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Summary

The chemical, structural, and microstructural behavior of stainless steel 304 (SS 304) and nickel 625
(Ni 625) were probed after exposure to iodine vapor laminar flow at 300 °C. This work was conducted in
support of the development of in-space propulsion utilizing iodine as a propellant. The kinetics of
corrosion was measured in a custom-built iodine-compatible thermogravimetric analyzer rig at 300 °C in
which samples were exposed to an iodine laminar vapor flow of 1 mg-min! (carried by 20 mL-min!
argon gas) for up to 31 days. Samples were characterized after the experiment by X-ray diffraction,
electron microscopy, energy dispersive X-ray spectroscopy, and dynamic secondary ion mass
spectrometry. All samples formed scales consisting mainly of metal oxyiodides showing different
chemistry, microstructure, and crystalline phases. The paralinear rate law best describes the kinetics of
oxidation of the samples. SS 304 exhibited slightly slower kinetics of oxidation (106+3-107 mg-cm=-day ")
than Ni 625 (1224+3-10° mg-cm2-day ) in the low-oxygen and low-water environment.

Introduction

NASA and the U.S. Air Force, amongst others, have been exploring the use of iodine as a propellant for
Hall-effect and gridded-ion thrusters (Refs. 1 to 4). For example, NASA funded two recent projects to
advance iodine technology sufficiently to demonstrate system-level solutions (thruster, cathode, feed
system, and power processing unit). The iodine Satellite (iSat) project with a 200-W Hall-effect thruster
(HET) was funded through NASA’s Small Spacecraft Technology Program (SSTP) (Ref. 5), and a 600-W
iodine Hall-effect propulsion system was demonstrated through the Advanced In-Space Propulsion (AISP)
project funded through NASA’s Game Changing Development Program (Ref. 6). NASA has also made
various investments in iodine technologies and subsystems through the Small Business Innovation Research
(SBIR) program (Ref. 7).

The primary advantage of iodine-based propulsion is the high propellant mass storage capability for a
volume-constrained spacecraft that requires a large total impulse (Ref. 8). The storage density of iodine is
4.94 g¢-mL"" (not accounting for ullage and voids), compared with no better than about 1.6 g-mL™" for
xenon. When a spacecraft is limited by volume constraints, such as imposed by a CubeSat deployer, the
most straightforward means to increase propellant mass fraction is by utilizing a propellant with a high

"Employed by the NASA Glenn Research Center at the time of publication.
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storage density. Another advantage of iodine, compared with propellants such as xenon and krypton, is a
very low storage pressure. The low vapor pressure of iodine at room temperature (< 1 torr) has the potential
to reduce tank and feed system launch safety concerns. In contrast, high-pressure propellants may be stored
in excess of 1-10° torr, which can result in complex and costly verification testing. Furthermore, the low cost
of iodine, due to its abundance on Earth compared to that of xenon, is attractive. Given the typical small
scale of volume-constrained spacecraft, the propellant cost is not necessarily a significant concern compared
with other spacecraft development costs. However, some futuristic concepts may envision use of iodine for
very large spacecraft, where the propellant cost would become important. Unfortunately, even though the
benefits described make iodine an intriguing propellant for volume-constrained missions, material
compatibility of iodine is a major concern that must first be addressed: lodine is known to be reactive with
most spacecraft materials.

Understanding the compatibility of materials used in iodine propulsion systems, spacecraft, and ground
test facilities is critical for both safe development and in-flight operations. Although a large body of research
does exist on iodine-material compatibility in general, previous testing typically assumed the relevant
environment as terrestrial. Minimal literature exists addressing environments relevant to in-space propulsion,
where oxygen and water are typically not present. The reactivity between iodine vapor and some materials
relevant to spacecraft and ground facilities has been previously investigated in a low-oxygen environment
by Costa, Benavides, and Smith (Ref. 9). Several metallic materials including steels (304, 316, and A36), a
titanium-aluminum alloy (Ti-Al, 6Al-4V), an aluminum-magnesium alloy (Al-Mg, 6061), and silicon-based
coatings (Silcolloy® and Dursan® (SilcoTek Corporation)) were characterized after exposure to an iodine
laminar vapor flow of 1 mg-min™! (carried by 145 mL-min™' argon gas) for 5, 15, and 30 days in a custom-
built iodine vapor rig (IVR) at 300 °C. The austenitic steels showed a much thinner scale consisting of (Fe,
Cr, and Ni) oxides when compared to carbon steel A36. The aluminum-magnesium alloy showed a thin
scale consisting of mainly aluminum, iodine, and oxygen. The titanium-aluminum alloy showed no
detectable scale. Some of these materials showed no oxidation after application of a silicon-based coating. It
should be noted that although the iodine was carried by high-purity argon in these earlier investigations, the
test setup likely involved the presence of oxygen and water at levels higher than anticipated, which may
have led to much higher rates of corrosion than would be observed in the vacuum of space.

