ex

eal liquid phase (GL), α-Mg phase (Gα) and for the β-MgH2 phase (Gβ). Both curves of Gα and Gβ are

panded with respect to the concentration change. The Gibbs energy change of a system by the α-β

transition (∆G0 = GC - GD :driving force) and the Gibbs energy change by nucleating β-MgH2 (∆Gn = GE - GF)

are shown in figure. Upon the transition, the concentration of H in α-Mg phase jumps from x0 to x1, whereas

th on of H in β-MgH2 phase is assumed to be constant value of xP. Supersaturated state of H in

α-Mg d

w

ap

is

e concentrati

uring hydrogen loading before nucleation (shown with blue line) has a chemical potential of αµH ,

hich is determined by hydrogen pressure in this case.  Since β-MgH2 is almost a line compound, an

proximation of xC = xP is justified. In equilibrium after hydride nucleation, the chemical potential of hydrogen

 the same in both phase, therefore αµH = βµH (shown with red line). 
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bef
 by a 

 hydrogen concentration in the α- and the β-phase after the hydride 
nucleation are assumed to be at cH = x1 and at cH = xP, respectively. The red line shown in Fig. 6.1 
indicates the chemical potential of hydrogen, afte
force of . The total Gibbs energy change of
by 

        (6.1) 

with  

       (6.2a) 

       (6.2b) 

where and are the chemical potential of hydrogen in the α-Mg phase before the hydride 
nucleation and that in the β-MgH2 phase after the hydride nucleation, respectively, and 

are the chemical potential of magnesium in the α-Mg and β-MgH2 phase after, respectively, 
and are concentration of hydrogen and magnesium in the β-MgH2, 

respectively and corresponds to , ( ) and ( ) in Fig. 6.1, 
respectively. curve is narrow enough for Mg at room temperature, to assume 

G≈ . 
Using 

  therefore    (6.3) 

is obtained. Taking this conclusion into account, further section describes the nucleation model. 
 
 

6.2 Hydride nucleation model in the Mg-H system 

th theory [Verh75]. 

gy change can be expressed by the bulk free-energy change , the 
surface tension 

ore the nucleation of the β-phase loaded from the gas phase (shown by the blue line in Fig. 6.1) 
is determined by the concentration at cH = x0, which is determined hydrogen loading pressure 
pH (see Eq.(2.11)). The

r the hydride nucleation triggered by the driving 
 nucleating β-MgH0G∆ 2 ( nG∆ ) is shown in Fig. 6.1 

FEn GGG −=∆

βαβα µµ MgMgHHE ccG +=

ββββ µµ MgMgHHF ccG +=

αµH
βµH

 αµMg
βµMg
β
Hc )1( HMg

ββ cc −=

. β
Hc , 1G∆ 2G∆ Px CE GG − FD GG −

 Here, the αG

DCG
βα µµ MgMg = , 

)( HHHn
βαβ µµ −=∆ cG )( HHn

βα µµ −∝∆G

Hydride nucleation behavior in the Mg-matrix upon hydrogen absorption is explained from 
classical nucleation and grow

The free-ener G∆  BG∆
γ  and the elastic strain energy El.G∆  as follows: 

El.
323

3
44

3
4 GrrGrG ∆++∆=∆ πγππ B      (6.4) 

in Eq.(6.3) follow a relationship as 

 

Between BG∆ in Eq.(6.4) and nG∆

 βMgH2
mol.

n

v
GG ∆

=∆ B         (6.5) 

βMgH2where is the molar volume of the nucleated β-MgH2 phase.  mol.v
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The total free energy ge e sed in Eq.(6.4) can be plotted as shown in Fig. 6 o 
simplify the model, the elastic energy term El.G

 chan xpres .2. T
∆ which is anisotropic for the Mg-MgH2 

transition, is here neglected. 
 
 

Fig. 6.2 Conceptual diagram of the free energy of nucleus formation and growth, as a function of 

its radius. 

 
The G∆  reaches a maximum value of *G∆  at a critical radius *r , which is expressed as  

 
BG

r
∆
−

=
γ2*         (6.6) 

Here, for the simplest models and by neglecting the elastic energy terms [Schw06], the radius 
of the critical nucleus *r  scales inversely with the driving force c)( ∆⋅−∆ βµµload : 

 
c)(

2*

∆⋅−∆
=

βµµ
γ

load

r        (6.7) 

 Here, loadµ  and βµ  represents the chemical potential of hydrogen atoms during hydrogen 
loading and that in the β-hydride phase respectively, and c∆  is the whole hydrogen 
concentration change upon absorption. 

The driving force depends on the loading gas pressure. Since the chemical potential can be 
expressed as )ln( 00 ppRT+= µµ , this means that upon higher overpressure p the size of the
critical nucleus shrinks. Thereby, also smaller nuclei become stable. The critical size also depends
on the interfacial energy γ between the α-phase and the β-nucleus. It is typically of the order 500
mJ/m

 
 
 

2 for incoherent solid/solid interfaces [Balu05]. 
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The nucleation rate N& depends on the related nucleation barrier 0G∆ : 

 ⎟
⎠
⎞

⎜
⎝
⎛ ∆
−∝

RT
GN 0exp&        (6.8) 

For smaller nucleation barriers 0G∆ , larger nucleation rates occur at a constant temperature 
T . This nucleation barrier itself depends inversely on the square of the driving force 0G∆  

c)( ∆⋅−∆ βµµload : 

( )2
3

0 )(3
16

c
G

load ∆⋅−∆
=∆

βµµ
γπ       (6.9)  

In total, the increase of the driving force results in a strong increase of the nucleation rate and 
thereby, in a large number of small nuclei. In this case, the distance between the growing particles 
is small.   

With respect to the hydride nucleation behavior in the α-Mg phase, Rydén et al. applyed the 
15N method and obtained unusual pressure dependence for the hydrogen uptake of 600-1300 nm 
thick Mg-films sandwiched by Pd at T = 260-403 K, which increases with decreasing pressure, 
[Ryde89]. The hydride nucleation from the Pd/Mg interface was suggested. Furthermore, Mooij et 
al. [Mooij13] recently reported two-dimensional nucleation and growth of single hydride domains 
of up to several millimeters in diameter with low density of nuclei points. From an analysis of the 
growth kinetics they deduce an extremely large edge boundary energy, which they relate to the 
plastic deformations inherent to the 30% volume expansion of the MgH2.  

In this work, a model is suggested that describes the different stages for hydride nucleation 
and growth in poly-crystalline Mg-films, based on the in-situ hydrogen gas-loading results (Chap. 
5.2.1.2). It includes a spatial distribution of half-spherical hydrides and their growth. Many of the 
experimental findings can be explained with these hydride morphologies. Fig. 6.3 a)-d) show a 
schematic drawing of this model, for four subsequent situations. 

