
Scripta Materialia 251 (2024) 116209

Contents lists available at ScienceDirect

Scripta Materialia

journal homepage: www.journals.elsevier.com/scripta-materialia

Phase transformation in the Niobium Hydrogen system: Effects of 

elasto-plastic deformations on phase stability predicted by a 

thermodynamic model

Alexander Dyck a, Thomas Böhlke a, Astrid Pundt b, Stefan Wagner b,∗

a Institute of Engineering Mechanics - Chair for Continuum Mechanics, Karlsruhe Institute of Technology (KIT), Kaiserstraße 10, 76131 Karlsruhe, Germany
b Institute for Applied Materials – Materials Science and Engineering, Karlsruhe Institute of Technology (KIT), Engelbert-Arnold–Straße 4, 76131 Karlsruhe, Germany

A R T I C L E I N F O A B S T R A C T

Keywords:

Metal-hydrogen system

Thin film

Elasto-plastic deformation

Equilibrium concentrations

Critical temperature

Constraint conditions and elasto-plastic deformation alter phase stabilities of metal-hydrogen systems. Exper-

iments on niobium-hydrogen thin films reveal, that elastically deforming films suppress hydride formation at 
300 K, while elasto-plastically deforming films can form a hydride phase. Building upon a thermodynamic model 
studying the coupling of elastic deformations, constraint conditions and phase separation, elasto-plastic defor-

mations are incorporated to investigate hydride formation. The stress state for each constraint condition for both 
elastically and elasto-plastically deforming Nb is specified. The monotony of the resulting chemical potential 
reveals hydride formation to be possible in elasto-plastically deforming niobium-hydrogen films, while it is sup-

pressed by large stresses in elastically deforming films. Critical temperatures of hydride formation and miscibility 
gaps for both elastically and plastically deforming niobium are computed. The critical temperature is way below 
300 K in elastically deforming films, while it is close to that of a stress free system in strongly elasto-plastically 
deforming films.
Mechanical stresses and constraint conditions can alter the phase 
stability in alloy systems undergoing structural phase transitions. In 
nano-scale systems, constraint conditions can, e.g., result from the sur-

factant shell or the scaffold stabilizing clusters, from thin film adherence 
to a rigid substrate, but also from the coherency of the phase interfaces 
[1–8]. The constraints are related to the hydrostatic pressure applied by 
a surfactant shell, or to the lattice misfit between film and substrate and 
between different thermodynamic phases of a system [2,3,9–12]. The 
effects of mechanical stresses and strains on phase stabilities can easily 
be studied for metal-hydrogen systems, where the hydrogen concentra-

tion in the metal can be adjusted by simply changing the hydrogens’ 
chemical potential in gas phase or electrochemical charging experi-

ments [1,2,4,9,10,13–18].

In a recent publication [21], we investigated the palladium-

hydrogen (Pd-H) system and the influence of elastic deformations and 
constraint conditions on its thermodynamic properties from a theoret-

ical point of view. It was shown, that at room temperature, in a 2D 
constrained system mimicking the conditions of thin films adhered to a 
rigid substrate, phase separation in 𝛼 and 𝛼′(𝛽)-phase is possible for the 
Pd-H system [21]. However, in experimental studies on the niobium-
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hydrogen (Nb-H) system, it was shown that this observation does not 
hold for very thin films, see e.g. [10,20,22]. In these works, epitaxial 
thin Nb films with varying thicknesses, e.g., 5 nm, 8 nm and 40 nm, were 
deposited on sapphire substrates and loaded with hydrogen. In-situ 
scanning tunneling microscope (STM) and substrate curvature mea-

surements were conducted, the latter giving access to the in-plane stress 
state of the films by means of Stoney’s formula [23]. Results of these ex-

perimental investigations are summarized in Fig. 1, where STM images 
are shown in a) and b) while the stresses are shown in c). In the 40 nm-

film, the formation of hydride precipitates is evident, accompanied by 
strong elasto-plastic deformations of the film, where the relation be-

tween stresses and hydrogen concentration shows two distinct regimes 
with different slopes. However, in the 5 and 8 nm-films, hydride forma-