The goal of the work described here is to continue compatibility studies of iodine with common
spacecraft and test facility materials, and improve the analytical capabilities by building an iodine-
compatible thermogravimetric analyzer rig (TGA rig) for measuring the kinetics of corrosion of relevant
materials by iodine. The new test facility also improved on previous test setups to reduce oxygen and water
vapor infiltration. For the study described in this report, stainless steel 304 (SS 304, a common test facility
alloy) and nickel 625 (Ni 625, a potential propulsion system alloy with good corrosion resistance) were
selected for further investigation. The weight changes of these alloys were continuously measured under
iodine laminar flow at 300 °C for up to 31 days in a low-oxygen and low-humidity environment. Samples
were characterized after the experiment by X-ray diffraction (XRD), electron microscopy, energy dispersive
X-ray spectroscopy (EDS), and secondary ion mass spectroscopy (SIMS).

Experimental Setup
Materials

SS 304 and Ni 625 sheets were purchased from a commercial vendor and each cut into square shapes 1.28 by
1.28 by 0.15 cm with a single 0.18-cm hole, resulting in coupon samples with total surface area of 4.08 cm?* and
weighing ~2 g. The coupon samples were cleaned with a detergent solution, rinsed with deionized water, and
further cleaned in ultrasonic acetone and ethanol baths prior to the experiments.
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Thermogravimetric Analysis Under Iodine Laminar Flow

The corrosion of the samples was investigated by a custom-made TGA rig as illustrated in Figure 1.
Here, high-purity argon carrier gas flows at 20 mL-min™' through a storage tank containing solid/vapor
iodine heated at ~50 °C. Iodine vapor is carried by argon through heated stainless steel lines kept at
~110 °C and the quartz tube inserted in a tubular furnace heated at 300 °C. Iodine vapor was retained as
potassium triiodide in a 0.1 mol-L™! potassium iodide solution. The iodine flow was continuously
monitored with an optical spectrometer. All stainless steel tubing and fittings were silicon coated to
minimize reactivity with iodine vapor. Samples were directly suspended from a Cahn 1000 microbalance
using a platinum hangwire and inserted in a quartz tube of a vertical tubular furnace. The furnace was
sealed and flushed with argon while the temperature was raised to 300 °C and maintained for about 1 h
before introducing the iodine laminar flow. The samples were exposed to an iodine laminar vapor flow of
1 mg-min~" at ~15 psi (carried by the argon gas) for up to 31 days. A portable multicomponent gas
analyzer (Ref. 10) was connected to the outlet of the rig during an experiment running only argon to
measure the oxygen and water content in the system. The oxygen and water contents determined in the
system were 2.10£0.02 and 0.90£0.01 percent, respectively. The weights of the samples were normalized
to the unit area by dividing the weight gain by the total area of a particular sample. This analysis was used
to determine weight change per area of the samples due to chemical reactions occurring between the
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Figure 1.—Thermogravimetric analyzer rig (TGA rig) system.
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Sample Characterization

The microgeometric characteristic roughness of the samples was measured by a Newview™ NX2
optical three-dimensional (3D) surface profilometer (Zygo Corporation). Chemical compositions of the
as-received samples were measured by X-ray fluorescence analysis using a portable Niton™ XL3 X-ray
fluorescence (XRF) analyzer (Thermo Fisher Scientific). XRD data of the samples after iodine exposure
were acquired on a D8 DISCOVER diffractometer (Bruker-AXS GmbH) from 10° to 120° 26 with a step
size of 0.020° and a collection time of 2.5 s-step™!. The samples were mounted on zero background
holders that rotated at 30 rpm. The diffractometer operated at an accelerating voltage of 40 kV and
emission current of 40 mA with Cu-Ka radiation (A = 0.154059 nm). Crystalline phases were identified
using JADE 2010 v.3 software (Materials Data, Inc.) equipped with the International Centre for
Diffraction Data (ICDD) Powder Diffraction File (PDF-4+, 2019). Elemental depth profile of the samples
were measured by SIMS using a Cameca 6f spectrometer at Cerium Labs, Texas. Primary ions of cesium
were used to sputter and analyze oxygen and iodine. Primary oxygen was used in the analysis of Fe, Cr,
Ni, and Mo. Cross-sectional scanning electron microscopy (SEM) and elemental mapping analysis by
EDS on the coupon samples after iodine exposure were performed in a TESCAN MAIA3 Triglav™
scanning electron microscope (TESCAN ORSAY HOLDING) equipped with an X-Max™ energy-
dispersive X-ray silicon drift detector (EDS-SDD) (Oxford Instruments). Samples were mounted in a
PolyFast® (Struers, Inc.) resin and polished to a mirror finish in nonaqueous solution prior to SEM-EDS.