 

ithFig. 6.3 Schematic drawing of the hydride nucleation and growth model suggested for the Mg-films w

grain boundaries [Uchi15]. The hydride phase (β-MgH2, blue) nucleation takes place at the film surface

with a mean distance of l. It grows like half-spheres into the α-Mg phase (green). Fast diffusion throug

the α-Mg phase is possible until neighbouring half-spheres meet each other (Regime I). b) Further grow

of the hydrides close the diffusion paths through the α-phase. A blocking layer of thickness L forms. c)- d

h

th

)

Hydrogen supply is limited by the flux along the grain boundaries and interfaces. (Regime II). 
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It presents a cross section of a thin film with columnar grains where the hydride phase is 

mar
ertical lines. Hydrogen is supplied from the upper film surface. Hydrogen atoms are sketched 

distance 
ch other, but 

tou

The local mechanical stress calculated from the finite element method (FEM) is mapped in 
Fig. 6.4. It arises when the half-spherical hydrides form in the Mg-film, for a situation like that in 
Fig. 6.3 a). The FEM calculations using the COM hysics program package (ver. 4.6, 
COMSOL Inc.) was performed by M. Hamm [Uchi15]. It shows an example from a series of 
simulations performed at 5 half-circular particles of 800 nm distances, at a size of 300 nm.  

In the example of Fig. 6.4, the compressive stress arises in the hydride half-spheres, with 
maximum stress of -4 GPa at the upper film edges. The hydride surface is slightly lifted above the 
film level, because of the local v expansion of the hydride. In this region the local stress is, 
therefore, reduced when compared to the inner regions of the hydride. The comp ess also 
arises between the hydride half-circles in the α-Mg-phase. The local magnitude is of 
-3 GPa, decreasing from the film surface into the bulk. Below the hydride, a small tensile stress of 
about +400 MPa builds up that is related to the lateral hydride expansion into the film matrix. In 
contrast to the former results on columnar Nb-H precipitates in Nb-films, lateral expansion is 
possible, as the hydride is not reaching the substrate [Nört08]. 

The FEM calculations were executed on two-dimensional Mg-films of 500 nm thickness 
fixed to a stiff substrate. The elastic properties of Mg were implemented from the COMSOL 
material database. For simplicity, the films were assumed to behave isotropically and the elastic 
properties of Mg-matrix and its hydride were treated the same. Film expansion was not allowed at 
the substrate borders in lateral directions, which accounts for the film clamping condition to the 

It 
 

ted from the 
VV

ked in blue shading and the α-Mg phase in green. The grain boundaries are given by dark 
v
with dots. Half-spherical hydrides nucleate at the sample surface [Vige87,Mooij13]. The 
between the hydride precipitates is marked with l. They grow first isolated from ea

ch each other after reaching a critical diameter of d = l/2. Upon further growth, a hydride layer 
of thickness L is formed. This hydride layer afterwards propagates until the complete film is 
hydrided.  

SOL Multip

ertical 
ressive str

the order of 

substrate. The lateral size of the matrix was set to be sufficiently large to exclude border effects. 
was set by summing up 5.2× the distance between the hydrides with 6× the hydride radius. The
thermal expansion package was used to model the hydrogen induced expansion [Nört08]. A value 
of the one dimensional expansion coefficient (0.103) was assumed, which was calcula
volume expansion upon the phase transition from Mg into MgH2 ( 31.0/2 MgMgH , see 
Eq.(2.38) ). Only the hydride parts were assumed to expand actively. The sliding between the 
precipitates and the film was not allowed. Therefore, these calculations only deal with coherent 
precipitates. 

≈
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FEM calculation series of different situations give the local mechanical stress development. 
For each situation a stress map like that in Fig. 6.4 can be deduced. From these stress maps, the 
"mean stress of the α-phase" can be calculated by excluding the precipitates. It arises in the 
not-hydrided part of the film and only accounts for the α-Mg matrix. This treatment allows for 
comparison with the experimental stress data that are obtained from the XRD diffraction α-phase 
peak, as shown in Fig. 5.11. 

With respect to the influence of the hydride distance l on the mean stress, a FEM series of the
local stress was calculated for particles of 300 nm radii with distances l ranging f

 
rom 0 to 4800 nm. 

The mean stress evolution versus the particle distance l is shown in Fig. 6.5 a). The compressive 
stress of =σ - 210 MPa builds up by the presence of the hydrides. For precipitate distances 
belo

lculations. It does not generally affect the local 
stress map. However, it reduces the mean stress. Slig
upon distance enlargement. This is related to the shrinking volume content of the hydrides 
com

For studying the influence of hydride growth on the mean stress in the α-phase, a FEM series 
of t  local stress on 5 pa
inter-particle distance of l = 800 nm were studied. Fig. 6.5 b) shows the calculated mean stress 

ws that the compres

also, in the -phase Mg-film between the hydride particles. The colour-scale (right side) gives the local

stress intensity. It appears mostly in compression; only below the particles tensile components (dark blue)

are found.  

Fig. 6.4 2D-F COMSOL multi-physics) on a Mg-film containing five half circular hydride

particles with radii of r = 300 nm and a distance of d = 800 nm [Uchi15], performed by M. Hamm. The

local stress colour map sho sive stress (light blue to red) arises in the particles and,

α

EM-simulations (

w l = 600 nm (marked with dashed line), particle overlap occurs. The particle overlap is only 
an artificial construction in performing FEM ca

htly above that size the mean stress decreases 

pared to the film. 

he rticles with increasing size (from r = 0 to r = 600 nm) and a constant 
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versus the hydride size r. Compressive stress builds up to =σ -170 MPa. Thereafter, the mean 
stress decreases, leaving a maximum compressiv ss state at a hydride radius of r = 0.3 µm. 
Local stress maps show that 

e stre
further growth of the hydrides enhances the tensile component below 

the hydrides. Two adjacent hydrides get in contact when their radii reach r = 0.4 µm.  
For rHydride > 0.4 µm the mean stress turns in compression again, in the simulation of Fig. 6.5 

b). On one hand, this is due to the matrix regions bordering the five hydrides in the performed 
calculation. This border region is compressed. On the other hand it should be considered that, for 

 Mean stress in the α-Mg-matri

2D-FEM-simulations on Mg-films containing half circular hydride particles, performed by M. Hamm [Uchi15]. The

spli clude ide m

drid

ompressive stress decreases. b) For increasing hydride radii r (with 

Fig. 6.5 x (between, below and beside the Mg-hydride particles), resulting from

nes are in d to gu  the eye. a) For increasing hydride distances l (with r = 300 nm) of up to 1.2 µ

compressive stress of -210 MPa builds up (indicated with red arrow). Hy es are separated for l > 0.6 µm

(dashed line). For larger distances the mean c l

= 800

llowed by a mean compressi s

the resu

 nm), growth results in a compressive stress increase of up to -170 MPa at r = 300 nm (indicated with red

arrow). This is fo ve stress decrease, leaving a minimum stress state. This resemble

lts of Fig. 5.11 for the 500 nm film (indicated with black arrow). The minimum appears before adjacent

particles touch each other (dashed line). Also, the mean stress turns compressive because of border effects. For r

> 0.5 µm the substrate is reached. 
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rHydride = 0.5 µm, the hydride reaches the film/substrate interface. Thus, the tensile stress 
contribution, which was present below the hydrides, is reduced or even vanishes. By these border 
effec rns

