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Abstract

lodine becomes increasingly popular as alternative propellant for electric propulsion
(EP) systems offering several advantages over established xenon. However, iodine

is also a reactive and corrosive element. Thus, a careful material selection for the EP
system itself, but also for components employed on the satellite is required in the
light of typical space mission durations of several years. Here, we carefully define an
approach for mimicking long-term interaction of material specimens with iodine in a
space environment. The space conditions cover typical iodine atmospheres (10" to
10~ *Pa), which occur in the vicinity of a satellite employing an iodine-fed EP system,
and exposure times, which correspond to 10years of mission duration. The approach
is used to expose a wide range of metal specimens commonly used on spacecraft to
iodine. Chemical modifications of the surfaces of the treated samples are analyzed by
x-ray photoelectron spectroscopy (XPS). The elemental metals Fe, Ti, Al, and Nb chemi-
cally react with iodine, whereas the elemental metals Ni, Cr, Ta, W, and Mo are basically
inert. The stainless-steel and aluminum metal alloys show the same behavior as the
corresponding dominant elemental specimens, i.e, Fe and Al, respectively. Some-
what surprisingly, Cr as constituent in stainless steel reacts with iodine, in contrast to
elemental Cr. Nevertheless, our studies reveal that long-term exposure to low-pressure
iodine atmospheres is not critical for the macroscopic structural integrity of all tested
specimens even over space mission durations of several years. The reaction with iodine
is macroscopically a surface effect, which mainly affects the optical appearance.

Keywords: Electric propulsion, lodine corrosion, Alternative propellants, lodine
atmosphere

Introduction

During the last decade electric propulsion (EP) systems, have developed from a niche
technology into a mass product [1] enabling a large variety of scientific and commercial
space missions. EP systems are used today on satellites ranging from nanosatellites [2]
to large satellites [3] and are even considered as main propulsion systems for manned
deep space missions [4]. The most widely used propellant in EP is the heavy noble gas
xenon. However, xenon is a scarce resource and, therefore, expensive. Iodine is a pos-
sible alternative, since it is also a heavy atom, but much cheaper than xenon. In addition,
no pressurized storage tanks are required for iodine, which further reduces the total
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costs and enables an easier implementation into small satellites [5, 6]. Recently, Rafalskyi
et al. [5] demonstrated the first satellite with an iodine-fed propulsion system in space.
Satellites of mega constellations or cube sats are likely candidates to be equipped with
iodine-fed EP systems. Therefore, it may be anticipated that the number of iodine-fed EP
systems will significantly increase in the near future, in particular, if the potential danger
of the corrosive nature of iodine can be controlled. Dedicated studies for assessing the
effect of an iodine-rich space environment on typical materials used by space industry
on satellites need to be conducted. An important aspect in this context is the definition
of iodine-rich space conditions and their realization in terrestrial experiments since the
reactivity of iodine may be strongly influenced by the presence of other substances. For
example, water, which is typically not present in space, enhances the reactivity of iodine
immensely [7].

General corrosive effects of iodine have been extensively investigated in the late twen-
tieth century in the context of nuclear power plants [8—12]. Obviously, these studies did
not mimic the particularities of space environments anticipated for iodine-fed satellites.
In recent years, in the light of iodine as alternative EP propellant, first new studies were
conducted to investigate the effects of iodine on materials used in the space industry
[13-16]. These experiments have shown that iodine vapor can erode a wide range of
materials on rather short time scales compared with typical spacecraft mission times of
several years [17]. These experiments were mostly performed with dense iodine vapors
or with a gas mixture, e.g., of iodine and an inert gas, with high iodine partial pressure.
Such conditions correspond to those inside propellant feedlines and the thruster itself.
However, these publications have not dealt with the effects of iodine on the outer sur-
faces of the satellite where the iodine densities or partial pressures are much lower. By
expelling iodine, the amount of iodine in the spacecraft’s surroundings is increased. The
entire outer shell of the spacecraft will be in contact with the residual iodine. At such
low iodine partial pressures, the exploratory focus is altered. The research question of
interest is no longer whether a material is eroded by iodine, but rather how long may
this material endure exposure to iodine without loss of structural integrity or the desired
function.

In this work, we focus on the corrosive effect of iodine on a wide range of different
metals. The exposure conditions used mimic the low-pressure environment in space
experienced by satellites with iodine-fed EP systems over long mission durations. The
first section explains and justifies how the space conditions are realized by terrestrial
experiments. Furthermore, it gives details of the experimental setup and the samples
studied. The following section presents the results of the analysis of the effect of iodine
on the specimens studied. The last section summarizes the results and concludes the

paper.

How to mimic space environment of satellites with iodine-fed EP systems?

Standard spacecraft components during satellite operation experience typically tem-
peratures between —100 and+100°C [18]. Higher temperatures generally promote
chemical reactions; hence, we chose the upper limit of +100°C in our experiments as it
presents the worst-case scenario. Furthermore, when operating an iodine-fed EP system,

different parts of the satellite are exposed to different iodine partial pressures. Typical
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partial pressures inside the propellant feed system will be 2 to 6 kPa [5] and inside of the
thruster about 1 to 2.5 Pa [19]. Outside the thruster, typical iodine partial pressure inside
the plume will be about 1e-3Pa and will decrease with increasing distance from the sat-
ellite down to high vacuum conditions. A corresponding situation is illustrated in Fig. 1.
A prerequisite for a chemical reaction to occur is that the reaction partners come into
contact. This implies microscopically that a collision between the reaction partners takes
place. In our case, one of the reaction partners is a surface atom, which is bonded to
other atoms of the solid, whilst the other one is a microscopic species of the atmosphere
surrounding the satellite and colliding with its surface. Basically four microscopic spe-
cies are generated by the electric thruster operating with iodine as propellant, for exam-
ple, a radiofrequency ion thruster (RIT). These are the neutrals atomic I and molecular
I, and the corresponding ionized species I and I,*. Molecular and atomic iodine ions,
I and I,", play a minor role in the context of surface erosion by the atmosphere as the
plasma of an ion thruster is usually a low-temperature plasma. For example, global mod-
elling of RITs operating with iodine as propellant reveals that only a few percent of the
species inside the plasma vessel are ionized, the others are the neutral species [20, 21].
The same can be assumed for the species exiting the plasma vessel, either by diffusion
or extraction by the grid system of the RIT. The main difference between ionic and neu-
tral species is that the former move away from the thruster at high speed, typically sev-
eral 10km/s. Thus, the likelihood for ionic species to return to the satellite is rather low,
in particular, as the ion beam is also neutralized by electrons. Therefore, ions will only
cause erosion or sputtering if the ion beam extracted from the thruster directly hits the
satellite surfaces. This will only occur unintentionally or by system failure. However, ion
sputtering experiments on metallic and other samples demonstrate that, at typical ion
energies of 1000eV, the effect of ion etching by It and Xe™, which possess compara-

ble mass, is rather similar. Xenon ions are used for comparison as Xe is the still most

. \\ p(lz) < 1e™ Pa

p(l2) = 1™ Pa

Fig. 1 A sketch of a satellite operating an iodine-fed electrical propulsion system. Typical iodine partial
pressures are indicated
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commonly used EP propellant. The similarity of the etching results implies that the etch-
ing process is not chemical, but dominantly physical by collisions [22]. Thus, the neutral
species dominate the chemical behavior of the iodine atmosphere fed by the thruster
and surrounding the satellite. There are the two types of neutral species which form the
atmosphere around the satellite, molecular I, and atomic I. In the iodine plasma inside
a RIT, both neutral species occur in roughly equal numbers whereas in our iodine gas
treatment we have almost 100% I,. In the atmosphere surrounding the thruster, the
atomic iodine will react to I, upon collision of atomic iodine, thus, will be lower than
inside the thruster. However, it cannot be ruled out that in the steady state established in
the atmosphere atomic iodine is still present. The fraction of iodine in the atmosphere,
will depend on the operational conditions of the thruster and the mission scenario. If the
thruster is not operated, the atmosphere will turn into an I, gas. We will show that this is
not important in our considerations because the thermo-chemical considerations yield
for the reaction of both species with the metals large and negative changes of the Gibbs
free energy indicating that almost every collision triggers a chemical reaction and a back
reaction is extremely unlikely. Therefore, a treatment of the metal surfaces with pure I,
gas or a I, with a fraction of I should yield comparable results. Therefore, we only con-
sider I, as reaction for the metals in what follows.