tion is suppressed. Instead, a Nb-H solid solution with concentrations 
up to 𝑐H = 1.0 H∕Nb forms. This is evident by the STM measurements of 
an 8 nm-film, shown in the STM difference image in Fig. 1b, where only 
traces of dislocations are visible as yellow lines. Further, this is sup-

ported by in-situ X-Ray diffraction experiments [10,19,20]. While the 
hydrogen absorption in the 5 nm film is accompanied by purely elastic 
deformations [20], in the 8 nm-film some misfit dislocations form be-
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Fig. 1. a) STM surface topography image of a 40 nm epitaxial Nb thin film adhered to sapphire substrate upon hydrogen loading at 𝑝H2 = 1 × 10−6 mbar and 293 K. 
The figure reveals the formation of hydride precipitates by the presence of elevated yellow areas at these conditions. b) STM surface topography difference image 
of an 8 nm Niobium film after cyclic hydrogen loading at even higher pressure of 𝑝H2 = 8 × 10−6 mbar at 293 K. During loading no hydride formation like in (a) 
was observed, but some misfit dislocations have emerged between film and substrate, resulting in step lines at the film surface. Both figures are reproduced with 
permission from Ref. [19]. c) Experimentally determined stresses in 5 and 40 nm thin Nb films using the substrate curvature measurement (dotted) [20] and 
piecewise linear fits to the data (solid lines) using Eq. (11). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
tween film and substrate. These observations can not be predicted using 
the purely linear-elastic model outlined in [21]. Hence, in this work, we 
incorporate elasto-plastic deformations into the chemo-mechanically 
coupled thermodynamic model to address hydride formation in elasto-

plastically deforming Nb films.

In the following, the thermodynamic model is summarized. The in-

dependent variables are the dimensionless hydrogen concentration 𝑐H
in H/Nb, which results from the total concentration 𝑐 in moles per vol-

ume divided by the maximum concentration 𝑐max as determined by the 
atomic structure. In addition, temperature 𝜃, the total strain 𝜺 and inter-

nal variables 𝛼 =
[
𝜺p, 𝜀pe

]
, which are the plastic strains 𝜺p and the scalar 

equivalent plastic strains 𝜀pe, are introduced as independent variables. 
These are collected in the set Λ =

[
𝑐H, 𝜃,𝜺, 𝛼

]
. The thermodynamics of 

the metal-hydrogen system are governed by a free energy density 𝜓(Λ), 
which is additively decomposed into a chemical part 𝜓c

(
𝑐H, 𝜃

)
and an 

elastic part 𝜓e
(
𝜺e
)

[24]

𝜓(Λ) = 𝜓c
(
𝑐H, 𝜃

)
+𝜓e

(
𝜺e
)
. (1)

The chemical part of the free energy is independent of elastic strains 𝜺e, 
which are given by

𝜺e = 𝜺− 𝜺c − 𝜺p, (2)

while the elastic part depends solely on the elastic strains. Chemical 
strains 𝜺c arise due to the presence of hydrogen atoms in interstitial 
lattice sites and are given by

𝜺c = 𝜂H𝑐H𝑰 , (3)

where 𝜂H is a linear lattice expansion coefficient and 𝑰 the identity 
tensor. The two parts of the free energy density are given by [21]

𝜓c = 𝜇0 𝑐H 𝑐max +𝑅𝜃𝑐max

(
−𝑟ln

(
𝑟

𝑟− 𝑐H

)
+ 𝑐Hln

(
𝑐H

𝑟− 𝑐H

))

−
𝑐max
2
𝐸HH𝑐

2
H,

𝜓e =
1
2
𝜺e ⋅ℂ

[
𝜺e
]
.

