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ABSTRACT

Metals are the most common materials used in space
technology. Metal structures, while used in space, are
subjected to the full spectrum of the electromagnetic ra-
diation together with particle irradiation. Hence, they un-
dergo degradation. Future space missions are planned to
proceed in the interplanetary space, where the protons of
the solar wind play a very destructive role on metallic sur-
faces. Unfortunately, their real degradation behavior is to
a great extent unknown.

Our aim is to predict materials’ behavior in such a
destructive environment. Therefore both, theoretical
and experimental studies are performed at the German
Aerospace Center (DLR) in Bremen, Germany.

Here, we report the theoretical results of those stud-
ies. We examine the process of H2-bubble formation
on metallic surfaces. H2-bubbles are metal caps filled
with Hydrogen molecular gas resulting from recombina-
tion processes of the metal free electrons and the solar
protons. A thermodynamic model of the bubble growth
is presented. Our model predicts e.g. the velocity of that
growth and the reflectivity of foils populated by bubbles.

Formation of bubbles irreversibly changes the surface
quality of irradiated metals. Thin metallic films are espe-
cially sensitive for such degradation processes. They are
used e.g. in the solar sail propulsion technology. The effi-
ciency of that technology depends on the thermo-optical
properties of the sail materials. Therefore, bubble for-
mation processes have to be taken into account for the
planning of long-term solar sail missions.

Key words: Hydrogen embrittlement; blistering; space
environmental effects.

1. INTRODUCTION

Vacuum deposited Aluminum layers on thin polyimide
films are commonly used composite materials in space

technology. Unfortunately, space environmental con-
ditions cause changes of their mechanical and thermo-
optical properties. Therefore studies, both theoretical and
experimental, allow to choose their properties, e.g. layer
thickness, which may well fit to a given space mission.

The influence of the interplanetary space environment
onto thin metallic films is to a great extend unknown.
Here, a candidate for aging process is proposed: forma-
tion of molecular Hydrogen bubbles onto metallic sur-
faces resulting from recombination processes of solar
protons and the metal free electrons. Degradation of
structural properties of solids caused by Hydrogen (re-
ferred to as embrittlement) plays a fundamental role in
materials physics [9]. Bubble formation is one of the four
general processes of embrittlement [9].

Here a thermodynamic model of molecular Hydrogen
bubbles formation under space conditions is presented.
The model input parameters are: energy and flux of so-
lar protons, type, and temperature of the irradiated metal.
The diffusivity of H in the metal lattice was taken into
account, as well as back scattering effect (BS) of the so-
lar protons irradiating the target. The model output is the
velocity of bubble radius growth, the maximum possible
bubble radius, and, for a given bubble density and aver-
age bubble radius, the reduction factor of the reflectivity
with respect to its ideal value.

The paper is organized as follows. In Section 2, general
principles and conditions for the H2-bubble formation are
given. In Section 3, the thermodynamic model of bubble
formation is introduced [13]. Then, the effect of bubble
growth onto the specular reflectivity is discussed in Sub-
section 3.1. In Section 4 the experimental results as well
as the validation of the model are presented. Finally, in
Section 5, the conclusions are drawn.

2. FORMATION OF MOLECULAR HYDROGEN
BUBBLES UNDER SPACE CONDITIONS

Formation of molecular Hydrogen bubbles depends on
many physical parameters, for instance: the type of the
irradiated material, the proton energy, the proton flux, the
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Figure 1. Flux of solar protons and electrons as a func-
tion of energy. Data are taken from the SOHO, ACE,
OMERE, and SPENVIS databases.

temperature of the target, the crystallographic orientation
of the irradiated surface as well as on the impurities and
defects in the sample. It is known from terrestrial labora-
tory experiments that the minimum dose of protons above
which the process occurs is 1016 H+ cm−2 [e.g. 11]. The
temperature range in which bubbles were observed is be-
tween 280 and 570 K [e.g. 5, 11].