As pointed out above, a collision of an I, molecule with the surface is a prerequisite for
the I, molecule to undergo a chemical reaction with the metal atoms of the surface. At
low temperatures, the I, molecule may even be adsorbed. However, at the chosen tem-
perature of 100°C, the saturation vapor pressure is p* =6 kPa, which is much higher than
the anticipated pressure in the satellite surroundings. Therefore, adsorption of iodine on
the surface may be ruled out and the dominant contact mechanism of iodine molecules
and the surface will be by collision. Not every collision leads to a chemical reaction.
However, the likelihood of a chemical reaction to occur in a given time span is propor-
tional to the collision frequency of the gas molecules with the surface per surface area,
i.e., the particle current density and the exposure time At. The particle current density
Jcollision iMmpinging on the surface can be described assuming that the ideal gas equation
is valid [23],

p 8kpT
4kg T M

Jcollision = [collisions per s and m> (1)

where T is the absolute temperature, p the partial pressure of the gas species, here
iodine I,, k the Stefan-Boltzmann constant, and M is the molecular mass of the gas spe-
cies (254 u=4.22e-25kg in case of I).

The terrestrial experiments mimicking the effect of iodine on a solid will be performed
with the solid located inside a vessel of volume V with a gas mixture of iodine and the
noble gas argon (see Fig. 2). Considering that no chemical reaction takes place between
chemically inert Ar and I, in the gas mixture, both species are individually describable
by the ideal gas equation p,;V = NkgT (i =1, 2), where p; and N; denote the partial pres-
sure and the number of particles, respectively, of species i inside V. Total pressure is the
sum of the partial pressures p,, = p; + p,. This relation holds for gas mixtures of iodine
and argon, despite the strong reactivity of iodine, if we assume an ideal gas solution.
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Fig. 2 Laboratory experiments for realizing different space scenarios representing the conditions in the
surroundings of a satellite with an iodine-fed EP system. The samples are treated at 100°C in a sealed glass
vessel containing a defined amount of iodine and argon. The vessel V was loaded inside a glove box with
adry argon atmosphere at room temperature with the desired amount m of solid iodine and the cleaned
samples, afterwards it is sealed. Heating the sample up to 100°C allows one to fully or partially evaporate the

iodine yielding partial pressures of iodine p < p*

At 100°C (373K), iodine confined in a vessel of finite volume V will have a saturation

vapor pressure of about p* =6kPa as iodine partial pressure, as long as the inequality

m/V > (M-p*)/(Na-kg-T) 2)

holds for the mass m of solid iodine stored inside the finite volume V. Partial pressures
of iodine gas inside the reaction vessel, which are lower than its saturation vapor pres-
sure p*, can be obtained, if the mass m is smaller than that yielding equality in Eq. (2). In
these cases, all the iodine in the vessel is in the gaseous state and its partial pressure is

given by
m-T-N -kp
PETVo ®

Here, the number of surface atoms of the solid reacting with the impinging iodine
molecules at a given temperature 7 is to a first approximation proportional to J-yjision
o p (where p denotes the partial pressure of iodine) and the exposure time At. This
implies that pairs (p,Af) yielding the same value for the product p-At will have a simi-
lar effect on the surface. The approximation is particularly suitable to mimic the effects
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in low-pressure iodine environments over long periods of time, as experienced in space
missions, by choosing higher pressures and shorter exposure times in the terrestrial
experiments.

At 100°C (373 K), iodine reaches its saturation vapor pressure p* of about 6 kPa only
if a sufficient amount of solid iodine is located in the finite volume V. The correspond-
ing Je,uision Multiplied with an exposure time At = 3h leads to a value of about 6e29
collisions per m? with a solid surface in contact with the gas. The same total number
of collisions per m? is obtained for another (p,Af)-pair, namely p =0.1Pa at 100°C
and At =10years, which is typical for what satellite components outside, but in the
vicinity of the iodine-fed EP system, may experience.

In this fashion, we designed a set of exposure experiments intended to mimic the
effect of iodine on outside satellite components for environmental iodine partial pres-
sures p of le-2, le-3, and le-4Pa and a mission duration of 10years. This is achieved
by reducing the partial pressure of iodine inside the reaction vessel by increasing its
volume V or by reducing the amount of iodine m inside the vessel according to Eq. (3)
or by reducing the exposure time A¢.

Some additional aspects need to be considered to justify our approach. A reduction
of the iodine partial pressure reduces the number of collisions very effectively, but a
reduced partial pressure (below the saturation vapor pressure) has also an influence
on the chemical reactions from a thermodynamic point of view going beyond the
ideal gas approximation. A chemical reaction will be exergonic (spontaneous) only,
if the change of Gibbs free energy is negative, i.e., free energy is released over the
course of the reaction. The change of Gibbs free energy for a specific chemical reac-

tion (A,G”) at temperature T is given by
AGT = v AG] (4)

Large negative values of A,G” indicate a self-driven (more exergonic) reaction. At con-
stant pressure and constant temperature, the Gibbs free energy for the reaction depends
only on Gibbs free energy (AfGT) and molar coefficients (v,) of the reactants and products
involved in the chemical reaction. The molar coefficient for the reaction educts is of a
negative sign whereas that the reaction products is positive by convention. The standard
enthalpy of formation AgH" and standard entropy S for all kinds of substances, e.g., Lygp
Fel,, etc. can be found in the literature for the temperature 7 of interest [24]. This data
is used to calculate the available energy (A;G' =AH —T'ST). Above, we have assumed
that the outcome of the exposure experiment is the same if the product of p-At is equal
for the two scenarios and the temperature kept constant. This implies that the change
of Gibbs free energy A,G according to Eq. (4) for the surface reaction involving iodine is
independent of iodine partial pressure. Nevertheless, the validity and the boundaries of
this assumption needs to be verified. The molar coefficients v; do not depend on iodine
partial pressure. However, the Gibbs free energy of iodine exhibits a dependence on par-

tial pressure for iodine in its gaseous form:

P(12)>

(5)

C

A¢GY () = A¢GT (L) + RT - In (
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Table 1 The change of Gibbs free energy for gaseous iodine at different iodine partial pressures for
p‘=10°Paand T=100°C. Values are given in kJ/mol

p(l,) [Pa] RTeln ( % ) AG™ (1, p(l,))
1e-04 —64.27 —104.20
1e-03 —57.12 —97.06

1e-02 —49.98 —89.92

1e-01 —4284 —82.78

15 —27.30 —67.24

200 —19.27 —59.21

2000 —12.13 —5207

6000 —8.72 —48.66

Table 2 Calculated values of Gibbs free energy (A,GT) at 100°C of possible iodine reaction scenarios
following Eq. 6. Literature values for AG' are taken from [24] and are given in kJ/mol