(4)

The chemical part takes into account the mixture entropy of intersti-

tial hydrogen atoms in the metal lattice as well as H-H interactions 
expressed via 𝐸HH. The parameter 𝑟 is the maximum hydrogen con-

centration from a H-H interaction perspective, 𝜇0 is a standard refer-

ence potential and 𝑅 is the universal gas constant. The elastic part is 
quadratic in the elastic strains with stiffness tensor ℂ. In comparison to 
2

our previous work [21], the elastic part of the free energy incorporates 
plastic strains. It is pointed out, that no term accounting for energy stor-

age due to plasticity-induced defect accumulation is considered in the 
free energy density. This implies, that the entire plastic power is dissi-

pated into heat. Since the dimension of the thin film and the time-scale 
of heat conduction are small compared to the time-scale of diffusive pro-

cesses, this is not investigated further. However, it is pointed out, that a 
detailed discussion of formulations for energy storage due to defect ac-

cumulation can be found in, e.g., [25]. Following standard reasoning, 
see, e.g., [24], the potential relations linking the chemical potential 𝜇H
and the mechanical stresses 𝝈 to the free energy density are assumed 
to be valid in the thermodynamic equilibrium and also during inelastic 
deformations. They result in [21,24]

𝜇H = 𝜕𝜓

𝜕𝑐H

1
𝑐max

= 𝜇0 +𝑅𝜃ln

(
𝑐H

𝑟− 𝑐H

)
−𝐸HH𝑐H − 𝜂H𝜈0tr (𝝈) ,

𝝈 = 𝜕𝜓

𝜕𝜺
=ℂ

[
𝜺− 𝜺c − 𝜺p

]
.

(5)

Several assumptions are introduced, in order to arrive at a comparably 
simple theory, still capturing the essence of the experimentally observed 
behavior outlined above. These are:

• Nb is assumed to be elastically and plastically isotropic. This im-

plies, that the stiffness tensor ℂ is fully characterized by Young’s 
Modulus 𝐸 and Poisson’s ratio 𝜈, while the plastic behavior can be 
described by an isotropic von Mises plasticity theory [26].

• Based on the measured stresses shown in Fig. 1 c), a linear harden-

ing behavior is assumed. The yield strength is 𝜎Y(𝜀pe) = 𝜎Y0 +ℎ𝜀pe, 
with initial yield strength 𝜎Y0 and hardening modulus ℎ.

• All independent variables, as well as all material parameters are 
assumed to be homogeneous, i.e. no fluctuations of concentra-

tions, metal composition or material properties are present. This 
implies, that all parts of the metal will undergo plastic deformation 
as well as phase separation simultaneously when the concentra-

tion is increased. In previous studies on metal-hydrogen thin films, 
see e.g. [1,27], it has been shown, that heterogeneities in material 
properties and concentration fluctuations lead to sequential plastic 
deformations and thus to sloped plateaus in the two-phase region, 
where the conventional Gibbs phase rule [28], assuming constant 
chemical potential in the two-phase region, cannot be applied. This 
is out of the scope of the model presented in this work. Our model 
rather leads to an effective expression for the stresses and the chem-

ical potential and, when the monotony of the chemical potential is 
studied, to effective critical temperatures as well as spinodal and 

binodal concentrations for a thin film metal-hydrogen system.
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The evolution of the internal variables 𝛼 is given by a rate-independent 
von Mises plasticity theory [26]. The yield function, that limits the elas-

tic range, is

𝜑
(
𝝈, 𝜀pe

)
=
√

3
2
‖𝝈′‖− 𝜎Y (

𝜀pe
)
≤ 0, (6)

where 𝝈′ = 𝝈 − tr (𝝈) ∕3 is the deviatoric part, while tr (𝝈)𝑰∕3 is the 
spherical part of the stress tensor. The internal variables evolve accord-

ing to

𝜺̇p = 𝛾
𝝈
′

‖𝝈′‖ = 𝛾𝑵 , 𝜀̇pe =
√

2
3
𝛾, (7)

with the consistency parameter 𝛾 ≥ 0. It evolves during plastic deforma-

tion when the yield condition 𝜑 = 0 and the loading condition 𝝈 ⋅ 𝜺̇ > 0
are fulfilled and ensures, that the consistency condition 𝜑̇ = 0 is not vi-

olated during plastic deformation. The thermodynamic consistency of 
similar models has been detailed, e.g., in [24,29,30] and is not further 
discussed here.

