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ABSTRACT
Study of Corrosion of Materials in the Sulfur-Iodine
Hydrogen Production Cycle
by
Thao Trung Ho
Dr. Dennis Lindle, Examination Committee Chair
Dr. Allen Johnson, Examination Committee Co-chair
University of Nevada, Las Vegas
Hydrogen is of great interest since the availability of traditional fossil fuels is in
decline. Strictly speaking, hydrogen is not a primary source of energy but is an energy
carrier, since energy typically must be used from another source (electricity, natural gas,
coal, etc.) to produce it. Of hydrogen production techniques, the Sulfur-Iodine
thermochemical water splitting process (S-I cycle), which was proposed by General
Atomics (GA), is promising with its simplicity and high efficiency. Most of the
chemicals are recycled except water. However, the S-I cycle operates in a harsh,
corrosive environment in the presence of a mixture of iodine (I2), hydroiodic acid (HI),
and water (called HIx in the literature), phosphoric acid (H3PO4) and sulfuric acid
(H2SO4) at different sections of the cycle. Hence, the corrosion performance of structural
materials plays an important role in the success of the process.
In a search for structural materials for the S-I cycle, a systematic material suitability
study was conducted at GA and Ceramatec Inc. As a result of the preliminary study,
corrosion-resistant materials such as tantalum alloys, niobium alloys, and ceramics were
exposed to corrosive environments for extended periods. These environments were
similar to the hydrogen iodide decomposition and sulfuric acid decomposition sections of
the Sulfur-Iodine thermochemical hydrogen production cycle.
iii

Post mortem studies were conducted of parts from the recent Sulfur-Iodine Integrated
Laboratory Scale (SI-ILS) test at GA. A HI distillation column boiler made of bulk
tantalum alloy tube failed during refurbishment under shutdown conditions, and a few
tantalum-coated steel parts (swage fittings) were found to have unexpected corrosion
residues.
This thesis reports the result of the microscopic and spectroscopic study of these
exposed materials as well as the results of the post mortem investigations described
above. The refractory tantalum and niobium alloys developed their metal oxide layers in
the harsh corrosive environment of HIx/H3PO4 at 120 °C. The study results indicate that
there is a relation between the stability of these oxides and the corrosion of the alloys.
The corrosion rate of the tantalum alloy decreases with exposure time due to the
formation of a stable protective tantalum pentoxide film. On the other hand, the corrosion
of niobium alloys is complicated by the formation of several oxides.
The tantalum boiler section showed severe material degradation, and the observation
of multiple contaminants at the fresh fracture surface leads to the suggestion that cracking
of the tantalum led to the degradation. The cracking may be due to hydrogen
embrittlement or another process. The curious form of the lateral cracking (delamination)
may indicate investigations of the crystal form and fabrication technique of the tubing
could be in order.
In the silicon-based ceramic samples tested, silicon oxides were formed as a
protective layer on the samples’ surface (except alumina). The type and structure of the
silicon oxide depend on the fabrication process of the ceramic. Alumina showed a
different corrosion mechanism than the silicon based ceramics.