Results

Surface Roughness and Elemental Analysis Before Exposure

The chemical composition of the SS 304 and Ni 625 coupon samples analyzed by XRF is provided in
Table I. For SS 304 the average roughness measured on each side of the coupon sample was 0.249 and
0.232 pm, and for Ni 625 it was 0.225 and 0.203 pm.

TABLE I.—CHEMICAL COMPOSITION
OF STAINLESS STEEL 304 AND
NICKEL 625 COUPON SAMPLES

Element Weight,
percent
SS 304 Ni 625

Fe 70.2+0.3 4.4610.03
Cr 18.19£0.09 19.70+0.05
Ni 8.0£0.1 63.66+0.06
Mn 1.85+0.07 0.37+0.03
Si 0.5+0.05 | = -mememeeee-
Cu 0.36+0.03 0.12+0.02
Co 0.33+0.09 0.08+0.02
Mo 0.281+0.006 8.094+0.02
A% 0.09+0.02 0.07+0.01
w 0.06£0.02 | = -m-memm-
Ti 0.06+0.03 0.17+0.02
Sn 0.02+0.02 0.009+0.004
Nb | - 3.240.01
Zn | - 0.042+0.007
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Thermogravimetric Analysis and Kinetics of Corrosion

Figure 2 and Figure 3 show the weight change per area of the SS 304 and Ni 625 samples,
respectively, continuously measured by thermogravimetric analysis. For comparison purposes, the data of
the same materials from previous studies (Refs. 9 and 11) obtained by weighting the samples after they
were exposed to same iodine flow in a furnace iodine rig are also provided in the plots. In the present
study, a weight gain per area was initially observed for the SS 304 and Ni 625 samples exposed to iodine
laminar flow followed by continuous weight loss. The weight change per area following a parabolic
behavior for SS 304 and Ni 625 samples increased up to 0.5 and 4 days, respectively. This weight gain is
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usually related to scale or oxide growth resulting from oxidation of the alloys caused by the residual

2.1 percent oxygen and 0.9 percent H>O present in the system. The weight loss of the samples after
weight gain is usually related to volatilization of iodides. The weight loss rate calculated from the slope of
the linear regression of the data points in the plots of Figure 2 and Figure 3 are 106+3-10° mg-cm2-day !
for the SS 304 sample and 12243107 mg-cm™-day ! for Ni 316. Linear regression fits were performed
using OriginPro software version 9.5 (OriginLab Corporation, 2018), by propagating uncertainties from
thermogravimetry and sample dimensions to weight data during fitting. In Figure 2, weight gain is
observed for the SS 304 samples exposed to iodine in furnace tests (Refs. 9 and 11) considering the same
exposure time instead of the weight loss observed in the current work. The data points of the Ni 625
sample measured in this work (Figure 3) are the same within the experimental uncertainties as the two
data points measured in the previous study by Ramji, Benavides, and Costa (Ref. 11) carried out in an
iodine furnace rig.

Surface and Cross Section Microstructural Characterization and Phase Analysis

The elemental depth profile obtained by EDS on the cross section of the SS 304 and Ni 625 samples
exposed to iodine laminar flow at 300 °C for 28 and 31 days, respectively, are shown in Figure 4 and
Figure 5. Elemental depth profiling was carried out along the yellow line shown on the electron images
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Figure 4.—Energy dispersive X-ray spectroscopy analysis of SS 304
sample exposed to iodine laminar flow at 300 °C in TGA rig for
28 days. (a) Yellow scan line of sample. (b) Elemental depth profile.
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Figure 5.—Energy dispersive X-ray spectroscopy analysis of Ni 625 sample
exposed to iodine laminar flow at 300 °C in TGA rig for 31 days. (a) Yellow
scan line of sample. (b) Elemental depth profile.

above the depth profile graphs. Figure 4 indicates the SS 304 sample scale consists of one ~0.5-um layer
mainly composed of iron (47 to 53 at.%) and oxygen (23 to 29 at.%) with lower amounts of chromium
(9 to 18 at.%) and nickel (4 to 11 at.%). Figure 5 indicates the Ni 625 sample consists of one ~0.2-um
layer mainly composed of nickel (50 to 60 at.%) and oxygen (20 to 28 at.%) with lower amounts of
chromium (8 to 12 at.%), iron (3 to 6 at.%), and molybdenum (4 to 6 at.%).