Using the outlined thermodynamic model, hydride formation can 
be studied in elasto-plastically deforming metal hydrogen systems. Hy-

dride formation is possible, when 𝜇H is a non-monotonous function of 
𝑐H [1]. The monotony of 𝜇H can be investigated by differentiating with 
respect to the concentration and studying the sign of the resulting func-

tion. The differentiation results in

𝑐max
𝜕2𝜓

𝜕𝑐2H
=
𝜕𝜇H
𝜕𝑐H

= 𝑅𝜃𝑟

𝑟𝑐H − 𝑐2H
− 𝜈0𝜂H𝑡−𝐸HH, (8)

where

𝑡 = 𝜕tr (𝝈)
𝜕𝑐H

. (9)

Thus, for given 𝜃 and 𝐸HH, the resulting stresses either suppress or 
allow hydride formation to occur. As long as there exists a spinodal 
composition 𝑐spH ∈ [0, 𝑟], for which

𝜕𝜇H
𝜕𝑐H

||||𝑐spH = 0 (10)

holds, phase separation is possible. Equilibrium concentrations of the 
phases with the maximum solubility 𝑐max

𝛼
of the solid solution phase and 

the minimum concentration 𝑐min
𝛼′(𝛽) of the hydride phase can be deduced 

via Maxwell constructions of the chemical potential given in Eq. (5)-

(1). Additionally, by rearranging Eq. (8), a critical temperature 𝜃crit can 
be determined, above which no phase separation is possible for given 
𝐸HH and 𝑡 [21]. In the following, mechanical stresses are derived as 
a function of the mean (homogeneous) hydrogen concentration 𝑐H for 
both elastically and elasto-plastically deforming Nb films under differ-

ent constraint conditions. With these results, phase separation and its 
suppression in the NbH-system is studied and compared to experimen-

tal results.

Niobium absorbs hydrogen on tetrahedral interstitial lattice sites. 
Targeting the free Nb-H bulk system as a reference [31], niobium hy-

dride phases form below the critical temperature 𝜃crit = 444 K. At room 
temperature, the solid solution limit of the body-centered cubic (bcc) 
𝛼-phase is 𝑐max

𝛼
= 0.06 H∕Nb, which is in equilibrium with the face-

centered orthorhombic 𝛽-phase of 𝑐min
𝛽

= 0.72 H∕Nb composition at in-

termediate global H concentrations. Above 360 K, an 𝛼′-hydride phase 
with bcc structure exists. For simplicity, in the present model we focus 
on the iso-structural 𝛼- and 𝛼′-phases.

In order to study hydride formation, the occurring stresses have to be 
determined as a function of hydrogen concentration [21]. As outlined 
above, elasto-plastic deformations in Nb thin-films under hydrogen 
loading have been demonstrated via substrate curvature measurements, 
yielding the 𝜎11 component, see e.g. [20] and Fig. 1 c). In the 5 nm Nb-

H film, the in-plane stresses 𝜎11 are linear in hydrogen concentration 
3

𝑐H in the concentration range of interest up to 𝑐H = 0.7 H∕Nb, revealing 
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Table 1

Piecewise linear fit of the experimentally determined stresses by means of 
Eq. (11) for both 5 nm and 40 nm films.

Film height 𝑚 𝑑 𝑐H 𝑅2

5 nm −11.84 GPa 0 GPa 0.9625
40 nm (elastic domain) −11.37 GPa 0 GPa 0.9893
40 nm (plastic domain) −1.11 GPa −1.23 GPa 0.12 H/Nb 0.8405

the absence of plastic deformation. However, in the 40 nm Nb-H film, 
at 𝑐H = 𝑐H = 0.12 H∕Nb, the slope of 𝜎11(𝑐H) changes strongly. This is 
interpreted as the onset of plastic deformation [10,19]. For 𝑐H ≥ 𝑐H, 
plastic deformations occur and lower the stresses drastically compared 
to the purely elastic case. Both experimentally determined curves are 
linear (5 nm) or piecewise linear (40 nm) in 𝑐H. For the following con-

siderations, these measurements are approximated by

𝜎11(𝑐H) =𝑚𝑐H + 𝑑. (11)