iv

The study of corrosion of the refractory alloys in HIx/H3PO4 and of ceramic materials
in H2SO4 reiterates the important role of oxidized layers, which formed on the surface of
these materials as corrosion products, on their corrosion behavior. The XPS and SEM
analytical techniques have proved their strength in the study of corrosion as well as in the
failure analysis. The results from this study and from other studies (visual examinations,
weight change measurements, and mechanical property tests) contributed to the material
selection for the S-I cycle test as well as to the success of the test.
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CHAPTER 1
INTRODUCTION
At the present time, when fossil fuel is scarcer and more expensive, interest in
alternative energy sources such as nuclear power and hydrogen is on the increase.
Hydrogen is of great interest as an energy carrier because it is renewable and sustainable.
Moreover, it is environmentally friendly since its combustion product is water.
Hydrogen production research normally focuses on water dissociation technologies to
eliminate the greenhouse gas emissions which arise in other methods (steam methane
reforming, etc.). [1] The simplest technique to generate hydrogen is electrolysis.
However, electrolysis efficiency is low; therefore, research in alternative hydrogen
production techniques is ongoing in the United States and over the world. Some of the
techniques which have been proposed include low and high temperature electrolysis,
photoelectrochemical, photobiological, and thermochemical processes. [2]
General Atomics (GA) developed a novel method to produce hydrogen, the SulfurIodine thermochemical water splitting process (S-I cycle), and successfully tested this
process at the bench scale. [3] This hydrogen production technique can utilize solar or
nuclear energy as a source of thermal energy. [4] The process is composed of three
chemical reactions (Fig. 1). First, hydroiodic acid (HI) and sulfuric acid (H2SO4) are
produced from reaction of iodine (I2), sulfur dioxide (SO2) and water (H2O) at 120 °C in
the Bunsen reaction. These products (sulfuric and hydroiodic acids) are separated and
then decomposed separately at about 850 °C and about 400 °C, respectively. The net
reaction is the dissociation of water to hydrogen and oxygen. Sulfur and iodide are
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recycled in the process. Hydrogen and oxygen are produced in this cycle by supplying
water and heat.

Figure 1 Sulfur-Iodine cycle.

Thus, the S-I cycle involves the participation of hydroiodic acid (HI), iodine (I2), and
sulfuric acid (H2SO4) at high temperature (up to 900 °C). This environment severely
corrodes common structural materials. The data on the corrosion of materials in this
environment are very limited. [1] Hence, the study of materials that can withstand these
conditions is very important to evaluate the practical feasibility of the S-I cycle. It is well
known that refractory metals, especially tantalum (Ta), niobium (Nb), their alloys and
ceramic materials have good performance in many corrosive media at high temperature.
[5-7] Kubo et al. found that Ta and Nb are good candidates for H2SO4 or a mixture of HI,
I2 and H2O (HIx). [8] It is believed that the formation of oxide films of tantalum and
niobium alloys and ceramic materials in corrosive environments plays an important role
in their corrosion behaviors. In general, an oxide film becomes protective when it is
stable, dense, and adherent. Moreover, this oxide layer should reform if it cracks or fails.
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A material suitability study was conducted at GA in several stages. The preliminary
screening (short-term exposure) test [9] determined that some refractory metals (Ta,
Nb,...) and their alloys (with W, Hf, or Zr) have good corrosion resistance in HIx and
some ceramic materials (SiC, Si3N4,…) also have good performance in H2SO4. These
materials were tested for an extended time to evaluate their properties in the long run.
It was found that the water in the process liquid stream going to the HI decomposition
section was causing problems, and so a modification to the process was introduced where
phosphoric acid (H3PO4) was added to break the HI-water azeotrope (extractive
distillation process). To prepare for this possibility, HIx and H3PO4 mixture (HIx/H3PO4)
were also used for compatibility tests.
This thesis studies the corrosion behaviors of tantalum and niobium alloys in a
mixture of HIx/H3PO4 environment, which simulates the condition of the I2 separation
section in the S-I cycle, at high temperature and for exposure times up to 1000 h. This
work also investigates the corrosion performance of ceramic materials (silicon carbide,
silicon nitride and alumina) in H2SO4 acid decomposition condition at 900 °C for 1000 h.
By detailed characterization of the oxide film formed on the surface refractory alloys and
ceramic materials (in the HIx/H3PO4 and H2SO4 conditions), the role of material
composition, surface treatment and exposure conditions on oxide formation and
properties can be determined.
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CHAPTER 2
CORROSION THEORY
Introduction to Corrosion
Corrosion can be seen around us in the form of green deposits on nickel, rusty tools,
corroded cars, and corroded water pipes, etc. Corrosion degrades materials silently but
expensively since it reduces the value and safety of goods or devices. In general,
corrosion is defined as the deterioration of materials by chemical interaction with their
environment. [10] By this definition, materials and the environment are inseparable in the
evaluation of corrosion.
Corrosion Reactions
The corrosion of metals is mostly related to oxidation-reduction (redox) reactions
between metals and oxidizing agents in the environment. This results in oxidized metals
and reduced environmental agents after the reaction. For example, the corrosion of iron in
an acid environment follows the overall reaction
Fe + 2H+ → Fe2+ + H2.