The model given in Fig. 6.3 a)-d) suggesting a spatial distribution of half-spherical hydrides 
and their growth in combinatio
describing the found dependencies on diffusion values, phase volume fractions time dependencies 
and 

diffuses in the α-Mg phase with the α-phase diffusion constant. This happens before regime I and 
is, therefore, not shown in Fig. 6.3. 

 crossing the phase boundary for Mg-hydride formation, in regime I I

Mg-hydride phase nucleates at the surface of the Mg-film (Fig. 6.3 a)). The hydride nuclei are 
know

at this stage in accordance with the measured relatively fast hydrogen diffusion (Fig. 

ts, the mean stress tu  in compression again.  

n with the FEM calculations of Fig. 6.4 and Fig. 6.5 now allows 

stress states. This will be shown in the following:  
At low concentrations (and chemical potentials well below 0.025 V, Fig. 5.29 a) hydrogen 

By and for times < t , the 

n to form easily at the sample surface, due to the lower total strain energy at the sample 
surface compared to the bulk [Ryde89]. In this regime, there are still diffusion paths through the 
α-Mg phase 
5.29a)).  

Between the Mg-hydrides, the remaining α-phase regions will be compressed, as presented in 
Fig. 6.4. The compressive stress in the α-phase first increases upon hydride growth. This was 
calculated in Fig. 6.5 b) for radii rHydride < 0.3 µm (hydride distance 0.8 µm) where the stress drops 
to =σ -170 MPa for rHydride= 0.3 µm. A compressive stress increase was also determined from 
the XRD peak shifts (Fig. 5.9a and Fig. 5.10) and ψ-scans on the α-phase Mg lattice reflection 
(Fig. 5.2c). As shown in Fig. 5.11 for the 500 nm film, the stress goes from initially =σ -550 
MPa to =σ -630 MPa in maximum compression.  

Upon further hydride growth, the compressive stress in the α-phase reduces again. In the FEM 
calculations of Fig. 6.5 b), the compressive stress of =σ -170 MPa reduces to =σ -150 MPa 
before the neighboring hydrides meet at r = 0.4 µm. This point of contact is marked by a dashed 
vertical line in Fig. 6.5 b). This resembles the experimental findings of Fig. 5.11 for the 500 nm 
film (open triangles). There, the stress reduces from =σ -630 MPa to about =σ -590 MPa. 
This stress reduction happens before the hydrides get in contact, as this situation is marked with tI 
in Fig. 5.11. The sample is still in the fast diffusion regime I. To summarize, there is a compressive 
stress turning point that appears before the hydrides get in contact. This presence of a turning point 
vice versa supports the suggested model of half-spherical hydrides growing from the film surface 
into the film.  

Upon further hydride growth the mean stress in the α-phase stays constant, even until the film 
is completely hydrided. This differs from the simulations results of Fig. 6.5 b) which showed an 
increase of compressive stress. This difference is partially attributed to the border effects.   

On top of this it should be also considered that the interface coherency also contributes. This 
is not included in the FEM calculations. Coherent interfaces strain the α-phase lattice and 
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compress the hydride-phase lattice in the vicinity of the interface [Wagn11+]. Thereby, the 
coherent interfaces affect the position of the measured α-phase XRD lattice reflection. This 
contribution scales with the coherent interface content: It is large for small coherent hydride 
precipitates and vanishes when the precipitates become incoherent. For the incoherent precipitate 
only the hydride induced stress related to expansion remains, in the α-phase. This additional effect 
results in further compressive stress reduction. At the end of regime I a steady state of stress and 
strain is established. 

FEM calculations on the dependence of the mean stress on the hydride distance l, show an 
increase in compressive stress with increasing the distance, in Fig. 6.5 a), for distances up to l = 
1 es 
co en 
p 0 
n

.2 µm between the hydrides (for 0.3 µm hydrides). For the experiments, large distanc
rresponding to low nucleation densities appear for the films loaded with the low hydrog

ressure (pH2 = 2·103 Pa, the open triangles in Fig. 5.11). The effect is mainly visible for the 50
m film. The compressive stress reaches a high value of =σ -630 MPa. For the film loaded wi
igh hydrogen pressure (2·10

th 
h de 
n

4 Pa, bold triangles in Fig. 5.11) the distance between the hydri
uclei is expected to be smaller. The maximum compressive stress reaches only =σ -590 MPa. 

This trend is in good agreement with the FEM calculations.  
, the discussed complex stress dependency is not visible for the 2800 nm film in Fig. 

5.11. W
However

ith respect to this point, it should be considered within the time span of conducted 
measurements only a part of the 2800 nm film could be hydrided. Furthermore, the volume 
fraction A/A0 of the compressed α-phase between the hydrides stays small for the 2800 nm film 
(see Fig. 5.12). This might explain why all the stress-related results are more visible for the 500 
nm films.  

Regime I ends when the hydride half-spheres encounter each other and the diffusion paths 
through the α-phase close. Regime II is reached. Upon the presence of a closed hydride layer at 
the surface, the effective hydrogen diffusion becomes very slow. The measured diffusion constant 
actually drops to values close to that of the Mg-hydride (see Fig. 5.32). This change in the 
diffusion regime is marked with tI in Fig. 5.11 and Fig. 5.12. 

In regime II, the related hydride layer thickness L thereby depends on the size and density of 
the hydride nuclei. According to the nucleation and growth considerations presented above, the 
number density is larger for samples loaded at pH2= 2·104 Pa and the distance between adjacent 
hydride precipitates l is small. Thus, the growing hydride half-spheres get in contact more early 
and form a closed layer of thickness L (‘blocking layer’) during the hydrogen loading. This 
penetration depth is expected to be correlated with the mean nucleation interval l by L ≈ l/2. As the 
interface is possibly not flat, L might be smaller than l/2.  

This describes the experimental finding, that the mean hydride penetration depth L is 
calculated to be large with L = 340 nm at 

20
It and for the low loading pressure of pH2 = 2·103 Pa, 

according to the relative change of Mg (0002) XRD peak area for the 500 nm Mg-film. Thus, a 
mean distance between hydride nuclei of l ≈ 680 nm is expected. For the high hydrogen loading 
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pressure of pH2 = 2·104 Pa, the distance between adjacent hydrides is small, a mean hydride 
pene

undaries. The diffu

undaries connect the upper and the lower film side. By this, grain boundary diffusion 
path

tion rate or a small distance between neighboring hydrides yields a 
closed hydride layer in short time. Vice versa, a low nucleation rate or a large distance between 
neighboring hydrides yields a closed hydride layer in long time.  

The experimentally measured mean stress developments upon hydride formation and the 
related hydrogen diffusion constants can be explained by assuming a spatial distribution of 
half-spherical hydrides developing at the film surface. The smallest diffusion constant is still larger 
than that of the pure bulk hydride because of grain boundaries, acting as pathways for faster 
hydrogen diffusion in poly crystalline Mg-films. 

With respect to the hydride nucleation models in the Mg-H system, similar nucleation and 
growth models were suggested in the former works, for thin films or also for particles. In former 

tration depth L is calculated to L = 200 nm, for the 500 nm Mg-film. This suggests a mean 
distance between hydride nuclei of l ≈ 400 nm. 