Product All; Crl, Crly Cul Fel, Mgl, Mol, Nil, Til, Znl,
p(l,) [Pa]

Te-04 —2026 —1069 —1133 —417 =575 —3040 —49.7 =252 —2575 —1474
1e-03 —2133 —1121 —1240 —453 —646 —311.1 =568 —324 —2718 —1545
Te-02 —2240 —1193 —1348 —488 —717 —=3182 —640 =395 —286.1 —161.7
Te-01 —2347 —1264 —1455 —-524 —789 —3254 711 —466 —3004 —1688
15 —2580 —1420 —1688 —602 —944 —3409 —-866 —622 —3314 —1844
200 —2701 —1500 —1808 —642 —1025 —3489 —-947 —702 —3475 —1924
2000 —-2808 —1571 —1915 —678 —1096 -—3561 —1018 —774 —3618 —1995
6000 —2859 —1605 —19%6 —695 —1130 —3595 —1052 —808 —3686 —2029

AG"(Product) —3716 —2219 —2805 —1084 —1740 —4223 —1666 —1429 —4793 —269.1

where R is the ideal gas constant, p(I,) the partial pressure of iodine inside the reaction
vessel, and p° is the reference pressure of the standard conditions (10°Pa). The effect of
the additional term is given in Table 1 for different partial pressures of iodine.

In this work, we consider the reaction of gaseous iodine with a solid metal A. As exam-
ple, the chemical reaction between Fe and I, can be written as Fe() + 1, — Fely). The
molar -coefficients are —1, —1, and 1, respectively from left to right. Hence, Eq. 4 is

rewritten as:
A:GT (Fely) = ArGT (Fely) — ArGT (Fe) — A¢GT (I, p(L2)) (6)

The literature values for AJGT of the substances at T =100°C are — 174.0kJ/mol
and — 12.3kJ/mol for Fel, and Fe, respectively. The tabulated values for AG (I,
p(1,)) at the different iodine partial pressures are given in Table 1. We find that A,G*
is always negative, thus, the reaction is exergonic. Furthermore, A G(Fel,) is only
about 16% lower at a partial iodine pressure of 15Pa compared to the value at 6kPa
partial iodine pressure, which is the saturation pressure of the test conditions. A
change of this magnitude is to a first approximation negligible in terms of chemical
reactiveness, since the reaction remains strongly exergonic in all conditions. Nev-
ertheless, reducing the iodine partial pressure by multiple orders of magnitude, as
present in space, leads to a significant reduction of A G and, therefore, a less, but
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still, exergonic reaction. Conclusions similar to those drawn from the Fel, reaction
hold true for all expected products as shown in Table 2. Conducting the same calcu-
lation for atomic iodine using the corresponding thermo-chemical data [25] yields
the same trends for A,GT with 1.5 times higher values. As pointed out above, this
means in both cases that the back reaction is suppressed. Whether the reaction of
the metal with I or I, is more likely cannot be decided based on the corresponding
A,GT values.

Another aspect, which we ignore in the design of the experiment, is that during
exposure the sample surface is converted into reaction products, i.e., less metal atoms
per m? are available as reaction partners as the exposure progresses. Our scaling law,
which assumes that scenarios with the same (p-At) yield similar effects, may no longer
be valid, if the chemical reaction region extends deep into the interior of sample as
the transport of iodine within the solid will very likely depend on At despite the same
T. Thus, the exposure experiments conducted are the more representative for the
long-term exposure to iodine under space conditions, the thinner the surface region
where the chemical reaction takes place. As will be seen later, this condition is ful-
filled for all samples analyzed in this work. The maximum thickness found after treat-
ment with the harshest conditions (scenario 4) is about 20 um.

The assumption that the saturation pressure of iodine is independent of the pres-
ence of Ar in the gas mixture inside the reaction vessel is an approximation only. The
presence of an argon atmosphere alters the phase diagram of iodine only slightly. The
correlation between saturation vapor pressure p* and the total pressure p,,, in a gas
mixture is expressed by the inequality

31n (p*)
— =0. 7
dprot @

Equation 7 shows that by increasing p,,, the vapor pressure may increase. Hence,
the iodine vapor is possibly somewhat denser in the presence of the argon atmos-
phere in the exposure experiments than it would be in the presence of vacuum. This
implies that the damage in space due to corrosion will be slightly overestimated.

In summary, the reaction of iodine with a sample depends mainly on the colli-
sion frequency and the chemical potentials. In case of metals reacting with iodine,
the impact of the partial pressure p and the type of species I, or I on the chemical
potentials and thus on the likelihood of the reaction taking place is rather small as the
reactions are very exergonic. Thus, samples treated in scenarios A and B according to
the relation (p,-At,) = (pg-Aty) where p; (i = A, B) is the iodine pressure and At the
exposure time in each case will not show quite the same degree of corrosion despite
the same number of collisions of iodine molecules with the surface during exposure.
However, the discussion shows that the degree of erosion of the sample treated in
scenario A must be higher than in scenario B, if p, > pg. Therefore, our approach of
mimicking the damage at low pressure p; and long duration Az (i.e., during a space
mission) by exposure experiments at higher p, and shorter duration At, (i.e., in the
laboratory) yields an upper limit for the degree of damage caused during the space
mission, as the assessment of the damage is based on the sample treated in scenario
A. In this sense, simulating long-term and low-pressure cases in space by short-term
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and high-pressure cases in laboratory is justified. However, it needs to be kept in
mind that the results give an upper boundary for the severity of the corrosion effects,

i.e., this intrinsically gives a safety margin.

Experimental setup
We studied a variety of elemental metals as well as metal alloys. The composition of the
metal alloys are listed in Table 3.

Iodine exposure experiments were conducted in four different scenarios correspond-
ing to four different (p-At) values to mimic space flights of 10years in environments
with iodine partial pressures of 1e-4, le-3, 1e-2, and le-1Pa. A comparison of the condi-
tions in space and those used to simulate them in the laboratory are given in Table 4. It
should be noted that the realization in the laboratory employs a gas mixture of iodine
and argon. The partial pressure p of I, in the reaction vessel is listed in the table, that of
Ar was constant at about 10° Pa in all scenarios. As discussed in the previous section, the
presence of Ar does not affect the outcome of the experiment.