(2.1)

All oxidation-reduction reactions can be separated into two partial reactions: the
partial oxidation reaction (or anodic partial reaction), and the partial reduction reaction
(or cathodic partial reaction). Hence, the reaction (2.1) includes the anodic partial
reaction (2.2)
Fe

→ Fe2+ + 2e-

(2.2)

and the cathodic partial reaction (2.3) as follows,
2H+ + 2e- → H2.
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(2.3)

By expressing the oxidation reduction reaction as two partial reactions, the exchange of
electrons during the reaction can be tracked.
Thermodynamics of Corrosion Reactions
In thermodynamics, the change in the Gibbs free energy is used to identify the
tendency of any chemical reaction to occur spontaneously. The reaction tends to occur in
the direction that lowers the Gibbs free energy (∆G < 0). At equilibrium, the Gibbs free
energy change equals zero.
For a typical chemical reaction,
aA +bB → cC +dD,

(2.4)

where a, b, c, and d are the stoichiometry of substance A, B, C and D respectively. The
change in the Gibbs free energy is the difference between the chemical potential of the
products and reactants,
∆G = (cµC + dµD) – (aµA + bµB),

(2.5)

where µi is the chemical potential of substance i.
The chemical potential µ of any substance is defined as
µ = µθ + RTln[X],

(2.6)

where µθ is the standard chemical potential, R is the gas constant, T is the absolute
temperature, and X is either the activity or fugacity of the substance.
Substituting (2.6) into (2.5) and defining
∆G θ = (cµθC + dµθD) – (aµθA + bµθB),

(2.7)

where ∆G θ is the standard reaction Gibbs free energy, equation (2.5) becomes
[X ]c [X ]d
D ).
∆G = ∆G + RT ln( C
[X ]a [X ]b
A
B
θ
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(2.8)

[X ]c [X ]d
D , where Q is the reaction quotient.
Q= C
a
[X ] [X ]b
A
B

At equilibrium, ∆G = 0. The reaction quotient Q is replaced by K, the equilibrium
constant, and equation (2.8) then becomes
-∆G θ = RTlnK.

(2.9)

Hence, the change in free energy of a reaction determines whether the reaction is
spontaneous or not, the direction of reaction and also the reaction equilibrium constant.
The change in Gibbs free energy is usually calculated through tabulated enthalpy (H),
entropy (S) and temperature (T). For example, for isothermal, isochoric systems, the
change in free Gibbs energy is determined by equation (2.10)
∆G = ∆H + T∆S.

(2.10)

Aqueous Corrosion
In aqueous environments, corrosion proceeds through a corrosion cell which consists
of two electrodes (cathode and anode) and electrolyte. Each half-reaction (anodic or
cathodic partial reaction) has an electrical potential or half-cell electrode potential. These
half-cell electrode potentials are measured with respect to the standard hydrogen
electrode (SHE).
The potential difference of the cell is the electromotive force (emf) of the cell. The
relationship between the change in Gibbs free energy and the emf of the cell is
∆G = - νFE,

(2.11)

where ν is the charge number (number of exchanged electrons in the electrochemical
reaction), F is the Faraday constant (the magnitude of the charge per mole of electrons),
and E is the potential difference (emf). [11]
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Under standard conditions (P= 1 atm and T = 298 K), (2.11) becomes
∆G θ = - νFEθ,

(2.12)

where ∆G θ is the change in free Gibbs energy under standard conditions, and Eθ is the
standard emf of the cell.
From equations (2.9), (2.11), and (2.12), the relation between E and K, the Nernst
equation, is obtained,
E = Eθ -

RT
lnK.
νF

(2.13)

Thus, from equation (2.11) a reaction is spontaneous when E > 0.
Consider a general redox reaction of two species 1 and 2 under standard conditions, with
potential difference Eθ
Red1 + Ox2 → Ox1 + Red2.