In regime II, only hydrogen diffusion via grain boundaries and along the strained or 
incoherent α-β interfaces allows further growth of the β-MgH2 phase. The calculated compressive 
stress in the α-phase further decreases by reducing the area of the stained α-β interface and by 
reducing the α-phase volume remaining between the hydrides. This is in accordance with the 
behavior of the 2800 nm film in Fig. 5.11 b) showing a slight increase of the compressive stress 
for long times.  

At the end of regime II, the growth of the hydride in vertical direction will be dominant, and 
the supply of hydrogen is limited by the hydrogen flux along the grain bo sivity 
is now at its minimum value, but larger than that of bulk MgH2 (cf. Fig. 5.32). This is attributed to 
the grain boundaries in the film sample. As the Mg-grains in the films grow with columnar shape, 
their grain bo

s are present.  
To conclude, the spatial distribution of hydrides and the hydrogen diffusion in Mg thin films 

strongly depends on the driving force. A small driving force allows hydriding a larger film volume 
when compared to a high driving force, in the same time. This can be explained by the theory of 
nucleation and growth that directly links an increase of the nucleation rate with an increase of the 
driving force. A high nuclea

Fig. 6.6 Schematic drawing of the hydride nucleation and growth model suggested in former studies for

dthe Mg-films and Mg-particles [Zhda93,Ryde89,Fried97]. Blue part in figures indicates the nucleating- an

growing Mg hydride.  
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stud

hos

uggested in this work, to explain both of the two-different reaction kinetics 
regi

ng layer) is 
formed. For further hydrogenation, the front of the hydride layer propagates into the film, and the 
resulting volume depends on the driving force, because it correlates to the initial hydride distance.  

 

ies, a random nucleation model for thin film by Zhdanov et al. [Zhda93], an interface hydride 
formation model for thin film by Rydén et al. [Ryde89], or a pressure-dependence of the resulting 
volume fraction model for particles by Friedlmeier and Groll [Fried97] are known, as shown in 
Fig. 6.6. T e models also conclude that the inverse effect of the driving force on the kinetics. 
However, the large volume expansion of about 30% per Mg unit cell taking place upon the phase 
transition into the hydride phase, is still not correlated in those models for now.  

By performing FEM calculations, the hydride morphology changes suggested in this work are 
nicely correlated with the experimentally measured stress evolution during hydrogen loading. 
Thus, a new model is s

mes and stress development, during hydrogen loading (Fig. 6.3) : At first, the hemispherical 
hydrides nucleate on the sample surface, and grow independently. As they grow, the compressive 
stress increases. At this moment, the reaction kinetics is still fast, because hydrogen can permeate 
through the α-matrix (the left picture in Fig. 6.3). For further loading, maximum compressive 
stress is achieved, before the hydrides encounter. Then the hydrides begin to touch each other, the 
slower kinetic regime II starts. In the regime II, hydrogen permeates through grain boundaries and 
the hydrides (the second picture in Fig. 6.3). As a result, the hydride layer (blocki
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6.3

[Stan77]. This tendency was also recognized in the obtained diffusion constants of hydrogen in 
Mg-films (see Fig. 5.32). It should be taken into consideration that all these diffusion constants 
contain mixed information. They include hydrogen diffusion through the α-phase and along grain 
boundaries (GBs), hydrogen diffusion along the strained α/β- interface and the formation of the 
hydride phase. An arrow in Fig. 5.32 indicates the increase of the hydride volume fraction in the 
related sample. The diffusion constants can be further reduced by gas adsorption kinetics that 
becomes more pronounced in gas phase loading experiments. All diffusion data for hydrogen 
diffusion in GB-rich Mg films are are much larger than the value for hydrogen diffusion in MgH2 

), reported by Spatz et al. [Spatz93] and they are well below the low-temperature 
extrapolation of the data of Nishimura et al. [Nish99]. The diffusion constants for all films get 
smaller upon increasing hydride volume fraction.  

However, there are 2-10 orders of magnitude difference between the obtained effective 
hydrogen diffusion coefficients and thermodynamically extrapolated coefficient of 

, compared at room temperature (Fig. 5.32), even for the reaction in the end of regime II. 
According to the new model (shown in Fig. 6.3), only hydrogen diffusion via grain boundaries 
and along the strained or incoherent α-β interfaces allows further growth of the β-MgH2 phase. 
Also, the sample prepared at room temperature contains abundant GBs with fiber texture (see 
Chapter 4.1.1). The grain sizes were found to decrease by hydrogen absorption (Fig. 5.1c).  

 

6.3.1 Hydrogen permeation through Pd/Mg film: without GB  
Permeability can be estimated from the diffusivity and solubility (see Appendix A4 in details). 

Hydrogen flux in α-Pd and α-Mg are compared in this section, using Eq.(A4.5). In case of H in Pd 

 Hydrogen permeation in GB-rich Mg film  
In this chapter, the diffusion, solution and permeation of hydrogen in GB-rich Mg-film will be 

discussed. The over-all diffusion constant of hydrogen in Mg depends on the hydride fraction 

( 2MgH
HD

eff
HD

2MgH
HD

at dilute concentration, ≈SH = -10 kJ/(molH) for solution [Fukai05] (see Fig. 2.2) and 
≈DH +24 kJ/(molH) for diffusion (see Table A3.4) are known values. Applying these values in 

Eq.(A4.6), a value of ≈ΦH 14 kJ/(molH) is obtained for Pd. Likewise, SH for defect-free Mg is 
theoretically calculated to be SH = +13.5 kJ/(molH) [Bohm99] and also ≈DH 24.1 kJ/(molH) 
[Nish99] is experimentally reported (see Chap. 2.1.4.4). Thus, ≈ΦH 37.6 kJ/(molH) is obtained 
for Mg. Both of Pd and Mg have positive enthalpy values, pointing out that the hydrogen can 
permeate faster in bulk-Pd, compared to bulk-Mg. Also, the difference of permeability increases 
by increasing temperature.  

From another point of view, permeabilities of both materials are compared. At T =300 K, the 
diffusion constant of H in α-Mg is expected to be 10-10 m2s-1 [Nish99] (see Fig. 5.32), ≈αMg

HD
whereas the diffusion constant of H in α-Pd is known to be ≈αPd

HD 8·10-11 m2s-1 (see Fig. 2.7). 
Thus, a diffusivity ratio of ( )≈= αPd

H
αMg
H DDkD 1.25 is obtained. Furthermore, solubility ratio at 
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(T =300 K is already calculated to be ) 3
Pdin  H 10−=c (see Fig. 5.33). Thus, the 

perm
Mgin  H= ck

eability ratio Φk can be roughly estimated to be ( )αPd
H

αMg
H ΦΦ=Φk  

( ) ( )Pdin  H
αPd
HMgin  H

αMg
H cDcD ⋅⋅= 31025.1 −⋅≈⋅= kkD . This result also supports that the 

hydrogen can permeate faster in bulk-Pd, compared to bulk-Mg. 
In conclusion, the hydrogen flux is limited by the Mg-layer upon the permeation through a 

defe

n through Pd/Mg film: GB-rich film  

aur et al. [K , which is written as 

ct-free Pd/Mg multilayer.  
 