Results, including 𝑅2 values of the fit functions, are summarized in Ta-

ble 1. In the linear elastic regime, both 5 nm and 40 nm films have a 
similar slope of 𝑚e ≈ −11 GPa, resembling the linear elastic limit [20]. 
In the plastic domain of the 40 nm film, the slope changes drastically to 
𝑚p ≈ −1.1 GPa. We emphasize that, in general, the plasticity parameters 
such as 𝜎Y0 and ℎ, and thus 𝑐H and 𝑚p will be functions of the Nb film 
thickness, grain structure and crystallographic texture [2]. Thus, for 
varying processing conditions of the films, different slopes 𝑚p as well 
as different concentrations 𝑐H, at which plastic deformation in the film 
initiates, will result. In the following, an elasto-plastically deforming 
NbH system will be studied and subjected to various constraint con-

ditions, cf. Fig. 2 and [21]. Emphasis is put on the 2D constraint, cf.

Fig. 2 c), as this constraint is equivalent to a Nb thin film adhered to 
a rigid substrate. For increasing dimensionality of the constraints, the 
expansion of the metal is increasingly restricted and the build up in 
stress rises. This results in drastically differing stress states in the elas-

tic regime, i.e. differing slopes 𝑚e for each constraint. Following [21], 
the slopes 𝑚e in the elastic regime are given for each constraint by

𝑚0D
e = 0 =

𝜎0D11,e

𝑐H
=
𝜎0D22,e

𝑐H
=
𝜎0D33,e

𝑐H
,

𝑚1D
e = −𝜂H𝐸 =

𝜎1D11,e

𝑐H
,

𝜎1D22,e

𝑐H
=
𝜎1D33,e

𝑐H
= 0,

𝑚2D
e =

𝜂H𝐸

𝜈 − 1
=
𝜎2D11,e

𝑐H
=
𝜎2D22,e

𝑐H
,

𝜎2D33,e

𝑐H
= 0,

𝑚3D
e =

𝜂H𝐸

2𝜈 − 1
=
𝜎3D11,e

𝑐H
=
𝜎3D22,e

𝑐H
=
𝜎3D33,e

𝑐H
.

(12)

As the measured in-plane stresses for the 40 nm thin film shown in Fig. 1

c) indicate 𝑚2D
e = −11 GPa as well as 𝑐2DH = 0.12 H∕Nb, the elasticity 

parameters are chosen to be 𝐸 = 132 GPa and 𝜈 = 0.3. Inserting the 
identified elasticity parameters into the stresses for the 1D constrained 
system results in 𝑐1DH = 0.18 H∕Nb. In the 3D case no plastic deforma-

tion occurs, as the stress state is spherical and only deviatoric stresses 
lead to plastic deformations according to the chosen von Mises yield cri-

terion. In the plastic regime, the stresses increase, again, linear with 𝑐H, 
due to the assumed linear hardening, see Table 1. For generalization we 
investigate different magnitudes of slopes 𝑚p for each constraint in the 
following to study the influence of the hardening behavior on the ther-

modynamics of the system. The stresses in the plastic regime are thus 
expressed as

𝜎
1D,p
11 =𝑚1D

p 𝑐H,
(13)
𝜎
2D,p
11 = 𝜎2D,p22 =𝑚2D

p 𝑐H.
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Fig. 2. Metal-hydrogen systems with different constraint conditions. The grey frames visually indicate the directions of the constraint condition. Expansion of the 
sample cube is a) possible in all directions (0D constraint), b) suppressed in 𝒆𝑥-direction, c) suppressed in 𝒆𝑥- and 𝒆𝑦-direction, and d) entirely suppressed by placing 
the cube in a rigid shell. The 2D constraint condition is equivalent to the 2D elastic constraint of an adhered thin film with thickness much smaller than the lateral 
dimensions. In this case, the lateral expansion is suppressed by the film’s adherence to a rigid substrate, and the film can only expand in 𝒆𝑧-direction [32]. Actually, 
the lateral expansion of a 1 cm wide and 40 nm thick Nb film resulting at the top of the film is of the order of 10 nm [33].

Table 2

Model parameters used in this work. Chemical parameters are taken from Ref. [19], mechanical 
parameters are chosen in this work.