(2.14)

This can be described as an anodic reaction
Red1

→ Ox1 + νe-

(2.15)

with potential Eθ1 and a cathodic reaction
Ox2 + νe- → Red2

(2.16)

with potential Eθ2
The electrochemical reaction is spontaneous when Eθ = Eθ2 - Eθ1 > 0 or Eθ2 > Eθ1.
Dry Corrosion
Under atmospheric conditions, oxygen is the major oxidizing agent that oxidizes
materials. Metals (except noble metals) are easily oxidized in air. The oxide film formed
on the surface of metals keeps increasing its thickness, albeit sometimes very slowly.
This shows that either both metal ions and electrons have to migrate outward to meet
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oxygen ions at the surface or oxygen negative ions need to diffuse inward. Wagner found
the oxide thickness follows a parabolic law [12]
X2 = kpt

(2.17)

where X is the oxide thickness (cm), kp is the parabolic rate constant (cm2/s), and t is time
(s).
On some metals, the oxide layer is brittle. It easily cracks and exposes fresh metal to
the oxidizing environment. In some other cases, such as aluminum and chromium, the
oxide layer is thin and adherent, which can be a barrier to further oxidation.
Liquid Metal Corrosion
Liquid metals have been used as heat transfer media because of their high thermal
conductivities and low vapor pressures. Some metals, for example sodium and lead
bismuth eutectic (LBE), have been used in nuclear reactors or other nuclear-related
applications. In the case of LBE, the environment can corrode containment and structural
materials. The corrosion in this case is related to the oxidation of structural metal and the
dissolution of alloying elements. The introduction of small amount of oxygen to LBE (in
ppb) helps to make a protective oxide layer (chromium oxide in stainless steels) to
prevent further corrosion. [13]
Other Corrosion Systems
Refractory Metals and Their Alloys
Refractory metals and their alloys have been used in high temperature corrosion
applications such as crucibles and furnace interiors. Tantalum, niobium and their alloys
are used popularly in the chemical industry and industrial applications. It was found that
their corrosion-resistant characteristic is from the passive oxide layer formed on their
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surface in atmospheric conditions with thickness of about 10 to 40 Å. The oxide layer on
tantalum can remain stable up to 260 °C. [14] These oxide layers can reform in case of
cracking or breakdown in service. The most common attack on these metals is uniform
corrosion. The corrosion occurs at the same rate on any location on the surface. In acid
media, the corrosion of tantalum and niobium (M=Ta or Nb) proceeds as by [15, 16]
2M + 5H2O → M2O5 + 10H+ + 10e-,

(2.18)

and dissolution of metal and/or oxide layer takes place by
M → M+5 + 5e-

(2.19)

and
M2O5 + 10H+ → 2M5+ + 5H2O.

(2.20)

In general, the oxide formed on tantalum-based alloys shows better corrosion
performance than that of niobium-based alloys.
However, these alloys are susceptible to hydrogen embrittlement. Hence, the use of
these alloys in hydrogen service is limited and is in need of study in the specific
conditions.
Ceramics
Ceramics are also candidates for application in high temperature and severely
corrosive environments. They are not as dense as refractory metals and can withstand
very high temperatures (above 1000 °C). For example, some types of ceramics have been
used as a heat shield in the thermal protection of shuttle spacecraft to protect the shuttle
from melting at high temperature (about 1650 °C). However, ceramics are brittle and
hard to join or weld.
In the consolidation of ceramic powders, sintering is used. This method applies heat
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to the powder at temperatures just below the melting point. The sintering parameters that
probably play a role in the corrosion-resistance properties of the ceramic products
include: atmosphere (air, inert gas, etc.), pressure, temperature, and additives. The type of
processing is also important in some ceramics (for example, reaction-bonded silicon
carbide versus sintered silicon carbide).
Active and passive corrosion are two major corrosion modes that can be observed in
ceramics. Corrosion changes the mass of the materials: weight loss in active mode or
weight gain in passive mode. The scales that are formed in passive mode can either retard
or enhance the corrosion. The former is known as protective scale; the latter is nonprotective scale. In our experiments, under oxidizing environments, silicon-based
ceramics form protective silica (SiO2) scales that can be formed from the following
reactions
Si + O2
SiC +