The workflow of the exposure experiments including the subsequent XPS character-
ization is shown in Fig. 3. The metallic samples with sizes of 11 mm x 11 mm x 2mm
were ultrasonically cleaned in isopropanol, prior to inserting them into the glass

Table 3 List of samples studied. Top list: stainless steel, aluminum, and titanium alloys of various
compositions (data from 1SO standards). Only the mass fractions of the dopant constituents are
listed, not of the hosts, i.e, iron (Fe), aluminum (Al), and titanium (Ti). Bottom list: elemental metal
samples and their purity (given by the supplier)

Alloy name Maximal mass fraction of alloy element
Stainless steel

1.4404 17.5% Cr, 12.5% Ni, 2.5% Mo

1.4544 19.0% Cr, 12.0% Ni, 0.7% Ti

1.4546 19.0% Cr, 11.5% Ni, 1% Nb

14571 18.5% Cr, 13.5% Ni, 2.5% Mo, 0.7% Ti

14301 19.5% Cr, 10.5% Ni

1.4401 18.5% Cr, 13.0% Ni, 2.5% Mo
Aluminum alloys

EN AW-5754 0.2% Zn, 3.6% Mg, 0.1% Cu, 1.3% Si

EN AW-6082 0.2% Zn, 1.2% Mg, 0.1% Cu, 1.3% Si

EN AW-7075 6.1% Zn, 2.9% Mg, 2.0% Cu, 0.4% Si
Titanium

Ti 2 (3.7035) 0.3% Fe, 0.08% C, 0.03% N, 0.25% O
Element Name Bulk Purity
Elemental Samples

Al > 97.5%

Cr 99.99%

Fe 99.5%

Mo > 98%"°

Nb 99.9%

Ni 99.99+%

Ta 99.9%

W > 98%°

? based on our analysis of the XPS survey spectra
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Table 4 Conditions in space and those used to simulate them in the laboratory experiments. In the
laboratory experiments a gas mixture of iodine and argon is employed. The partial pressure p of I, in
the reaction vessel is listed, that of Ar was about 10°Pa in all scenarios. In scenario 4, the ratio m/V
fulfills the inequality in Eq. (2), i.e., p = p* for iodine

Space conditions Lab conditions Realization

@100°C @ 100°C

p At p At m v

[Pa] lyl [Pa] [min] [l [mL]
Scenario 1 le-4 10 15 36 1.3e-3 1062
Scenario 2 le-3 10 200 30 1.74e-2 1062
Scenario 3 le-2 10 2000 30 0.174 1062
Scenario 4 Te-1 10 6000 180 1 135

reaction vessel. The desired amount of solid iodine was added. The entire loading pro-
cess took place at ambient temperature inside a glove box with a dry Ar atmosphere
to exclude contact of the samples and the high-purity iodine with air and humid-
ity as, in particular, iodine is hygroscopic [26]. The iodine used was provided by Th.
Geyer Company was of 99.999% purity. The argon atmosphere inside the glove box
was not directly monitored; however, a flow of pure argon and a bowl of dry beads
reduced the O, and H,O content to a minimum. After loading, the glass reaction ves-
sel inside the glove box was sealed with a glass lid and a rubber seal. Thus, it contains
the Ar atmosphere, the samples, and the solid iodine. The sealed reaction vessels were
removed from the glove box and placed inside a preheated oven at 100°C where the
iodine evaporates (i.e., only partially in case of scenario 4) yielding the desired iodine
partial pressures given in Table 4. After the desired exposure time, the sealed ves-
sels were taken out of the oven for cooling down. Afterwards, the reaction vessel was
transferred back into the glove box. There, the samples were removed from the vessel
and stored in the Ar atmosphere to evaporate residual I,. All characterization experi-
ments took place in the absence of air, either inside the glove box or in vacuum. The
gravimetric analysis was performed on the balance inside the glove box. In case of the

a) b)

23°C 1e5PaAr 100°C 1e5PaAir  23°C ~1e-6Pa

T
(p*At) = 3.2e4 Pa*s| |
(p*At) = 3.6e5 Pa*s,

(p*At) = 3.6e6 Pa*s;
*At) = 6.5e7 Pa*s |

~ Space conditions |

Time - t [years]

Sample A p(lz) detector  X-rays
B Solid|, of vaporous I,

, :1.\ :
3 L
. G \# ° . ‘ . " :

. . .
1E4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4
lodine partial pressure - p(l,) [Pa]

Lab conditions

1 Ay

“jild . 2
p(lz2) =15 Pa p(lz) =200 Pa p(lz) =2 kPa p(lz) = 6 kPa

Fig. 3 aTop: Workflow of the sample exposure to iodine and subsequent characterization by XPS. Bottom:
Photographs of iodine vapor of different density inside the reaction vessels in scenario 1 (left) to 4 (right).
The partial pressures of iodine realized are given below the photographs. b Plots of exposure time At versus
logarithm of the iodine partial pressure p for constant (p-At) for the four test scenarios. Space conditions and
laboratory conditions are indicated on the curves
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XPS experiments, a transfer module was used to insert the sample into the XPS with-
out contact to air and humidity.

The color photographs of the interior of the glass reaction vessel heated to 100°C
reveal how the optical transparency of the iodine vapor decreases and the purple color
intensifies with increasing iodine partial pressure, when going from scenario 1 to 4. The
right graph shows the plots of constant (p:Af) which connect the laboratory conditions
of scenario 1 to 4 with the corresponding space conditions.

The XPS measurements were conducted with a PHI Versaprobe II spectrometer at
room temperature. A monochromatic Al-K, (1486.6eV) x-ray anode provides the excita-
tion at an angle of 45 to the surface normal in an ultra-high vacuum environment (pres-
sure of about 10~ ®Pa). Narrow-range spectra of the core level signals were recorded
with a pass energy of 23.5eV at an energy resolution of 0.2eV, while the survey spectra
were recorded with a pass energy of 93.9eV and an energy resolution of 0.8eV. From
each sample, narrow-range spectra were measured of the core levels O 1s, C 1s, and I
3d. Additionally, spectra of the core level regions of the constituting elements, e.g., Al
2p, Cr 2p, Fe 2p, Mo 3d, Nb 3d, Ni 2p, Ta 4f, Ti 2p, and W 4f depending on the sample
composition, were recorded. Set of measurements were recorded at the surface of the
sample, after 120s, and after 240s of Art-etching with 1kV acceleration voltage. The
etching depth is in the order of nm (< 10 nm). Charge neutralization was achieved during
etching and data collection by compensating the positive charges from the Ar™-gun by
negative charges from an electron-gun. The collected XPS data was analyzed using the
CasaXPS"™ software. The spectra S, (E) and S,,,..q(E) were post-referenced to the peak
position of adventitious carbon (284.8eV). All spectra were background corrected with
a Shirley-background B(E) and fitted with multiple Voigt-functions of a 60% or 30% Lor-
entz quota to analyze the energy position and area of the core level signals. The metal-
lic signals were fitted with a Lorentzian asymmetric line shape according to the given
references.

The spectra of the reference and iodine treated sample, S, (E) and S,.,.q(E), are com-
bined to a difference spectrum AS(E) which highlights the changes caused by the iodine
treatment. The difference spectrum is calculated as follows

2- [(Streated — Bireated) — (Sref - Bref)]
Streated + Sref

AS =

(8)

The calculation of AS does not include any normalization, because it was not possi-
ble to generate comparable result for all materials. Consequently, the calculation proce-
dure has the disadvantage that it does not compensate a reduced detection signal by a
damping iodine layer. Thus, we generally expect a slightly negative area, if an iodine layer
without chemical reaction in form of I, covers the surface.

The portions of solid iodine inserted into the reaction vessels and the metallic sam-
ples prior and after iodine exposure were weighed inside the glove box using a Mettler
Toledo AB analytical balance with an accuracy of 0.1 mg.