The procedure used to estimate the critical temperature
(570 K) above which the process of bubble formation
stops due to the bubble cracking mechanism was as fol-
lows. The Aluminum target was irradiated by a flux of
protons at room temperature. When irradiation of the
sample was stopped, the probe was heated up to higher
temperatures. A significant increase of both, the surface
density and sizes of the bubbles has been observed until
the critical temperature of bubble cracking was reached.
That procedure, used by the authors, allows to capture
more Hydrogen by the vacancies since during the irradi-
ation, and at room temperature the vacancies will collect
more Hydrogen than at elevated temperatures. Also a dif-
fusion of Hydrogen in Aluminum at room temperature is
much lower than at temperatures reaching ∼ 570 K [8].
In space a probe is bombarded by solar protons at tem-
peratures which are related to their orbit. Therefore, the
procedure presented by [5, 11] does not match the bubble
formation mechanism under real space conditions.

Growth of molecular Hydrogen bubbles will be possible
in the interplanetary space if the criterion of the minimum
dose of protons is fulfilled. The temperature of the sam-
ple has to be high enough to start the bubble formation,
but not too high to lose Hydrogen much too rapidly due
to the high diffusivity of Hydrogen in metals.

Fig. 1 shows solar proton and electron fluxes at 1 AU
distance from the Sun. Proton fluxes are calculated by
use of the data collected by the SOHO (since 1995) and
the ACE (since 1997) satellites. The OMERE as well as
the SPENVIS databases were also considered.

When a probe is irradiated in space, it collects incident
ions from a wide energy range. The range depends on
the type and the thickness of an irradiated material. The
thiner the target material, the less ions stuck in it. There-

fore, there must exist a critical energy of incident ions
(EC) above which they pass through the material. Hence,
the integrated proton flux over the energies is:

IE =

Ec∑
Emin

I(E), (1)

where Emin is the ion’s lowest energy recorded by the
satellite’s detector system. The IE values are presented
in the Table 1. To calculate the fluxes the ACE database
was used.

Table 1. Integrated proton fluxes over the energies for 1
AU distance orbit from the Sun.

Ec [keV] IE × 1013 [p+cm−2s−1]
1.0 0.44
1.5 0.68
2.0 0.91
2.5 1.06
3.0 1.12
4.0 1.14
5.0 1.15
9.0 1.15

To estimate the flux of solar protons Ir at distance r from
the Sun, the following relation can be used:

4π(1AU)2 × I1 AU = 4πr2 × Ir. (2)

Under the simplifying assumption that the Sun generates
only mono-energetic 5 keV protons, the criterion of min-
imum dose of protons will be fulfilled after 116 days for
1 AU distance orbit from the Sun. Obviously, taking into
account proton fluxes from the whole energy range, the
criterion will be fulfilled much earlier.

The temperature of a foil placed in a given distance d
from the Sun can be calculated by:

T =

(
Aa

Ae

αS

εt

HSun

σSB

) 1
4

, HSun =
1 SC

d2
. (3)

Here, Aa is the area of the sample which absorbes the
electromagnetic radiation, while Ae is the area which
emitts the heat by radiation. Hence, the ratio Aa

Ae
equals

0.5. σSB is the Stefan-Boltzmann constant. The thermo-
optical parameters have been provided by the manufac-
turer of the Upilex − S R© foil, the UBE company. Solar
absorptance αS and normal emittance εt are 0.093 and
0.017, respectively. The foil temperature as a function of
distance from the Sun is represented by solid line in Fig.
2. Note, that the heat released by stopped protons is neg-
ligible small in comparison to the Sun’s input. The light-
red area (570 - 300 K) is the temperature range in which



Figure 2. Temperature of the Upilex − S R© foil covered
on both sides with 100 nm vacuum deposited Aluminum
layer as a function of the distance from the Sun. The light-
red area represents temperature range in which the bub-
ble formation was reported in the literature. The red area
is the temperature range in which the formation has been
confirmed by studies presented in this paper.

the bubble formation has been confirmed by the terres-
trial laboratory experiments. Unfortunately, commonly
used experimental procedures to estimate the maximum
temperature at which the bubble formation is stopped,
are not suitable for the real space conditions. The real
critical temperature may be lower, and it has to be vali-
dated experimentally. The gray area (below 323 K) rep-
resents temperatures at which the bubble formation has
been confirmed by the experimental findings presented
in this paper, see Section 4. The irradiation tests have
been performed for the samples’ temperature of 323 K
(∼ 2.5 AU). Gray area represents a zone in space where
bubble formation has been initiated (∼ 2.5 AU). Then the
bubble growth continues even when the probe is moving
outwards from the Sun (≥ 2.5 AU). Obviously, at larger
distances the bubble growth slows down, since the probe
is being bombarded by smaller proton fluxes, see Eq. 2.