6.3.2 Hydrogen permeatio
The hydrogen diffusivity, solubility and permeability in GB-rich material are discussed in this 

section. A GB-rich sample is assumed; such as the grain boundary diffusion of hydrogen ( GB
HD ) 

is dominant, superior to the contribution of diffusion through α-β interfaces. In this case, the 
contribution of grain boundary on the effective diffusion in ( eff

HD ) is estimated by applying the 
model of K aur95]

 Mg
H

GB
H

eff
H )1( αττ DDD −+=             (6.10) 

where τ and (1-τ ) are the fractions of time that a diffusing hydrogen spends in the grain 
boundaries and in the α-Mg grains, respectively. In the presence of boundary segregation these 
time fractions can be estimated as the corresponding volume fractions of grain boundary ( g ) and 
volume fractions of grains (1- g ). Multiplied by the respective equilibrium concentrations of 
hydrogen yields 

d
 

q
dqs

sg
sg

cggc
gc δτ α +

=
+

≈
−+

=
11)1( Mg

H
GB
H

GB
H           (6.11) 

where dqg /)(

sδ

δ≈ is the volume fraction of grain boundaries, q  is a geometrical factor which 
depends on the grain shape, and s  is the grain boundary segregation factor.  

For a condition of )2/( δsd >>  in Eq.(6.11) yie slds g≈τ , and a relation  

 bulk
H

GB
H

eff
H )1( DsgsgDD −+=             (6.12) 

is obtained, which is known as the Hart-Mortlock equation [Hart57]. Assuming a polycrystals 
with large grains ( d > 50 µm, d/

ship

δ >10-5 or smaller), yields an approximation with 1<<sg  as 

effD HHH       (6.13) 

and can be rewritten in the following form 

GB DsgD += αMg

 ⎟
⎠

⎜
⎝
+=

d
qDD 21αMg

H
eff
H  with ⎞⎛ ′′L

⎟⎟
⎠

⎜⎜
⎝
⋅=′′ αMg

H

H

2 D
L     (6.14) 

Rough estimation in Chap. 2.1.4.6 with Eq.(2.22) is the case of applying 3=q  for 
Eq.(6.14).  

⎞⎛ GBDsδ
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In contrast, for an ultrafine crystal, )2/( δsd <<  in Eq.(6.11) yields 1≈τ , Eq.(6.10) 
yields GBeff

H DD ≈ . In this case the total amount of the hydrogen atoms residing in the grain 
boundaries are much larger than that inside the grains.  

From definition of the segregation factor, a relationship of  

 αMg
H

H

c
s =               (6.15) 

is written in the low hydrogen concentration regime, where GB
Hc and αMg

Hc  are the concentration 
of H in grain boundaries and grains near boundaries respectively, from its definition [Herz03].  

The trapping effect is known to be happen at low hydrogen concentration, making a negative 
effect on the hydrogen transport [Kirch88,Kirch88 an93]. Increasing the hydrogen 
concentration higher, the trapping effect by GBs on the total hydrogen transportation can be 
neglected [Oria70], and could even increase the total hydrogen transportation [Aran  

In this study, hydrogen solubility ratios of 

GBc

+,Ar

93]. 
( )≈ ( )≈= G

H
GB
H ccs= G

H
GB
H ccs 3500 or 2×104 

(see Chap. 5.4 and Appendix A4) are obtained from the apparent solubility limit of 
4eff

H 10−≈c H/Mg. In case of low loading conditions, the nucleation of the hydride phase is not 
assumed to happen at this hydrogen concentration. 

From the obtained large s, can Eq.(6.14) yields )2/( δsd <<  and thus, GBeff
H DD ≈ is 

expected. According to increase of Hc , becoming lower contribution of trapping site is expected 
[Oria70].   

When the hydrogen concentration in Mg grain reaches G
Hc =10-5 H/Mg, hydride nucleation 

starts, according to the loading hydrogen potential. During hydride growth, the hydrogen atoms 
supplied from the surface are still able to diffuse in the sample by finding α-Mg phase. Therefore, 
the ratio of the area covered by hydrides of the cross section on the surface will be dominant to 
control the total hydrogen flux. Further hydrogen uptake results the contact of the hydride nuclei, 
and the complete occupation of the hydride phase on the surface. This situation corresponds to Fig. 
6.3 b). 

At Hc ~1, almost all the pathways for α-Mg-diffusion are closed by the covered hydrides 
(corresponds to the 2nd and 3rd picture in the half-sphere model illustrated in Fig. 6.3). At this 
concentration, the parallel layer model (Fig. 3.19) is applicable. Defining boundary conditions and 
hydrogen fluxes at each boundary and layer, the time-dependent thickness growth of hydride 
(dMgH2 t∝ ) is expected (see Appendix A1), and actually this relationship was obtained in this 
work (Fig. 5.12). Thus, the hydrogen flux is diffusion controlled through the hydride layer. This 
situation corresponds to regime II (the third picture) in Fig. 6.3. The pathways through grain 
boundaries are evaluated here. Assuming a simple hydrogen diffusion model, applying 

bulk
HD = ≈2MgH

HD 10-20 m2s-1 [Spatz93], d = 35-55 nm and ≈δ 0.75 nm (2-3 monolayers) for 
Eq.(2.22) yields a diffusivity ratio of ( )≈bulk

H
GB
H DD 2·103 for the regime II. This ratio is under 

rough assumption, however helpful to understand that grain boundaries contribute to the hydrogen 
transport in the high concentration regime. The hydrogen atoms in the MgH2 grains have almost 
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no chance to diffuse, due to their large affinity to the Mg atoms. Taking this fact into consideration, 
the 

xpansive growth of the hy m their obtained reduced activation 
ener

uate hydrogen transport in Mg films. At first, the effect of stress change, which 
is ca

ts. 

permeation through the grain boundaries is expected to dominate the total hydrogen flux. 
Actually, the obtained effective hydrogen diffusion constant at the end of the regime II was still 
about 50 times larger than the expected value of ≈2MgH

HD 10-20 m2s-1 [Spatz93] (see Fig. 5.32). 
With respect to the hydrogen transport in such high hydride fraction state, Tan et al. [Tan11] 

suggested that hydrogen diffusion along GBs of MgH2 at low temperatures is the mechanism 
controlling the e dride layer, fro

gy of 56 kJ/molH2 for the hydrogen absorption reaction of Mg-4at.%Fe thin film. The results 
of this work imply also that the grain boundaries could be pathways for hydrogen transport, at the 
regime II in the model suggested in this work. 