The time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements
for determination of iodine diffusion were performed with a M6 Hybrid SIMS instru-
ment (IONTOF GmbH) equipped with a 30keV Bi cluster primary ion gun for analysis.
All ToF-SIMS measurements were conducted in negative ion mode using Bi;* ions as
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primary ion species since iodine forms predominately negative ions in SIMS analyses.
The depth profiling was realized by using an additional dual-source column, which was
operated with 2keV Cs™ in a non-interlaced mode (sputter current about 100nA). Meas-
urement cycle of ToF-SIMS depth profiling with alternating analysis and sputtering steps
results in diffusion profiles, mass spectra, and 3D mass image maps. Charge compen-
sation was realized by flooding the surface with low-energy electrons for 3s between
each analysis and sputtering step. The following signals were used for mass calibration:
F~, C,7, ST, Cl7, C57, I,™. For analysis, the primary ion gun was operated in the spec-
trometry mode (bunched mode). This operation mode enables simultaneously a high
mass resolution (FWHM m/Am >6000 at m/z 126.90 (I7)) and high signal intensities.
The primary ion current was about 0.6—-0.65 pA and the cycle time was set to 70 us. An
analysis area of (50 x 50) um?* was chosen inside the (250 x 250) um? crater (created with
40 frames per sputter step) and rasterized with 128 x 128 pixels at 1 shot per pixel and
frame. The data analysis of the ToF-SIMS measurements was carried out with the Sur-
face Lab Software version 7.2 (IONTOF GmbH, Muenster, Germany).

After the depth profiling, the sputter crater depths of the Scenario 3 samples were
determined with a PLu neox 3D (Sensofar, Terrassa, Spain) confocal microscope. The
obtained depth values were used to calibrate the sputter time axis and to determine the
erosion rates for the different metals.

Results

Analysis of elemental metals

Figure 4 shows photographs of the elemental metal samples in the untreated state and
after iodine treatment according to scenario 4, the roughest scenario, corresponding to
10years of exposure in an iodine atmosphere of 0.1Pa in space. The optical appearance
of the elements Al, Fe, Ni, and Ti changed significantly during iodine treatment, suggest-
ing that chemical reactions with iodine take place at their surfaces during treatment. The
elements Cr, Mo, Ta, Nb, and W seem to have reacted much less with iodine, since their
optical appearance did not change notably.

Further clarification of the chemical effect of the presence of iodine in the atmosphere
surrounding the metal samples is obtained by comparing the XPS data of a correspond-
ing untreated sample and one treated according to scenario 4 representing an upper
boundary for 10years in space in an iodine atmosphere of 1le-1Pa. We do not expect
iodine to react with the elements bonded to oxygen, since oxygen is a stronger oxidiz-
ing agent than iodine. Therefore, the focus during spectra comparison lies on the behav-
ior of the elemental signal. Fig. 5 shows three examples of samples which exhibit strong
changes of the optical appearance on iodine treatment, i.e., Ti, Al, and Fe.

Ti Al

Pristine B3 \ \

Scenarlo 4 . ! - @ . .
5 I

Fig. 4 Photographs of the different elemental metals in the untreated state and after treating according to
scenario 4
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Fig. 5 XPS spectra of Ti (left), Al (center), and Fe (right) recorded from (a) an untreated reference sample and
(b) an iodine-treated sample according to scenario 4. (c) shows the difference spectra according to Eqg. (8).
The XPS spectra of Ti, Al, and Fe were recorded in narrow-ranges about the Ti 2p, Al 2p, and Fe 2p core level
signals, respectively, after 240s of Art etching

The Ti sample showed the most severe changes of surface appearance after iodine
treatment (see Fig. 4). The XPS spectra of the treated and untreated Ti sample were
recorded in the vicinity of the Ti 2p core level signals which are sensitive to the bonding
environment and analyzed according to Ref. [27]. The XPS spectrum of the untreated
Ti shows four spin doublets in the Ti 2p range. The turquoise peak (Ti(0)) with a bind-
ing energy (BE) of about 454€V and the brown peak (Ti(0)) shifted by 6.1eV to higher
BE values form the doublet 2p;, and 2p, ,, of metallic Ti. The black/red peak doublet
(459eV and 464¢eV) is assigned to Ti(IV) oxide, i.e. TiO,. The other two 2p doublets are
indicative for other titanium oxides Ti(II), i.e. TiO (2p;,, at 456¢€V, 2p,,, at 461€V) and
Ti(III), i.e. Ti,O4 (2p5,, at 457 eV, 2p, , at 463 eV). On the surface without Ar" sputtering
(spectrum not shown), the dominating oxide species is TiO, as expected for titanium
stored in ambient atmosphere. The cleaning procedure (in an ultrasonic bath) used does
not affect the oxide. A distinct signal of Ti(0) was also detected. The presence of differ-
ent titanium oxides in the reference XPS spectrum shown is not surprising because the
Ar™ sputtering (here 240s) causes preferential etching in case of TiO,, i.e., the oxygen
content is reduced in the ion etching process.

After treating the sample with iodine, the XPS spectrum has changed significantly. The
spin doublet of the metallic Ti (Ti(0)) is no longer visible and the relative signal strengths
of the other spin doublets is altered. The relative strength of signals of spin doublets of
Ti with higher oxide numbers has increased. The disappearance of the metallic Ti(0) sig-
nals and an increase, especially, of the Ti(IV) signals are explained by the reaction of
the sample with iodine as there is no additional oxygen in the reaction vessel present
which may react with the sample. Thus, the alteration of the signals originate from to the
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formation of titanium iodides. For example, the increase of the Ti(IV) signal is explained
by the formation of titanium(IV) iodide (Til,). Til, is a red-brown solid, which agrees
with the observation of the change of the optical appearance of the treated sample com-
pared to the reference sample. The XPS trends can be seen even more clearly in the dif-
ference spectrum. The metallic signals strongly decrease (black curve), while the signals
at positions where titanium iodides are expected experience a significant increase in sig-
nal strength (red curve). Thus, the XPS spectra reveal the strong reactivity of titanium
with iodine despite the supposedly protective oxide layer. This is probably a sign that the
native oxide has not formed a closed film.

Both elemental samples, that of aluminum and that of iron, also show distinct color
changes after iodine treatment (see Fig. 4). The XPS spectra for Al and Fe were recorded
in the regions of the corresponding 2p major core level signals. The Fe spectra are evalu-
ated according to Ref. [28] Since Fe has a very complex peak structure with multiple
peak doublets for the species of Fe(0), Fe(I), Fe(Il), Fe(IlI) and additional satellites (with
partly overlapping BE values), we use a simplified model by fitting only one peak for
Fe(0), Fe(I), and Fe(III). We also are considering only one satellite labeled as “Fe(1II), sat”.
The fit of “Fe(Il), sat” might include a satellite structure of Fe(III) which was not fitted
separately. The Al spectra were analyzed following Refs [29, 30].

The XPS spectra of both reference samples again show signals characteristic for the
corresponding native oxides in addition to the typical spin doublets of the metallic phase
(i.e., 2pgy at 72eV and 2p;,, at 73eV for Al(0); 2p;,, at 707 eV and 2p,,, at 720eV for
Fe(0)). In case of the untreated Al samples, the typical broad signature Al,O5 (AI(III)) is
observed at 75.5eV, whereas the untreated Fe sample shows spin doublets of FeO, i.e.,
Fe(II) (2p5/, at 709eV and 2p, ,, at 722 eV) and Fe,Og,i.e., Fe(Ill) (2p;/, at 711 eV and 2p,
at 725eV). After the iodine treatment, the spin doublets of the metallic phases are drasti-
cally reduced or even disappear in the corresponding XPS spectra, while the detected
signal of the spin doublets corresponding to higher oxidation states of the elements
increase. Similar to Ti, Al and Fe can form iodides with high oxidation numbers of the
metal ions, e.g., Fel; (Fe(IlI), black solid), Fel, (Fe(Il), grey solid) and All; (AI(ILI), white
solid). Thus, the signals of the metal oxides and metal iodides of the same metal oxida-
tion state overlap. Consequently, the disappearance of the metallic signals in the XPS
spectra of the iodine-treated samples and the increase of the XPS signals correspond-
ing to the metal elements with higher oxidation states confirm the reactivity of Fe and
Al with iodine despite an oxide layer. The findings are in accordance with change of the
optical appearance of the iodine treated Al and Fe sample compared to the reference
samples shown in Fig. 4.