3. THERMODYNAMIC APPROACH TO BLIS-
TERING PROCESS

Here we propose a thermodynamic model of bubble for-
mation. The model is based on the assumption that the
growth proceeds quasi-static i.e. during a jth period of
time ∆tj a small portion of H2-molecules, NH2,i,j, is
added to the ith bubble and a thermodynamic equilibrium
is established rapidly.

For simplicity it is assumed that a single bubble is a half
sphere with radius ri. The gas within a bubble behaves to
a good approximation like an ideal gas:

piVi =

N∑
j

NH2,i,jkBT, (4)

where pi is the pressure of the gas, kB is the Boltzmann
constant, T denotes the temperature of the sample, N is

the number of tiny time steps, hence the total irradiation
time of the sample, during which the bubble growth ap-
pears is N × ∆tj.

The number of recombined H atoms, subtracted by those
which diffuse from the sample out (∆Ndiff,j) is:

∆NH,j = ∆Np+,j(1 −BS) + ∆Ndiff,j, (5)
∆Np+,j = IE∆tjA,

∆Ndiff,j = −DH(T )
ζH,j

dPR(E)
A∆tj,

where A is the area of the sample irradiated by the pro-
tons, ∆Np+,j is the number of protons sent to the sample
during the jth time step ∆tj. BS is the factor of backscat-
tered ions. If BS is 1 then all of the incident ions are
backscattered. If BS is 0 then all of the incident ions
penetrate the target. DH(T ) is the diffusion coefficient
for H atoms in a given material, ζH,j is the number density
of H atoms which may diffuse through the lattice within
the jth period of time, dPR(E) is the so-called projected
range. It is defined as an average value of the depth to
which a charged particle will penetrate in the course of
slowing down to rest. This depth is measured along the
initial direction of the particle, and it depends on the ki-
netic energy of the particle [3].

The number of Hydrogen molecules added during the jth

period of time to the ith bubble NH2,i,j is then given by:

NH2,i,j = 0.5
(
NT

B

)−1
∆NH,j ηmax(s) ξ, (6)

NT
B = NBA.

Here 0.5 denotes that a single H2 molecule consists of
two H atoms, NT

B is the total number of bubbles on the
irradiated sample, NB is the number of bubbles per unit
area. While 100% of protons recombine into H atoms
in the metal lattice, only a part of them recombine to H2

molecules [4]. Hence the ηmax(s) coefficient is the ratio
between the number of H2-molecules and the H-atoms
in the lattice. A H2 molecule is formed when electrons
of two H atoms have anti-parallel spin s, otherwise the
molecule cannot be created. Therefore, at most half of the
H atoms can form H2 molecules, hence ηmax(s) = 0.5.
Not all of the H2-molecules will merge into H2-clusters
and finally form H2-bubbles. Thus, the coefficient ξ de-
notes the ratio of the number of H2-molecules inside and
outside the bubbles.

The first step to estimate the radius of the ith bubble is to
calculate the Helmholtz free energy of the whole configu-
ration, Fconfig. Since the free energy is an additive quan-
tity, the total free energy of bubble formation is the sum of
following quantities: free energy of H2 gas inside the ith



bubble (Fgas,i), of the metal surface deformation (Fmd,i)
caused by the bubble growth itself, of the surface free
energy (Fsurf,i) of the bubble cap, of the free energy of
H2-molecules (FH2

) and of H-atoms (FH) placed outside
the bubbles but within the metal lattice. The Helmholtz
free energy of the whole configuration described above is
then:

Fconfig = Fgas,i + Fmd,i + Fsurf,i + FH2
+ FH. (7)

The next step is to estimate the free energy of the ith bub-
ble. It consists of the free energy of the gas filled in the
bubble, the free energy of metal deformation, and of the
bubble cap surface free energy.