In this thesis, the rate-determining process of hydrogen transport in the magnesium film in 
each degree of hydrogenation was evaluated. However, there are further aspects, which should be 
kept in mind to eval

used by the large volume expansion upon the phase transition and its possible influence on the 
reaction. Also, the temperature change, which occurs due to the large exothermal heat by transition 
from α-Mg into β-MgH2 phase, can affect the hydrogen transport near the α/β boundary or the 
reaction rate itself, from a microscopic point of view. Furthermore, the effect of loading hydrogen 
potential affects the flux of hydrogen uptake [Rudm79] or the front velocity of the α/β boundary 
[Bloch97]. Further studies, such as in-situ hydrogen loading measurements with changing loading 
pressure conditions continuously, are needed to discuss those poin
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7. Summary and outlook 
The purpose of this study is to investigate hydrogen absorption properties of grain boundary 

rich pure magnesium film.  
X-ray diffraction (XRD) measurements has been carried out to estimate microstructures, 

textu

, using a Pd layer between the Mg sample and the Si substrate leads to buckling of the 
film, for 1400 nm thick Mg films.  

Step-by-step loading of Mg films prepared on Si substrates at room temperature revealed an 
increase of in-plane compressive stress by increasing hydrogen concentrations. In contrast, for 
annealed Mg films, an increase of in-plane tensile stress by increasing hydrogen concentrations 
was measured. These tendencies were clearly observed by three different stress measurements, 
which are the Bragg peak shift, the sin2ψ method, and the curvature measurement, in both cases of 
electrochemical hydrogen loading measurements and gas loading measurements.  

For Mg-films prepared on Pd-substrates, the inner stress developments were succesfully 
obtained by in-situ XRD measurements during the step-by-step electrochemical hydrogen loading 
from back side, using originally prepared sample stage in this work. The hydrogen solution up to a 
concentration of cH = 10-3 H/Mg was clearly observed from the Bragg peak shifts. In the higher 
concentration regime, the increases of the in-plane compressive stress in the α-Mg matrix were 
otained by the sin2ψ method.  

The inner stress dependency on the hydrogen concentration, 

re, lattice expansion and inner strain changes during hydrogen absorption. As-prepared 
sample showed (0001)-texture of the Mg layer, and columnar grain growth was recognized by 
TEM observation. Hydrogen was loaded by means of electrochemical method or with gaseous 
hydrogen. Both loading methods lead to a nucleation of β-MgH2 phase. They revealed 
crystallographic orientation of αMg-(0002)//βMgH2-(110), with 2°-4° tilt of the hydride.     

By the electrochemical loading measurements for Mg-films, it was found that loading 
condition with a 1: 2 (vol.) mixture of H3PO4 (85%) and Glycerin (85%) as electrolyte, a polymer 
coating on the sample edges and a Pd capping layer thicker than 20 nm showed a successful and 
suitable condition for successful loading.  

Measured potential versus concentration curves were strongly affected by the hydrogen 
loading current density. Smaller hydrogen loading current achieved thicker hydride content in the 
end. At small currents of i < 4×10-7 A/cm2, more than 1300 nm thick MgH2-layers can be built up. 
However

( )Hdcd pσ , was also 
evaluated. For the gas-loaded samples, it was in GPa range in the solid solution region, and 1-2 
orders of magnitude larger than that in the two phase region. The same tendency was also obtained 
for the electrochemically loaded samples. The stress dependency in the solid solution 
concentration range was able to be explained by the linear elastic theory. 

The achived hydride thicknesses in the Mg-films loaded by gas were evaluated by three 
different methods, which are the profilometer, Bragg peak area, and the electrical resistivity 
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measurements. All of those three measurements result in the larger hydride fraction for the 
samples loaded at lower gas pressure, with a maximum hydride thickness of 1.8 µm.  

The film-Mg-H system was also investigated from the kinetical point of view, at room 
temperature. Electrochemical hydrogen permeation measurements and in-situ gas-loading 
XRD-measurements have been performed on poly-crystalline Mg-films. Hydrogen diffusion 
constants, the hydride volume content and the in-plane stress were determined, at T = 300 K. For 
low concentrations, a hydrogen diffusion constant of ( ) 11Mg

H 1027 −⋅±=D  m2/s was obtained, 
which is attributed to αMg-H.  

For higher concentrations, different kinetic regimes with reduced apparent diffusion constants 
were observed. The apparent diffusion coefficients tot

HD  dropped to about 10-18 m2/s. This value 
is still two orders larger than MgH2

HD of bulk β-MgH2, because of the contribution of grain 
boundaries in the films, acting as pathways for faster hydrogen diffusion in poly crystalline 
Mg-films. 

The different kinetics regimes are attributed to the spatial distribution of the hydrides. A 
hydride

ving f
developm

that directly links an increase of the nucleation rate with an increase of the driving force. A high 
nucleation rate or a small distance between neighboring hydrides yields a closed hydride layer in 

ydrides 
yield

ess w
sin2ψ m

ed acc
er m

s with

as comparable to the calculated value applying the double layer 
mod

train cau
increase of the elasti

 nucleation and growth model is suggested that relyes on half-spherical hydrides with a 
nuclei densities depending on the dri orce. The model allows explaining the complex stress 

ent, the different diffusion regimes and the blocking-layer thickness. The blocking-layer 
thickness inversely scales with the driving force. 

The spatial distribution of hydrides and the hydrogen diffusion in Mg thin films strongly 
depends on the driving force. A small driving force allows hydriding a larger film volume when 
compared to a high driving force. This can be explained by the theory of nucleation and growth 

short time. Vice versa, a low nucleation rate or a large distance between neighboring h
s a closed hydride layer after long time. 
Further hydrogen loading leads to a growth of hydride grains. For all nanocrystalline films, 

the increase of in-plane str as measured by XRD techniques (the peak shift method and the 

ethod) and by curvature measurements, at different hydrogenated states. In-plane stress 
changes, being increas ording to higher hydrogen concentrations, reveal a good agreement 
with the values obtained by oth ethods and are, thus, considered to be reliable. Furthermore, it 
was observed that the strain in out-of-film-direction increase  hydrogen loading in the 
two-phase region.  

Increases of thickness in highly loaded states were also directly measured by profilometer 
measurements, and the increase w

el. Corresponding increase of hydride fraction was in good agreement with values obtained 
by resistivity change and also with the Bragg peak area change . 

The hydrogen induced in-plane stress and corresponding s se an increase of the elastic 
energy of the film. This c energy affects the activation energy of the 
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magnesium film with further hydrogen.  result of measurements at 
elevated temperatures, n ly in the van't Hoff Plot by a change of the slope  

 
In-situ gas-loading measurements at elevated temperatures

This effect is clearly seen in the
ame . However, solution

effect of Mg into Pd cannot be eliminated in these results.  
 up to T = 363 K have been 

perf
ide decomposition enthalpy was calculated to be 62 ± 7 kJ/mol, 

which is by 24 kJ/mol smaller compared to that for bulk Mg. The influence by the in-plane 
red to the 

bulk material.  

os o

ormed for Mg-films. Unloading of the hydrided Mg-film at T = 363 K was possible within 15 
minutes. Furthermore, the hydr

compressive biaxial stress is suggested for this detabilisation of the hydride phase compa

The pure impact of grain boundaries on the hydrogen sorption property was also focused in 
this study. For the hydrogen concentration at the solid solution limit, solubility rati f 

( )≈= G
H

GB
H ccs 3500 or ( )≈= G

H
GB
H ccs 2×104 were obtained from the apparent solubility limit 

of 4eff
H 10−≈c H/Mg. Furthermore, at high hydrogen concentration regime, the apparent 

diffusion coefficients obtained in this work imply that the grain boundaries act as pathways for 
hy Using rough mptions, a diff y ratio of (drogen transport in Mg.  assu usivit )≈bulk

H
B D 2·10G

HD

 

 

3 
can be estimated. 