Weighing the samples of the three elemental specimens of Al, Fe, and Ti, discussed
above, before and after the treatment showed a detectable change of weight. The tita-
nium sample (416.0mg) lost 0.9% of its weight in form of red-brown material crumbs,
i.e., Til,, after a treatment according to scenario 4. The treatment according to the sce-
narios 1 to 3 did not result in a detectable weight change of the corresponding Ti sample.
The Fe samples (646.2 mg in scenario 3 and 721.1 mg in scenario 4) gained about 0.14%
of weight after the exposure to iodine according to scenario 3 and 0.35% after treatment
as stated for scenario 4. This suggests a strong reaction of the sample with iodine, form-
ing an increasing surface layer of iron iodides. The light weight and much thinner Al
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Fig. 6 XPS spectra of Ni (left), Mo (center), and Nb (right) recorded from (a) an untreated reference sample,
(b) an iodine-treated sample according to scenario 4. (c) shows the difference of spectra according to Eq. 8.
The XPS spectra of Ni, Mo, and Nb were recorded in narrow-ranges about the Ni 2p, Mo 3d, and Nb 3d core
level signals, respectively, after 240s of Art etching

sample (7.9mg in scenario 3 and 4) with a thickness of 20 um compared to the 2 and
1mm of the Ti and Fe samples, respectively, experienced a weight gain of 10% and 95%
after treatment according to scenario 3 and 4, respectively. However, the high surface-
to-volume ratio of the Al foil in conjunction with the small atomic mass of Al explains
the very high relative weight gain when the aluminum iodides such as All; surface layers
are formed. XPS results, optical inspection as well as the weighing results agree well and
corroborate that all three metals Al, Ti, and Fe strongly react with iodine.

The narrow-range spectra of the major core level signals Cr 2p, Ta 4f, W 4f (shown in
Fig. 6) were evaluated based on the Refs [28] for Cr [31, 32], for Ta, and [31] for W. Ref-
erence and treated sample of all the three metals exhibit a similar behavior. In all three
cases, the surface spectrum prior to Ar™ etching shows a weak metallic signal along with
signals of corresponding metal oxides. The signals of the compound with the metal in
the highest oxidation state (i.e. Cr(III) hydroxide (Cr(III) 2py,: 577.2eV), Ta,05 (Ta(V)
4f;0: 26.4eV), and WO, (W(VI) 4f, ,: 35.8eV)), dominate the XPS spectrum. After Ar"
etching, the oxide compounds at the surface are removed and the asymmetric metallic
peaks dominate the spectra, i.e. Cr(0) at 574.2¢€V, Ta(0) at 21.2€eV, and W(0) at 30.9€V.
The iodine treatment has no effect on the XPS spectra. Oxide compounds are detectable
prior to Ar™ etching. However, after Ar™ etching the metal signals of oxidation number
0 dominate. The iodine content (in molecular form) on the samples after etching was
14.at.% (Cr-sample), 5at.% (Ta-sample), and 7at.% (W-sample) at the surface. The dif-
ference spectra of all three samples underline again that iodine treatment has almost no
effect on these specimens.
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The surface of the Ni sample after iodine treatment shows a change of optical appear-
ance compared with the surface of the reference sample (see Fig. 4) which suggests that
the sample has reacted with iodine. However, a close analysis of the XPS spectra taken
in the Ni 2p region (Fig. 6), revealed no difference between the reference and treated
sample. The XPS spectra of the reference and the treated sample were fitted based on
parameters given by Biesinger [33]. In both spectra, the Ni 2p;, region shows only the
main metallic signals (Ni(0) at about 853 eV). None of the detected peaks arise from Ni
in a higher oxidation state, e.g. Ni(II) of Nil, [34]. However, a distinct iodine signal was
detected in the I 3d region at 619.6 eV (not shown) indicative for molecular iodine. Even
after 240s of Art etching, the iodine made up about 24at.% of the detected elements.
The surface spectra (prior to Ar etching) showed typical oxide and metallic peak struc-
tures of Ni. Therefore, Ni seems to be resistant against the iodine treatment and did not
form iodide compounds. The change in optical appearance of the Ni is therefore attrib-
uted to a deposition of molecular iodine on the surface.

The model for fitting the Mo 3d XPS region is based on the publication by Alov [31].
The character of the changes of the XPS spectra is similar to those of the metals Cr, Ta,
and W in the sense, that the XPS spectra recorded at the surface prior to Ar* etching
show strong oxide-related peaks in the same spectral region as those of metallic species.

Prior to Ar™ etching, the XPS spectra (not shown in the figure) recorded on the sur-
faces of the reference and the iodine-treated sample exhibit a signal corresponding to
Mo(IV) in MoO,, which dominates over a small metallic peak Mo(0). After 240s of Ar™"
etching, as can be seen in Fig. 6, the metallic peaks (Mo(0) 3d;,,: 228.0eV) dominate and
multiple oxide peaks with lower oxidation number (Mo(II), Mo(IV)) occur in the spectra
of both, the reference and the iodine-treated sample. The intensity ratio of the Mo(0)
signal and the Mo(II) signal in the iodine-treated sample is somewhat smaller than in the
reference sample, but the Mo(0) signal is still dominant. The corresponding difference
spectrum shows a distinct negative area which reflects the significant difference in signal
strength between the iodine-treated and the reference XPS spectrum. The detected Mo
3d signals from the treated Mo sample are much lower, about 20% of the correspond-
ing reference signals. The amount of molecular iodine detectable in the sample region
studied by XPS was about 26 at.% after iodine treatment. The presence of iodine damps
the Mo XPS signals obtained in case of the treated sample, which is not compensated
by the calculation procedure of the difference spectrum (A4S). Since the difference spec-
trum does not show a positive area nor a peak movement, the overall differences of the
reference and iodine treated spectrum is small and let us conclude that Mo, if at all, only
weakly chemically reacts with iodine.