Using the thermodynamic relation between gas pressure
and its Helmholtz free energy p =

(
∂F
∂V

)
T

together with
the equation of state Eq. 4, the free energy of a gas within
the ith bubble is:

Fgas,i = −
N∑
j

NH2,i,jkBT ln

(
Vmax,i

Vmin

)
, (8)

where Vmax,i is the maximum volume of a given bubble.
The model assumes that two H2 molecule form the small-
est (”initial”) possible bubble, its volume is denoted by
Vmin. The radius of such a bubble is approximately 3.2
Bohr radii [12]. Every bubble will crack if the pressure
of the gas inside is higher than the pressure exerted by
the metal deformation of the cap. The relation between
the pressure of the gas, the strain σ in the metal, and the
bubble radius corresponding to Vmax,i is [7]:

pgas, insite bubble − poutside bubble =
2σ

rmax,i
. (9)

Since the sample is placed in vacuum, the pressure out-
side the bubble is set to zero.

The free energy of metal deformation Fmd,i caused by the
gas pressure inside the bubble with radius ri can be found
in [6], and is given by:

Fmd,i =
4π

3

r3
i (1 + γ)

E
p2

i . (10)

Here γ is the Poisson coefficient, i.e. ratio of transverse to
axial strain of a sample material, E is the Young’s mod-
ule.

The free energy of a surface of a cap of the ith bubble is
given by [14]:

Fsurf,i = 4πr2
i σ(T ). (11)

The Helmholtz free energy of the H2-molecules located
at certain positions in the metal lattice but outside the
bubbles is calculated in the form F = Eint −TS. Where
Eint is the internal energy of molecules/atoms located at
certain positions in the metal lattice. Applying the statis-
tical definition of the entropy S, this free energy is:

FH2
=

NT
H2

−
NT

B∑
i

N∑
j

NH2,i,j

 (12)

×

εH2
+ kBT ln

NT
H2

−
∑NT

B

i

∑N
j NH2,i,j

N0

 ,
where NT

H2
is the total number of H2 molecules inside

the sample, εH2 is the binding energy of H2 molecule to
a vacancy. N0 is the number of lattice sites, which can be
expressed by:

N0 = NAdPR
A2

Mu
, (13)

where NA is the Avogadro’s number. Mu is the molar
mass of the sample’s material.

The Helmholtz free energy of H atoms located at certain
positions within the metal lattice is:

FH =
(
NT

H − 2NT
H2

) [
εH + kBT ln

(
NT

H − 2NT
H2

N0

)]
,

(14)

where εH is the migration energy of the H atom in the
metal lattice, and NT

H is the total number of H atoms in
the sample.

Since now each term of the Eq. 7 is determined, the next
step is to estimate the radius ri of the ith bubble at given
time t. This will be achieved by assuming that the process
of bubble growth is quasi-static, i.e. during each jth time
step ∆tj a small portion of H2 molecules is merged to the
ith bubble and the thermodynamic equilibrium is rapidly
re-established:

∂Fsystem

∂NH2,i,j
= 0. (15)

This condition leads to the following fifth order equation
for ri:

8πΞi,jσ(T )r5i −Hir
4
i + 3

π
1+γ
E

(∑N

j
NH2,i,j

)
k2BT

2 (16)

×
[

2Nri − 3Ξi,j

∑N

j
NH2,i,j

]
= 0,



Ξi,j is defined below in Eq. 18, Hi denotes the abbrevia-
tion:

Hi = − ∂Fgas,i

∂NH2,i,j
− ∂FH

∂NH2,i,j
− ∂FH2

∂NH2,i,j
. (17)

A realistic model of bubble radius growth, Ξ(i, j), can
be estimated by following Gedankenexperiment. Obvi-
ously at the beginning of the bubble growth process, the
differential increase of the bubble radius is higher than at
its end. It is implied, that the number of H2 molecules
in the system is conserved and at each time step one of
them merges into a bubble. After ∆t the bubble con-
sists of 2H2 molecules, hence the number of molecules
increases by 50%. At the time 2∆t the bubble consists of
3H2 molecules, hence the number increase is now 33.3%,
and so on. Therefore Ξ is:

Ξi,j =
∆ri

∆NH2,i,j
= jαri,0, α =

1

3
(18)

The exponent α is a model parameter of the bubble
growth. The value 1

3 corresponds to the Gedankenexper-
iment presented above. However, the true value of the
α parameter differs from that . In the process of bubble
growth, particles (the Hydrogen) are added to the system
i.e. the probe is permanently irradiated by the protons,
they penetrate the target and recombine to the Hydrogen.
On the other hand, both, due to the diffusion process and
bubble cracking, some Hydrogen atoms leave the system.
Therefore, the number of Hydrogen atoms in the system
is not conserved. Hence, a series of experiments have
been performed to estimate a realistic α parameter; re-
sults are presented in Section 4.