3
O2
2

2Si3N4 +

⇋ SiO2,

(2.21)

⇋ SiO2 + CO,

(2.22)

3
O2 ⇋ 3Si2N2O +N2,
2

(2.23)

3
O2 ⇋ 2SiO2 + N2.
2

(2.24)

and
Si2N2O +

From the above reaction equations, the oxygen content or partial pressure plays an
important role in the formation of a protective layer of silica. In the study of the corrosion
of silicon at elevated temperature, Wagner [17] calculated the maximum oxygen partial
pressure PO°2 (max) in the bulk gas at which a bare silicon surface can be maintained,
10

PO° (max) =
2

1
DSiO ,
P SiO(g)eq
2
D O2

(2.25)

where PSiO(g)eq is the equilibrium partial pressure of SiO in the reaction that produces
silicon monoxide (SiO) from silicon (Si) and silica (SiO2), DSiO is the diffusion constant
of SiO molecules, and DO2 is the diffusion constant of oxygen molecules. Equation (2.24)
was derived from balancing the rate of transport of oxygen in the bulk gas to the surface
of the silicon sample and the rate of transport of SiO(g) away from the surface at
equilibrium. At partial oxygen pressures greater than PO°2 (max) , SiO2 should form.
PO°2 (max) has value of 6.1x10-3 atm at 1410 °C. [17]
When the gaseous product(s) of corrosion cannot be removed fast enough through
the oxide layer by migration, bubbles will form and increase in the scale. This
undermines the scale structure and makes it susceptible to spallation under stress. The
temperature at which this occurs for silicon carbide (SiC) and silicon nitride (Si3N4) is
about 1300-1800 °C. [18]
In an aqueous environment, corrosion and dissolution can occur at the same time.
This process can be represented by the following equation [19]
A + nH+ + mH2O ⇋ B + qM+,

(2.26)

where A, B are ceramics, and M+ is the soluble species.
The equilibrium constant of equation (2.26) is:
K=

[M]q
[H + ]n [H 2 O]m

(2.27)

Equation (2.26) shows the dependence of the dissolution of ceramics on the pH of the
environment. Component B can be crystalline or a gel layer.
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CHAPTER 3
SAMPLE PREPARATION
Sample Introduction
HI Decomposition Study
Four coupons of three alloys, Ta-2.5W, Nb-10Hf, Nb-1Zr (1) and Nb-1Zr (2), in asreceived condition, were exposed to a mixture of HIx and concentrated H3PO4 (Table 1
[9]) at 120 °C under ambient pressure in a high temperature, high pressure immersion
system at General Atomics (GA). In the first experiment, the specimens of Ta-2.5W and
Nb-10Hf were exposed to the corrosive environment for 1000 h. In the second
experiment, two identical Nb-1Zr (1) and Nb-1Zr (2) specimens were exposed for 270 h
and 790 h respectively. The experiments were described in detail by B. Wong et al. [20]

Table 1 I2 Separation conditions.
Temperature
120 °C

Pressure
1 atm

•
•

Composition
HIx: 13 HI, 9.5 H2O, 77.5 I2 (wt. %)
H3PO4 (96 wt. %)

H2SO4 Decomposition Study
A set of samples was exposed to H2SO4 at 900 °C for 1000 h at Ceramatec Inc.
(Table 2). [21]

Table 2 Sulfuric acid decomposition conditions.
Temperature
900 °C

Pressure
1 atm

Composition
60 H2SO4, 30 H2O, 2 O2 and 8 N2 (mol %)
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The ceramic samples were supplied from different sources and were produced by
varying techniques, as shown in Table 3.