The XPS spectra of Nb 3d region were interpreted following the peak assignments
Yang et al. [35] and Geyer-Lippmann et al. [36]. The recorded surface XPS spectra of
the iodine-treated and the reference sample (not shown) are almost identical. In both
cases, the peak structure is similar to the XPS spectrum reported by Yang et al. [35] for
Nb-samples exposed to molecular oxygen (air). The dominant peak doublet of Nb(V)
(Nb(V) 3ds,,: 207.1eV) is assigned to Nb,O;, while the less pronounced peak doublets
are representing NbO, (Nb(IV)) and NbO (Nb(II)) compounds as well as metallic Nb
(Nb(0) 3dy/,: 201.7€V). After 240s of Ar™" etching, the peak structure of the reference
sample shifts towards lower BE values. The dominant XPS signal is now the metallic
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Nb(0) doublet. However, weaker signals of Nb(II), Nb(IV), and Nb(V) can also be seen
in Fig. 6. In contrast, the XPS spectrum of the iodine-treated Nb sample after 240s of
Ar" etching is dominated by the double peak structure of Nb(V) and the Nb(0) doublet
has vanished. Furthermore, multiple additional peak doublets appear either side of the
Nb(V) doublet peaks. In particular, the relative increase in signal strength of the Nb(IV)
doublet peaks compared to the other signals suggests that Nbl, is formed in addition
to the residual NbO, also present in the reference sample. The signals marked by ques-
tion marks at higher BE values of about 212V and 214eV are tentatively assigned to Nb
in oxidation states larger than + 5, which is somewhat uncommon for metallic samples
after etching. Nevertheless, similar observations were made by Geyer-Lippmann et al.
[36] in their analysis of various niobium-iodides. Those authors have assigned the addi-
tional peaks to higher oxidized compounds and oxide iodides. Thus, Nb seems not to
react with an iodine atmosphere when treated according to scenario 4, since the surface
spectra of the treated and reference sample look identical, including the metallic peak.
Nevertheless, the combination of Ar' etching and prior iodine treatment changes the
surface structure in an untypical way for metallic samples. Hence, Nb is not really inert

to reactions with iodine.

Analysis of alloys

In the previous section, we have shown that the main constituents of most metal alloys
such as Al, Fe, and Ti strongly react with iodine, while the majority of tested minor con-
stituents of the alloys such as the elements Cr, Ni, Mo, W, or Ta are not affected by the
iodine treatment. In our experiments, all alloy samples studied (stainless steel and alu-
minum alloys) eventually changed their optical appearance with extended iodine expo-
sure, as presented in Fig. 7, suggesting chemical reactions with iodine. However, none
of the treated samples shows any visual change of appearance when treated with iodine
according to scenario 1 and 2. Treatment in scenario 3 leads to an obvious color change
of some of the samples, e.g., the stainless-steel sample 1.4544 or the aluminum alloy
AW-7075. The survey XPS spectra of many of the samples show a distinct iodine signal,
proving the iodine contamination of the surface. Thus, the amount of iodine must reach
a certain threshold to have a distinct visual effect on a sample, since the different treat-
ment scenarios do not change the chemical reactions between iodine and the respective
elements, as explained in in the first section. The color change is a strong indication that
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an iodine related layer with thicknesses at least a couple of hundred nanometers forms at
the surface during treatment.

To examine the thickness of the surface layer and the iodine diffusion behavior, ToF-
SIMS depth profiling was applied. For these measurements, the samples Ti 2, AW-7075,
and 1.4544 were selected as representative of the three materials groups, i.e., titanium,
aluminum alloy, and stainless steel. Furthermore, the selected samples are those exhibit-
ing the strongest color change in their respective material group. Therefore, we assume
that they are most affected by the iodine treatment. For evaluation of iodine diffusion,
the diffusion profiles of the I™ signal were used. Figure 8a) depicts the recorded depth
profiles of the I™ signal of the samples of the selected material groups treated according
to the scenarios 3 and 4, respectively. Near the surface, all diffusion profiles start with a
flat, relatively constant iodine signal, which we assign to an iodine layer on the surface.
The depth ranges where iodine signals are detected with constant intensity agree with
the corresponding values of the surface roughness of the samples. This finding some-
what suggest that the depth range does not correspond to the layer thickness of the
iodine surface layer, but is rather caused by the surface roughness which leads to a par-
tial screening of the surface from the ion beam used for etching. Therefore, we believe
that the surface coverage by iodine is much thinner.

Below, iodine diffusion within the bulk surface is shown. Here, the I™ signals decrease
rapidly (almost exponentially) with increasing depths until constant background signal
intensities of I™ are reached. In depth ranges prior to approaching the background sig-
nal, the iodine signal decreases more slowly with depth (i.e., the slope in the logarithmic
plot, not shown, becomes flatter). These signals are probably due to iodine atoms diffus-
ing along grain boundaries, since the activation energy of this migration process is lower
than that for lattice diffusion in the bulk of the grains [37].

The iodine signal detected for the stainless-steel sample 1.4544 (treatment scenario
4) shows a different diffusion behavior. Throughout the complete depth profile of about
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Fig. 8 aToF-SIMS surface depth profiles show the iodine diffusion behavior of the iodine-contaminated
samples Ti 2 (red), AW-7075 (blue), and 1.4544 (green), treated according to scenarios 3 and 4. The inset
shows the sample 1.4404 as prepared for the profilometer measurements. b Thickness of the discolored
surface layers using ToF-SIMS and profilometer measurements of samples treated according to scenarios 3
and 4
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Fig.9 Fe 2p and Cr 2p XPS spectra (left and center) recorded from (a) an untreated and (b) an iodine-treated
piece of stainless steel 1.4546 sample. Al 2p XPS spectra (right) recorded from (a) an untreated and (b) an
iodine-treated Al-based metal alloy EN AW-7075 sample. The iodine treatment corresponds to 10y in Te-1Pa
iodine partial pressure (scenario 4). The corresponding difference spectra (c) are shown below

12.4 um, the signal intensity of iodine does not decrease, suggesting that iodine could
diffuse deeper than 12mm into the sample. Therefore, in a subsequent measurement,
we removed the chemically reacted, black surface layer with a paper towel on parts of
the sample’s surface until the shiny metallic surface reappeared. The detected height
difference between the dark treated surface and the shiny cleaned surface area is about
19.5um (see Fig. 8b)) and marks the maximal depth of the eroded surface layer. We
believe that the chemical reaction between iodine and iron oxide at the surface destroyed
the surface morphology, since a reaction between these two reactants is accompanied by
a significant volume change that cracks grain boundaries and enables additional iodine
to diffuse to larger depths [12].

The iodine diffusion depth for all samples analyzed is in the range of a few tens of
pum only, which is, in comparison to a total sample thickness of 1-3 mm, not significant.
Corrosion of the metals and metal alloys by iodine can be considered a surface effect and
does not affect the integrity of the bulk of the material. Therefore, it can be assumed that
the stability of macroscopic structural elements of the satellite made of such metals or
metal alloys will be given for the entire duration of the mission.

For a detailed analysis of the chemical reactions, the stainless steel samples 1.4546 and
1.4544 were closely analyzed using XPS prior and after iodine treatment according to
scenario 4. An untreated sample served as reference sample. We attempted to record
narrow-range spectra of the major core level signals of all elemental constituents of the
stainless steel alloy. Unfortunately, only signals of the elements present in larger quanti-
ties, i.e., Fe, Cr, and Ni were detectable. An adequate Ni 2p signal was only measured
for the reference samples and will not be further discussed. The recorded XPS spectra
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Fig. 10 XPS spectra of Cr (left), Ta (center), and W (right) recorded from (a) an untreated reference

sample and (b) an iodine-treated sample according to scenario 4. (c) shows the difference of spectra
according to Eq. (8). The XPS spectra of Cr, Ta, and W were recorded in narrow-ranges about the Cr 2p, Ta 4f,
and W 4f core level signals, respectively, after 240s of Art etching