3.1. The effect of bubble formation onto the specular
reflectivity

The momentum transfer of a photon to an ideal reflect-
ing surface is given by ∆q = 2q cos θ, where the factor
2 is just in accordance with specular reflectivity. Cer-
tainly, the surface quality will suffer during the irradiation
with protons from progressing bubble formation. At time
t = 0 the foil has not been exposed to the electromagnetic
radiation and/or charged particles, and is considered to be
a perfect mirror with the reflectivity of R = 1. It means
that all of the incident light rays are reflected perfectly, no
light ray is absorbed or diffusively reflected by the target.
Later, when the foil has been irradiated by a flux of pro-
tons and molecular Hydrogen bubbles have been formed
on its surface, the reflectivity of the degraded foil will be
reduced. This deterioration is calculated in the following
way: the foil is covered by a grid with a fixed single cell
size of ε× ε. The reflectivity of a single cell is by defini-
tion ∆q

∆qmax
, where ∆q is momentum transfer of a photon

to the ith cell of the degraded foil, while ∆qmax,i is the

momentum transfer of a photon to the ith cell of a perfect
mirror.

Therefore, taking into account all cells, one has:

∆R =

∑Ncell

i ∆qi∑Ncell

i ∆qmax,i

. (19)

Here Ncell is the number of cells. The path of photons is
directed parallel to the foil surface normal. Therefore, at
time t = 0 the foil was a perfect mirror without surface
imperfections and θi = 0. Later, when the surface is
populated with bubbles, θi will vary between 0o and 90o.
Thus, Eq. 19 reduces to:

∆R =

∑Ncell

i 2q cos θi

Ncell × 2q
=

∑Ncell

i cos θi

Ncell
. (20)

Change of the foil’s reflectivity due to growing popula-
tion of H2-bubbles is presented in Section 4.

4. RESULTS

To validate the model the following experiments were
performed. Three probes (A1, A2, and A3) were exposed
to a flux of 2.5 keV protons, each one with longer irradi-
ation time, see Table 2, where tS is a time in space until
a probe will collect a given dose of protons. Results are
shown in Fig. 3. From top to bottom, the pictures corre-
spond to the probes A1, A2, and A3, respectively. Aver-
age sizes of bubbles have been estimated to 0.17 ± 0.05
µm, 0.2 ± 0.05 µm, and 0.25 ± 0.05 µm for probe A1,
A2, and A3, respectively. There is a strict correlation be-
tween a dose of protons and the average bubble size for a
given population. The higher the proton dose, the larger
the bubble sizes. Examining the electron microscope pic-
tures, the surface density of bubbles has been estimated
to ∼ 108 cm−2.

Table 2. Test parameters
Probe symbol T [K] E [keV] D [p+ cm−2] tS [days]

A1 323.0 2.5 7.8 × 1017 4.8
A2 323.0 2.5 8.2 × 1017 5.0
A3 323.0 2.5 1.3 × 1018 7.9

For numerical simulation a 10µm× 10µm foil was spec-
ified. That choice allows to simulate a smaller number
of bubbles, i.e. it decreases the computation time of the
simulation. It implies also an important assumption that
surface arrangement of the bubbles is isotropic i.e. any
10µm × 10µm area of the irradiated sample is indistin-
guishable. Table 3 collects all of the model parameters
used in the simulation. The first set of parameters charac-
terize mechanical and thermo-optical properties of vac-
uum deposited Aluminum on UBS’s Upilex − S R© foil.
Second set specifies values of the parameters which have



Figure 3. Electron microscope pictures of probes A1
(top), A2 (middle), and A3 (bottom).

been used to fit the model to the experimental data pre-
sented here.