𝑅 𝜃 𝜈0 𝑟 𝐸HH 𝜂H 𝐸 𝜈

8.3145 J∕mol 300K 9.71 × 10−6 m3∕mol 0.67 20.2kJ∕mol 0.058 132GPa 0.3

𝑚1D
e 𝑚2D

e 𝑚3D
e 𝑚1D

p 𝑚2D
p

−7.6GPa −11GPa −19.1GPa [0,−1, ...,−7.6] GPa [0,−1, ...,−11] GPa
Thereby, both values 𝑚1D
p and 𝑚2D

p are limited by a vanishing slope, i.e. 
no hardening, and the respective elastic slope, implying 𝑚1D

p ∈
[
0,𝑚1D

e
]

and 𝑚2D
p ∈

[
0,𝑚2D

e
]
. The derivative of trace of the stress state, intro-

duced in Eq. (9), can now be computed via 𝑡XD =
∑
𝑖 𝑚

XD
𝑖

. We want to 
point out, that a computation of each stress component during elasto-

plastic deformations as a function of 𝑐H is possible in a semi-analytical 
way using a Computer-Algebra-System, when hardening modulus and 
initial yield strength are known. This procedure is detailed in the sup-

plemental information of this article for a 2D constrained system.

Based on the resulting stress state as a function of hydrogen concen-

tration 𝑐H, i.e. the slopes in the elastic and plastic regime, the chemical 
potential given in Eq. (5)-(1), as well as equilibrium and spinodal con-

centrations of thin Nb films of varying thickness and under varying 
constraint conditions are studied. In addition, the critical temperatures 
of hydride formation according to Eq. (8) are calculated. The necessary 
chemical material parameters have been adapted from Ref. [19]. All 
chosen parameters are summarized in Table 2.

In order to verify the model predictions, we start with a direct 
comparison of the experimental results shown in Fig. 1 to the model 
predictions of a 2D constrained system. To this end, a temperature of 
𝜃 = 300 K is chosen and the chemical potential 𝜇H for purely elastic 
deformation (dotted yellow curve), mimicking a 5 nm film, and elasto-

plastic deformation (solid yellow curve), mimicking a 40 nm film, are 
depicted in Fig. 3 a). The slope in the plastic regime is taken from Ta-

ble 1. As outlined above, elastically deforming Nb thin films suppress 
phase separation at room temperature. This is reproduced by the de-

rived model, as indicated by the monotonous increase of the chemical 
potential with respect to the overall hydrogen concentration in the 2D 
constrained system. This shows, that occurring stresses suppress phase 
separation at room temperature, in contrast to the 2D constrained PdH 
system studied in [21]. This different behavior results mainly from the 
lower hydrogen-hydrogen interaction strength 𝐸HH in Nb-H compared 
to the Pd-H system, where 𝐸HH = 36.8 kJ∕mol. The stability of the hy-

dride phase is goverend by the interplay of the stabilizing 𝐸HH and 
the destabilizing contribution of 𝜂H𝜈0tr (𝝈), see Eq. (5). However, as 
4

plastic deformations drastically reduce occurring mechanical stresses, 
a 40 nm thin film with a slope of 𝑚2D
p = −1.1 GPa shows phase separa-

tion at room temperature. The proposed model confirms this finding, as 
the related chemical potential is a non-monotonous function of the con-

centration at room temperature in the 2D constrained case with plastic 
deformation. For the presented 5 nm film, however, stress relaxes too lit-
tle to enable hydride formation. In addition to the occurrence of phase 
separation, the outlined model allows to compute both equilibrium con-

centrations for 𝛼- and hydride-phase as well as spinodal concentrations 
𝑐
sp
H as a function of temperature, cf. Eq. (10). Equilibrium concentra-

tions follow from a Maxwell construction using the known stress state. 
Results of this investigation are depicted in Fig. 3 b) for both 5 nm and 
40 nm films, again using 𝑚2D

p = −1.1 GPa, in addition to a stress free 
system. Obviously, the occurrence of plastic deformations drastically 
increases the miscibility gap as well as the spinodal concentrations and 
the critical temperature 𝜃crit for hydride formation. In fact, the pre-

dicted critical temperature for the 40 nm film is only slightly lower 
compared to the stress free system, as occurring stresses are strongly 
reduced by plastic deformations. In the case of elastically deforming Nb 
with 2D constraint such as the 5 nm film, on the contrary, the critical 
temperature for hydride formation is about 160 K. As a final note it is 
pointed out that Eq. (10) is discontinuous at 𝑐H = 𝑐H, as the slope in the 
stresses changes discontinuously. This implies, that for concentrations 
around the onset of plastic deformations the predictions of the spinodal 
concentration are to be considered inaccurate, as this behavior is obvi-

ously non-physical. However, the predicted equilibrium concentration 
for the 𝛼-phase at room temperature is 𝑐H ≈ 0.12 H∕Nb, i.e. at the onset 
of plastic deformations, which is in agreement with the experimental 
observations made in Ref. [19].