from the sample 1.4546 are shown in Fig. 9 for the Fe 2p and the Cr 2p region (note, the
XPS spectra of the stainless steel 1.4544 show the same trends and are not discussed
further). As expected based from the analysis of the elemental metals, the Fe 2p signal
of the reference sample shows three spin-doublets and a pair of satellites after 240s of
Ar* etching. The strongest doublet (purple and yellow) originates from Fe(0) of metal-
lic iron, while the other signals originate from higher oxidation states of iron, i.e., Fe(II)
and Fe(III). In the XPS spectrum of the corresponding iodine-treated sample, the Fe(0)
doublet has virtually disappeared and the Fe(II) and Fe(III) doublets dominate indicating
that Fe has reacted with iodine forming, e.g., Fel, or Fels, as discussed in the elemental
metals section. The corresponding Cr 2p XPS spectrum recorded from the untreated
sample 1.4546 agrees with that recorded from the untreated elemental Cr-sample (see
Fig. 10), including a spin-doublet representing pure chromium. In contrast, the analysis
of the Cr2p core-level XPS spectrum of the iodine-treated stainless steel sample 1.4546
differs from that of the iodine-treated elemental Cr sample in Fig. 10. The iodine-treated
stainless steel sample exhibits no Cr(0) signal in its XPS spectrum, but only two spin
doublets at higher BE values both assigned to Cr(III) 2p;,. Thus, it seems that Cr atoms
in the alloy react and form bonds with iodine other than in the elemental Cr metal.
This finding suggests that the chemical reaction of an element with iodine is not only
to depend on the element itself, but also on the nearest-neighbor atomic environment.
On the one hand, this makes it difficult to judge the iodine-resistance of an alloy solely
by the properties of its elemental constituents. On the other hand, there is also a certain
probability that in alloys exist which are inert to iodine.
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Samples of the Al-based alloy EN AW-7075 were also analyzed by XPS. The narrow
range Al 2p spectra of the reference and iodine-treated sample after 240s of Ar™ etching
are shown on the right of Fig. 9. The Al 2p signals in the XPS spectra of both samples
behave similarly to the signals recorded on comparable elemental Al samples presented
in Fig. 5. The peaks representing aluminum in the metallic state Al(0) disappear after
iodide treatment and only one Al 2p peak remains, which represents aluminum oxide or
iodide. In contrast to the elemental spectrum after iodine treatment, a significant peak
at the high BE side confirms the presence of the alloy elements Mg and Zn. The detected
peak comprises contributions from signals of Zn 3p, Mg 2s, and an Al-plasmon (also
shown in the Al elemental spectrum). It is worth noting, that the intensity of the elemen-
tal constituents Mg and Zn drastically decreases with increasing duration of the iodine
treatment, suggesting that they are removed by an erosion process. The aluminum alloy
chemically reacts with the iodine as it was expected based on the analysis of the ele-
mental Al sample. The comparatively high mass fractions of the minor elemental con-
stituents do not provide protection of the aluminum. On the contrary, the results show
that iodine severely erodes aluminum alloys. Therefore, stainless steel alloys should be
favored over aluminum alloys when a usage in iodine-environments is anticipated.

Conclusions

Using iodine as propellant for electric propulsion systems has many advantages. The
chemical reactivity of iodine is commonly considered as the major disadvantage. Hence,
materials for structural parts of a satellite have to be carefully selected or protected. We
define and justify a measurement protocol enabling us to mimic the conditions experi-
enced by satellite components in typical mission scenarios of satellites propelled with
iodine-fed electric thrusters and to extract an upper limit for the damage caused during
a 10-year mission. In such dry, non-humid environments with low-iodine partial pres-
sures below le-1Pa and anticipated mission durations of 10 years, the elemental metals
such as Cr, Mo, Ni, Ta, and W are resistant against iodine in its elemental form. How-
ever, Nb, Al, Ti, and Fe similar to Cu [13, 16] strongly react with iodine under these con-
ditions. Our results confirm the findings of Beck et al. [38] that the reactiveness towards
iodine decreases from Fe via Ni to Cr. In case of Al and Ti treated by these conditions,
the chemical reaction products even cause brittleness of the surface and deterioration
of the structural integrity of the material in the vicinity of the surface. Nevertheless, the
corrosion can be considered a surface effect despite the long duration of the mission. The
maximum depth of the corroded layer in the samples studied was about 20 pm for stain-
less steel treated according to the harshest scenario 4. We also studied metal alloys, in
particular, various stainless steels and aluminum alloys. The main elemental constituents
of the two types of alloys, Fe and Al, both react with iodine. In case of the Al alloy stud-
ied, the elements acting as minor constituents of the alloy are Zn, Mg, and Cu which all
three can react strongly with iodine [17, 39]. Thus, it is not surprising that the aluminum
alloy basically behaves like the elemental Al metal under iodine treatment. Alloying with
minor fractions of iodine-resistant elements such as Cr, Mo, Ni, Ta, or W, as it is done
in case of stainless steels 1.4546 (with Cr, Ni, Nb) and 1.4546 (with Cr, Ni, Ti), cannot
remedy the effect of iodine on the main stainless steel constituent Fe. It even turns out
that Cr in stainless steel reacts with iodine, although it is resistant to iodine in Cr metal.
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This reflects the basic knowledge that the reactivity of chemical element at given condi-
tions not only depends on the reaction partner (here iodine), but also on the element’s
atomic nearest-neighbor environment. In other words, surrounding a Cr atom by other
Cr atoms as in the corresponding metal constitutes a stable environment suppressing
the reaction with iodine. A change of atomic environment of a chemical element may
either strengthen or weaken its resistance to reacting with iodine. Following this line of
reasoning implies that it cannot be ruled out that an iodine resistant material may be
obtained by atomic alloying, however, such alloy compositions have not been identified
yet. An option may be high-grade alloy steels with high fractions of the resistive con-
stituents Cr, Mo, Ni, Ta, and W such that the Fe nearest-neighbor environment is signifi-
cantly altered compared to Fe metal. A possible candidate for such an alloy is stainless
steel 1.4536 (X1NiCrMoCu25-20-5), which should be investigated. Another rather self-
evident option of improving the resistance of a metal or metal alloy to iodine is applying
a protective surface coating with an iodine-resistant metal such as Cr, Mo, Ni, Ta, or
W or a closed oxide film. It is of paramount importance that such a protective surface
coating is dense and closed. In particular, our experiments show that the native oxides,
for example, in case of Al are not sufficient to suppress a reaction between iodine and
Al As oxygen is a stronger oxidizing agent than iodine, this shows that the native Al,O,
layer is not dense enough to provide a suitable protection layer as it can be overcome by
iodine. However, we have shown that the deteriorating effect of iodine is basically non-
existent even for highly reactive materials such as Ti or Al at low iodine partial pressure
below 1e-3Pa at an anticipated exposure time of 10 years (scenario 1 and 2). Since higher
partial pressures of iodine are only expected inside the propellant feed system and the
thruster, the principal satellite structures and components should not be affected by the
surrounding iodine atmosphere and do not need adaptation.

In conclusion, all elemental metals and metal alloys studied are only affected by iodine
in a thin surface layer anticipating a space environment with an iodine partial pressure of
le-1Pa and a mission duration of 10 years. The structure of the bulk of the metals stud-
ied is not affected, only the optical appearance is altered. This implies that macroscopic
structural elements of the satellite made of those metals should preserve their stability
for the entire duration of the mission. Furthermore, several metals are in these dry reac-
tion conditions basically inert to iodine even over the long time span of a typical space
mission duration. The possibilities of identifying additional iodine resistant alloys and of
applying protective coatings of iodine-resistant metals or other materials offers various
ways of overcoming the challenge of iodine reactivity on components exposed to a dense
iodine atmosphere on satellites or other spacecraft equipped with iodine-fed thrusters.
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