The elemental depth profile of the unexposed and exposed SS 304 and Ni 625 samples characterized
by SIMS are shown in Figure 6 and Figure 7, respectively. The unexposed (as-received) SS 304 sample
(Figure 6(a)) is oxidized at the surface (~100 nm), as evident from the high concentration of oxygen
(10% atoms-cm™ range near the surface). The surface of the exposed SS 304 sample to approximately
0.3 um in depth exhibits higher concentrations of oxygen and iodine and higher intensities of chromium
and iron and a lower intensity of nickel. After 0.3 um depth, the concentration and intensity of these
elements decrease to background levels. The SIMS analysis indicates that the surface layer of the exposed
SS 304 sample consists of iron chromium nickel iodine oxide. lodine is present in the oxide scale at trace
levels, since its concentration is 3 orders of magnitude lower than oxygen. Near the surface (~0.3 pm),
this scale becomes depleted of nickel. The analysis on the unexposed Ni 625 sample detected chromium
at the surface of alloy. From the surface to ~0.15 pm depth, the unexposed Ni 625 sample exhibits a high
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intensity of chromium. Near the surface to 0.2 um depth, the exposed Ni 625 sample exhibits high
concentrations of oxygen and iodine as well as high intensities of nickel, chromium, iron, and
molybdenum. The concentrations of iodine and oxygen gradually decrease with depth from the surface to
~3 and ~7 um, respectively, and the intensities of Ni, Fe, Cr, and Mo sharply decrease from the surface to
~0.3 um. The SIMS analysis reveals that the scale formed on the Ni 625 exposed sample consists of
nickel oxide with lower amounts of iodine, chromium, iron, and molybdenum.
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Figure 6.—Secondary ion mass spectroscopy measured depth profiles of O and |
with qualitative depth profiles of Fe, Ni, and Cr for SS 304 samples. (a) Unexposed.
(b) Exposed to iodine laminar flow at 300 °C in TGA rig for 28 days.
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The XRD patterns of the SS 304 and Ni 625 samples exposed to iodine are presented in Figure 8 and
Figure 9. The phases detected in the samples with their space groups and PDF cards are listed in Table II.
Four phases were detected in the SS 304 sample: ferrite (cubic a-Fe), chromium iron oxide (rhombohedral
Fep2Cr1303), spinel (cubic FeCr,04), and nickel chromium oxide (cubic Nig7Cro300.65), in addition to the
main austenite (y-Fe) phase. Only the austenite (y-Ni) was detected on the exposed Ni 625 sample.
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Figure 8.—X-ray diffraction patterns of SS 304 sample exposed to iodine vapor laminar flow
for 28 days.
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Figure 9.—X-ray diffraction patterns of Ni 625 sample exposed to iodine vapor
laminar flow for 31 days.
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TABLE II—PHASES DETECTED IN SS 304 AND Ni 625
SAMPLES WITH THEIR SPACE GROUPS AND PDF CARDS

Phase Space group, PDF card
SS304 Ni 625
Austenite, y-Fe | Fm3m, 04-014-0264 | --------m-mcmmmmmee
Ferrite, o-Fe Im3m, 03-065-7753 | ------m-emmmmmmmeeee o
Spinel, FeCr20s4 | Fd3m, 04-016-4072 | -------------m-mmmmme-
Feo0.2Cri.803 R3c, 04-006-8202 | --------mmmmmememeeeee-
Nio.7Cro.300.65 Fm3m, 04-011-9040 | ----------m-mmmemememv
LA N e Fm3m, 98-001-6416