To conclude, the driving force plays a major role on the hydrogen absorption in Mg thin films 
as it controls the morphologies of the hydrides and the formation of the blocking layer. 
Introducing grain boundaries lead to a visible increase of the hydrogen permeability and are, 
therefore, beneficial to reduce the "blocking effect" on the hydrogen absorption reaction of Mg. 
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Appendix

A1. Time-dependency of the hydride thickness growth 

which was treated to be proportional to the square root of time, in this work.  
multil

drid
phase, IV) transport through the MgH ation of hydride

Second assu
J is assumed to be constant). 

µ ) is 

 

This part introduces the theoretical validity of the time dependency of hydride thickness, 

Fig. A1 shows the schematic view of a film, being envisioned as a ayer plane sheet with 
steady and moving boundaries [Cran75]. Two assumptions are introduced here. 

The first assumption is that the hydride phase will be formed by supplied hydrogen atoms 
coming from surface, permeating through the Pd- and hydride layers. This processes can be 
divided by: I) approach of hydrogen molecules from the gas phase to the Pd surface; II) 
permeation through the Pd layer; III) transport across the interface between the Pd and the hy e 

2 layer; and V) form  at the interface between 
hydride layer and α-Mg layer.  

mption introduced is that Fick's first law is valid for each layer in the sample, 
during the hydriding process. (in steady state, the flux 

 The chemical potential of hydrogen atom in gas phase ( H

 

gas

⎥
⎦⎣ ⎠⎝ 02 p
⎤

⎢
⎡

⎟⎟
⎞

⎜⎜
⎛

+= 0
H ln1 pRT Hµ      (A1.1) 

chematic in th

 gas molecules di

g
0µ

Fig. A1 S draw of parallel layer model for hydride growing e Mg film (Right) and corresponding

chemical potential diagram (Left). Hydrogen ssociate on the surface, and permeate Pd layer, go

through into the hydride layer, with flux at each layer caused by chemical potential difference.  
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where pH and p0 are the pressure of hydrogen in gas phase and standard pressure respectively, and 
g
0µ  is the chemical potential of hydrogen atom in gas phase at standard state. 

Using a reaction constant ( S
1k ) between flux and chemical potential difference at the surface, 

the surface penetration flux of hydrogen atoms (  expressed by  S
HJ ) can be

use ther part. 

 )()( S
0

S
1H

S
1

S
H µµµ −⋅=∆⋅= gkkJ      (A1.2) 

where Sµ  is the chemical potential of hydrogen atom at the surface, and Hµ∆  is chemical 
potential difference of diffusing hydrogen at boundary, and can be also expressed with the 
hydrogen concentration difference at boundaries ( Hc∆ ), when Hc∆  is proportional to Hµ∆ . 
However in this work, expression by Hµ∆  is d in fur

Permeation flux of hydrogen atom in Pd layer ( Pd
HJ ) can be expressed as 

 ⎟
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 (A1.3) 

where Pd
HM , Pd

HD  and Hc  are the mobility, the diffusion coefficient and the concentration of 
hydrogen in Pd layer respectively, and p/hµ is the chemical potential of hydrogen atom at the 
interface of Pd/MgH2 layers, Pdd is the thickness of Pd layer, assumed to be a constant. 

Likewise, the flux through the interface of Pd/MgH2 layers ( p/h
HJ ) is expressed with chemical 

potential difference ( Hµ∆ ) and the reaction constant ( p/h
2k ) at the Pd/MgH2 boundary as 

 )()( p/h
2

p/h
1

p/h
2H

p/h
2

p/h
H µµµ −=∆⋅= kkJ     (A1.4) 

The flux of hydrogen atoms through the hydride layer ( ) is expressed by the mobility 
of hydrogen in hydride layer ( ), the chemical potentials at both boundaries (  
and time-dependent hydride thickness of  as 

 

2MgH
HJ

2MgH
HM p/h

2µ , h/m
3µ ),

2MgHd
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⎝
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⋅=

2

22

MgH

h/m
3

p/h
2MgH

H
MgH
H d

MJ µµ
     (A1.5) 

The hydrogen flux reaching to the interlayer of MgH2/Mg forming new hydride there (
is expressed by chemical potential of hydrogen at the interface of hydride layer side an
side ( and , respectively) and the reaction constant ( ) at the MgH2/Mg boundary 
as 

       (A1.6) 

From assumption of rigid state, the over-all flux and other flux follow 

      (A1.7) 

and also, from Eq.(A1.1)-Eq.(A1.7), following relationships will be obtained  
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It is noted again, that is time dependent. Additionally, regarding to the mass balance 
g/MgH2 boundary along z axis,  

2MgHd
condition for hydrogen atoms at the moving M

( ) 
2MgHH

Rigid
H d

d
t

cJ ⋅=       (A1.9) 

is needed, where c is the 

d

H

r, which can be calculated by crystallographic data.  
Now, a condition from Eq.(A1.8) and Eq.(A1.9) from calculation of integration is obtained as 
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Because the term of Pd
HM , S

1k , p/h
2k  and h/m

3k  is large enough and 2MgH
HM is small, 

therefore  

⎞⎛ 111d
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            (A1.11) 

is obtained. Now it is obvious that thickness of MgH2 is proportional to the t1/2. Similar discussion 
could be found in the book by Gusak et al. [Gusa10], in works by Gösele and Tu [Göse82], by 
Kel

ative factor in 
actu

ly and Clemens [Kelly10], by Cermák and L. Král [Cerm08] or by Belova and Murch 
[Belo04] introducing further aspects.  

It is noted that actually hydrogen can diffuse along grain boundaries and phase boundaries. 
Permeation through such pathway can increase the effective diffusion coefficient, depending on 
the hydrogen concentration and solubility. The interlayer could also play a roll as pathway for 
hydrogen transport, for example as Ham et al. [Ham14] recently reported. Neg

al state could be impurities such as oxide on Mg film could make the factor 2k strongly 
smaller, due to the large energy barrier, reported for example by Wu et al. [Wu09]. 

p/h
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A2. The error of stress estimation σp for hexagonal Mg 
 
In case of the film with hexagonal structure, the elastic behavior is known to be anisotropic, 

since the stiffness of the lattice depends on the direction. When the film has an epitaxial 
relationship of (0001) in the out-of -plane direction, the pσ can be calculated with the following 
relationship, with the atomic plane distance of the (0001)- d state [Ohring91]:   

 

direction in a straine

{ } ⎟
⎠
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⎝−−+ 01211

2
13121133 )(2)( dCCCCCC

for single crystalline sample, where C , C
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⎜
⎛ −− 00001

2
1311 ddCC

          (A2.1) 

11 , an
). Also

= 33Cpσ

 12, C 13 d C 33 are the elastic constants of the 
hexagonal lattice (see Chap. 2.2 , for in-plane random orientated polycrystalline samples 
[Culli78], 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−=

0

0
0002

00022 d
ddEp σ

ν
σ      (A2.2) 

where 0002E and 0002ν are the Young's modulus and the Poisson's ratio of the hexagonal lattice, 
respectively.  