To show the capabilities of the presented model, we now study the 
influence of a variation in the plastic slope 𝑚p on hydride formation 
for different constraint conditions, related to the actual microstructural 
conditions of a metal-hydrogen system. To illustrate the effect of this 
change, the critical temperature 𝜃crit is computed for each constraint 
condition for both purely elastically deforming and elasto-plastically 
deforming Nb, where the plastic slope is chosen to be in the interval 
given in Table 2. The results are depicted in Fig. 4. Apparently, the crit-
ical temperature of hydride formation changes linearly with the plastic 
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Fig. 3. a) Chemical potential of a linear elastic 5 nm and an elasto-plastically 40 nm deforming Nb-H film at 𝜃 = 300 K using the model and stress states identified in 
Table 1. b) Spinodal and equilibrium concentrations of 𝛼- and hydride-phase for both films as a function of temperature. As the derivative of the chemical potential 
is non-continuous at 𝑐H = 𝑐XDH for the 40 nm film, a jump is predicted in the spinodal concentrations. This is also visible in the equilibrium concentration curve for 
the elasto-plastically deforming Nb. The critical temperatures of hydride formation strongly differ for both films, enabling hydride formation at room temperature 
in the plastically deforming 40 nm film, while it is suppressed in the elastically deforming 5 nm film.
Fig. 4. Critical temperatures 𝜃crit for different constraints for elastically and 
elasto-plastically deforming Nb for different slopes 𝑚p . In the 3D constrained 
system no hydride formation is possible due to the large stresses.

slope 𝑚p for both 1D and 2D constrained systems, but with significantly 
larger slope for the 2D constraint. For vanishing slopes 𝑚p = 0, the crit-

ical temperature of each film coincides with an unconstrained system, 
while at maximum slope, i.e. a slope identical to the elastic slope, the 
critical temperature is identical to the elastically deforming Nb. In the 
3D constrained system, Nb-hydride formation is suppressed irrespective 
of temperature. We want to point out, that 𝜃0Dcrit = 407 K differs from the 
bulk value of 444 K. This is due to the parameter 𝐸HH, which differs in 
miniaturized Nb-H systems from the bulk value [19].

To conclude this work, the main results are summarized as follows:

• A thermodynamic framework for elasto-plastically deforming 
metal-hydrogen systems is presented and compared with experi-

mental results on Nb thin films under hydrogen loading.

• If Nb-films deform purely elastic upon hydrogen loading, the occur-

ring stresses lead to a monotonically increasing chemical potential 
at room temperature as a function of the total hydrogen concentra-

tion. This implies, that no phase separation occurs upon hydrogen 
loading. This is in agreement with experiments on 5 nm Nb-H films.

• If Nb-films strongly deform elasto-plastic upon hydrogen loading, 
occurring stresses are drastically reduced and phase separation 
is possible at room temperature, indicated by a non-monotonous 
chemical potential predicted by the model. Again, the model pre-

dictions match experimental evidence of phase-separation in 40 nm
films.

• The derived model allows to compute both spinodal and equi-
5

librium concentrations for 𝛼- and hydride-phase. The equilibrium 
concentration for the 𝛼-phase predicted by the model is in agree-

ment with experimental observations.

• In general, the specific model parameters for plastic deformation 
such as the yield strength and the hardening modulus will be a 
function of the Nb film thickness. This can drastically change criti-

cal temperatures and widths of the miscibility gaps.

• In general, in metal-hydrogen systems hydride formation under 
different constraint conditions depends on the interplay of the at-

tractive H-H interaction, evolving stresses and stress relaxation.
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