Discussion

The results obtained from SEM-EDS, SIMS, and XRD for SS 304 and Ni 625 indicate that their
corrosion product, or scale, is mainly composed of metal oxyiodides in which iodine is present at trace
levels. The presence of iodine in the oxide phases detected by XRD is evident from SIMS as shown in the
elemental depth profiles of Figure 6 and Figure 7. For SS 304, iodine may be present in the solid solution
of one or all oxide phases (FeCr,0s, Feo,Cr; 303, and Nig7Cro300.65) detected by XRD analysis. For
Ni 625, iodine is present in the nickel oxide although its phase was not detected by XRD. The 2.1 percent
water and 0.9 percent oxygen present in our system was enough to cause the oxidation of the alloy. Our
findings on SS 304 sample corroborated with those reported by Wren, Glowa, and Merritt (Ref. 12). They
proposed that corrosion of stainless steel exposed to a continuous flow of nitrogen or air containing iodine
at room temperature is catalyzed by iodine. The measured relative humidity in their system was about 32
to 35 percent. The surfaces of the exposed samples in the work reported by Wren, Glowa, and Merritt
were characterized by EDS and by X-ray photoelectron spectroscopy (XPS). They found a preferential
diffusion of iron and the formation of Fe-I-O, and proposed the following reactions between stainless
steel, air, and iodine:

Fe, + 1, =Fel,

(D

Fel, + 2 = Fel,O,, + (1 + f) I )
2 2

where Fel O, is composed of iron iodides and iron oxides. They also stated that this Fel.O, phase mixture

could react with more oxygen to release iodine or iodine is bound either in stable compounds or in film

areas inaccessible to oxygen. Here, nickel from Ni 625 is assumed to preferentially react with iodine and

oxygen to form nickel oxyiodide. Considering the findings of Wren et al. and of the current work, the

reactions for SS 304 and Ni 625 are postulated to be the following:

Malloy +15(g) =Ml (s) 3

MI, +%o2 = MILO, +[1 —%)Iz )

where M is metal (M = Fe, Cr, Ni, and Mo).
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The data points of the weight gain per area in Figure 2 and Figure 3 related to the corrosion of the
samples would fit into a paralinear rate equation. The paralinear rate model previously described by
Tredmon (Ref. 13) and Maloney and McNallan (Ref. 14) describes two simultaneous reactions leading to
an increase and decrease in the sample mass through scale or oxide formation (parabolic) and its
consumption (linear), respectively. The corrosion process of the samples of this work is initially governed
by the formation of metal oxyiodides (Eq. (4)) and then by consumption of the metal from the alloy to
form metal iodide (Eq. (2)). The vapor pressure of the iodides at 300 °C would be high enough to allow
their vapor species to be carried by the iodine and argon laminar flow.

The fact that the SS 304 samples exposed to iodine in furnace tests Figure 2 exhibited weight gain
instead of weight loss observed in this study for the same exposure time is related to the higher oxygen
and water content in their system leading to more oxyiodides formation (scale formation). The corrosion
of the SS 304 exposed to iodine in furnace rigs would be governed by Equation (2) and it would be best
fitted into a parabolic rate law. The lower weight gain for the SS 304 sample described in the work by
Ramji, Benavides, and Costa (Ref. 11) when compared to the work by Costa, Benavides, and Smith
(Ref. 9) can be also related to the differences in the water and oxygen content in their systems, although
they were not measured. The Ramji et al. experiment was carried out in the same rig used by Costa et al.
except that the container to store and vaporize iodine was improved. The Erlenmeyer flask used to contain
and vaporize iodine used by Costa et al. was replaced by a custom-made stainless steel iodine tank. Such
improvement was enough to better seal the system against oxygen, which resulted in lower weight gain
for the SS 304 samples in the work of Ramji et al., as shown in Figure 2. Furthermore, there is no
difference between the data points for Ni 625 obtained in the furnace rig and TGA rig shown in Figure 3,
implying that the corrosion mechanism of this sample is not strongly affected by the oxygen content in
the system.

Conclusion

A scale consisting of metal oxyiodides formed on the base of stainless steel 304 (SS 304) and
nickel 625 (Ni 625) exposed to an iodine and argon laminar flow with 2.1 percent water and 0.9 percent
oxygen in the rig system. The corrosion of the alloys is governed by the reaction between the metals and
iodine to form metal iodide volatile compounds, which are carried away by the laminar flow of iodine and
argon at 300 °C. The oxidation of the samples are catalyzed by iodine, and it is sensitive to oxygen
concentration. The kinetics of oxidation of the samples follow a paralinear rate law. SS 304 exhibited
slower kinetics of oxidation (106+3-10° mg-cm?-day) than Ni 625 (12243-10° mg-cm-day).
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