According the error of pσ  which arises 

0002

from the use of Eq.(3.8), linear elastic theory 
calc

s of and 

ulations on thin (0002) oriented films fixed to rigid substrates reveal a change of the 
out-of-plane modulus varying between 43 GPa and 51 GPa (see Fig. 2.18), depending on the 
direction of stress. Accounting for the in-plane randomness of grain orientations in our films, 
yields a mean value of 45.7 GPa is calculated. This ensures the consistency of the value E = 45 
GPa used in this work (see Chap. 2.2.2) within error of 17 %. The Poisson's ratio differs more 
strongly depending on the direction. 

Therefore, the polycrystalline bulk value MgE Mgν  were applied in this work, with 
the simplified prediction with Eq.(3.8). 
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A3. Important information 
 
Important remarks are supplementally shown in this part, for figures shown in this work. 
Table A3.1 summarises the measurement conditions, methods and the phase conditions in the 

investigated samples, shown in Fig. 2.5 in Chap. 2.1.4.4.and Fig. 5.32 in Chap. 5.5.4. 
 

Table A3.1 List of experimental conditions for reported hydrogen diffusion coefficients in bulk-Mg, shown in Fig. 

2.5 . 

 
Table A3.2 summarises the measurement conditions, methods and the phase conditions in the 

investigated samples, shown in Fig. 2.5 in Chap. 2.1.4.5.

Table .2 List of experimental conditions for referential hydrogen diffusion coefficients in bulk-Pd, shown in Fig. 2.7 in 

Chap. 2.1.4.5. 

A3
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ows a classification of former works, sorted by targeting phase conditions in the 

mples, by selected methods. 

 

Pd ( ), 

by selected

selecte

Table A3.3 sh
investigated Pd sa

3.3 A classification of literatures reporting hydrogen diffusion coefficients in αPd ( PdαD ) and in β

 

Table A H

 methods. Pd
H
αD values which includes room temperature condition are presented in Fig. 2.7, with 

d referential PdβD by Wicke et al. [Wick64P+]. 

Pd
H
βD

H
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A series of diffusion data of H in Pd are listed in Table A3.4, reported by former studies at 
erent hydrogen concentration and temperatures, obtained by different methodiff ds. 

Table A d methods at dif en concentrations, 

reported by former studies. D0 and ∆GD indicates the prefactor and the activation energy term for hydrogen diffusion in 

Palladium. 

3.4 A list of data for hydrogen diffusion in Pd by selecte ferent hydrog

 

Fig. A3.1 Costs (price in log [$/kg]) plotted versus the annual production (in log [kg/year]), for various

elements, quoted from [Vesb12]). An arrow is appended to emphasize position of Mg in figure. 
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A4  hyd
A4.1 Hydrogen permeability in Pd and Mg 

Strictly speaking, the effective diffusion constants obtained by hydrogen transport phenomena 

scussion.  

defined as the product of the diffusivit and the solubilit

. Estimation of rogen permeability in GB-rich film 

such as permeation method, contains aspect of hydrogen permeability. Therefore, the effect of 
GBs on the hydrogen solubility are also included in the di

In case of the diffusion controlled process, the hydrogen permeability Φ  is generally 
y D y S , 

SD ⋅=Φ        (A4.1) 
which the units of Φ  in  in , and  in .  

 Here, can be expressed in following forms: 

 

]PasmmolH[ 0.511
2

−−− , D ]sm[ 12 − S ]PamolHm[ 0.53 −−

D and S  

⎟
⎠
⎞

⎜
⎝ R0
⎛ −=

T
GDD Dexp       (A4.2) 

 ⎟
⎠
⎞

⎜
⎝
⎛ −=

RT
GSS Sexp0       (A4.3) 

where and are constants,  and are the energies (units in ) for the 
m

0 0 D S

hydrogen diffusion and the hydrogen solution, respectively. S can be experi entally determined 
by gaseous hydrogen solution into metals, by Sieverts' law [Siev29,From96]:  
 

D S G G  ]J/molH[

HH pSc ⋅=        (A4.4) 
where c and p are the hydrogen H H

rogen at the gas/metal interface. This S is the Sieverts� constant, and corresponds to the 

pK in Eq.(2.6) or in Eq.(2.10).  
Thus, Eq.(A4.1) can be rewritten as 

 

concentration in metal and the pressure of the gaseous 
hyd

⎟
⎠
⎞

⎜
⎝
⎛ −Φ=Φ Φ

RT
Gexp0  with SD GGG +=Φ    (A4.5) 

where is a constant, is the molar activation energy for the permeation and can be 
expressed in following form:  

 

0Φ ΦG

)()( SDSD SSTHHTSHG +−+=−= ΦΦΦ     (A4.6) 

where and are the enthalpies of hydrogen permeation, diffusion and solution 
respectively, as well as and are the entropies of hydrogen permeation, diffusion and 
solution, respectively. The relationship of Eq.(A4.5) is valid as far as the Sieverts' law is 
established. Thus, values at dilute h n concentrations should be chosen for the and
In case of plotting 

ΦH , DH SH

ΦS , DS SS

ydroge DG SG . 
Φ as function of (1/T), )( SD HHH +=Φ indicates the slope.  
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A4.2 Hydrogen solution in GB-rich film 
The maximum evaluation of the hydrogen solubility limit in nanocrystalline film, , can 

be o

nc
Sol-Hc

btained by the method by Mütschele end Kirchheim [Muet87+] assuming average cubic grain 
shape with the length a  and the width of grain boundaries b as: 

 ( ) ( ) ( ){ }[ ]GB
H

33G
H2

GB
HGB

G
HG

Total

nc
Sol-H

11 cbaacba
da

cVcV
V

c −−+−=+=  (A4.7) 3

where is the total volume of the sample, s the volu  of the 
volume of grain boundaries, is the film thickness. Assuming the column

TotalV 3
G aV = i me grain, GBV is the 

d ar grains shape with 
grain length in out-of-plane direction 'a , Eq.((A4.1)) can be rewritten as: 

 ( ) ( ) ( ) ( ){ }[ ]GB
H

22G
H

2
2

nc
Sol-H '''1 cbabaaacbabac −−−+−−=    

da
      w a    (A4.8) 

ssumptions of = 15 nm, = 0.8
and =3×10-6 H/Mg (see Sec. 2.1.5.1) were applied in this work. Thus, the contribution of the 

oundar

ith < 'a < d
A  nm, 'a = 35-55 nm (depends on sample, see Fig. 4.2b), a b

G
Hc

grain b y on the apparent concentration, nc
Sol-H

GB
H cc , can be obtained as a function of d . 

The contribution of the hydrogen segregation at the surface or at the subsurface [Kirch14] is 
neglected in this work.  
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