To fit the proper gradient of bubble growth, the α parame-
ter was set to 0.6, see Eq. 18. Comparison of the average
bubble size of the experimental and numerical findings
are drawn in the top plot of the Fig. 4. The ξ parameter
was set to 0.98. It determines the height of the curve. A
decrease of the specular reflectivity of the foil as a func-
tion of time is shown in the middle plot of the Fig. 4. The
decrease of the reflectivity is 3.0, 3.2, and 4.6 % in com-
parison to the non-irradiated foil for 4.75, 5.0, and 7.9 tS,
respectively. At the end of the simulation, the decrease
of the reflectivity is 8 %. Clearly, the larger the bubble
sizes, the larger the specular reflectivity decrease ∆R in
comparison to the non-irradiated foil. A distribution of
the bubbles at the end of the simulation (tS = 16 days) is
drawn in the bottom plot of the Fig. 4. Most of the bub-
bles have a typical size in range 0.26 to 0.28 µm, there
are only a few which have sizes larger than 0.3 µm.

Table 3. Model parameters
Symbol Value Description
% 2.7 [g cm−3] Al density
M 26.98 [g mol−1] Al molar mass
E 69 × 1010 [dyn cm−2] Al Young modulus
γ 0.33 Al Poisson coefficient
εH 0.52 [eV] H migration energy in the Al lattice [8]
εH2

0.06 [eV] H2 binding energy to a vacancy in Al [9]
αS 0.093 solar absorptance
εt 0.017 normal emittance
BS 0.02 H+ back scattering factor [15]
A 10µm × 10µm irradiated area
T 323 [K] sample’s temperature

ηmax(s) 0.5 H2 lattice
H lattice ratio

ξ 0.98 H2 bubbles
H2 lattice ratio

α 0.6 bubble growth parameter
NB 108 cm−2 number of bubbles per unit area

5. CONCLUSIONS

It has been proven that thermodynamic model is a flexi-
ble tool to simulate and to reproduce the real growth of
the molecular Hydrogen bubbles. However, the estimated
α and ξ parameters are applicable only for the here pre-
sented experimental findings. These parameters depend
on type and temperature of the irradiated material. There-
fore, change of the material type and the experimental
conditions requires a new validation of the model.

The time evolution of decrease of the specular reflectivity
∆R is a model prediction. It is highly required to perform
experimental confirmation of that findings, since the real
reflectivity decrease can differ from that estimated here.

The thermodynamic model requires further improve-
ments. The considered aging factor, the solar protons, are
not the only one which can influence the bubble growth
process. The solar wind is also essentially made up of
electrons and small proportion of heavier ions [10]. Ad-
ditionally, electromagnetic radiation in the lower wave-
length range has to be taken into consideration. These



Figure 4. Time evolution of an average bubble radius
from the population (top plot), specular reflectivity de-
crease due to bubble growth (middle plot), bubble size
distribution at a 100 µm2 at the end of the simulation
(bottom plot).

degradation factors can slow down the bubble growth.
The growth deceleration can be explained as follows. Hy-
drogen molecule dissociate at the energy of 4.5 eV [2].
The dissociation may be caused by the UV-light at wave-
lengths ≤ 274 nm. The H2 gas within the bubbles can
then be partially dissociated, and H atoms can diffuse
easily through the bubble caps. As a result the bubble
growth process may slow down. The deceleration can be
strengthened by heavier ions generated by the Sun e.g.
α-particles. Their diameter is much larger than that of
protons or electrons, hence, collisions between the H2

molecules and the α-particles within the bubbles can ad-
ditionally increase the dissociation efficiency.

The present condition for the bubble crack mechanism,
Eq. 9, assumes that the pressure outside the bubbles is
negligible small. Under the real space conditions the
electromagnetic radiation will exert a pressure on the
caps, hence, their sizes may be smaller. On the other
hand, bubble caps loose thermal contact with the base
material and they become overheated [1]. As a conse-
quence the caps can brake and the H2 gas can be released.
That aspect of the blistering process needs to be exam-
ined.

By these reasons further experimental studies are
planned. First, the temperature range in which the bubble
formation takes place has to be evaluated. Afterwards,
the mentioned influence of the UV-light on the bubble
growth dynamics will be studied.
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