Table 3 Ceramic samples.
Material
Alumina (Al2O3)
(99.8 wt. % pure)
Silicon Carbide (SiC)
Silicon Carbide (SiC)
Silicon Nitride (Si3N4)
Silicon Nitride (Si3N4)

Fabrication Process
Sintered

Vendor
CoorsTek

Code name
AlO-S

Pressureless Sintered
Tape Laminated
Hot Pressed
Gas Pressure Sintered

Morgan
Ceramatec
Ceradyne
Ceradyne

SiC-PS
SiC-LS
SiN-HP
SiN-GP

Sample Preparation
Samples received at UNLV were prepared in several steps, including cutting,
mounting and grinding (polishing) to prepare metallographic sections before SEM and
XPS analysis.
Cutting
Samples were cut into small pieces of dimension of about 10x6x2.5 mm for refractory
alloys and 4x4x2 mm for ceramic materials. The Buehler IsometTM 4000 Linear Precision
Saw (Fig.2) uses an Isocut Wafering blade for refractory alloys and a diamond blade for
ceramic materials. This saw operated at speeds of 3,000-4,000 rpm with a feed rate of 5
mm/min. The cut samples were cleaned with distilled water, dried with Kimwipes, and
then dried in air. The cut samples were then ready for XPS and SEM analysis. For study
of the cross sections, the cut samples underwent mounting and grinding (polishing) steps.
These two steps are necessary to remove any contamination from cutting (cutting coolant,
corrosion products, etc.) and to prepare the surface for SEM analysis.
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Figure 2 The Buehler IsometTM 4000 Linear Precision Saw.

Mounting
The cut samples were mounted in 3.2 cm diameter plastic cups (Fig. 3) with the help
of epoxy resin (Buehler Epothin Low Viscosity Epoxy) and hardener in a ratio of 60/40
to prepare a mounting mixture. Powdered nickel and graphite were added to the mounting
mixture in a ratio of 1/1 to improve conductivity. Each cut sample was held with a special
clamp with its cross section (freshly cut surface) pointing outward. The special clamp
with a cut sample was placed in a plastic cup. The number of clamps in each cup was
from one to six depending on sample size. The mounting mixture with powdered nickel
and graphite were mixed well for about three minutes and poured into the plastic cups,
which were then placed under vacuum in a desiccator for about five minutes to expel
bubbles in the mounting mixture. The mounting cups were allowed to cure for about 24
h in atmosphere. The mounting mixture, now called a sample puck, then was removed
from the plastic cup and was ready for the next step.
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Figure 3 A plastic cup and a sample puck.

Grinding/Polishing
Sample pucks were ground with the help of the Beta Grinder/Polisher from Buehler
(Fig. 4). The grinding process consists of several steps from rough grinding to fine
polishing. The rough grinding process was conducted with silicon carbide sandpaper
discs of 240, 320, 400, 600 and 800 grit for 30 s, each under an applied force of about 22
N on each sample puck. The fine polishing was then continued with two steps of two
min. with two polishing suspensions: 3 µm MetaDi Diamond Suspension and 0.05 µm
MasterPrep Alumina Polishing Suspension on napless chemo-textile polishing pad and
polishing cloth pad respectively. After each step, samples were cleaned with running
distilled water for about 10-20 s.

Figure 4 A grinding/polishing machine.
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Cleaning
After the grinding/polishing procedure, sample pucks were cleaned with running
distilled water, then methanol, then dried with Kimwipes and placed in a sample
container. The samples (sample pucks) were ready for SEM cross sectional analysis.
Because the conductivities of ceramics are low, all ceramic samples were coated with
gold to avoid the effect of charging before SEM analysis.
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CHAPTER 4
ANALYTICAL TECHNIQUES
Introduction
In our studies, scanning electron microscopy (SEM), energy dispersive x-ray
spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS) were used to study the
morphologies, chemical characteristics and elemental compositions of the corrosion
systems.
SEM is a type of electron microscopy that images the sample surface by detecting the
scattered electrons (secondary or backscattered electrons) generated when scanning the
surface with a high voltage focused electron beam (Fig.5). In addition, the electronic
transitions between inner atomic energy levels of the atoms of the sample give rise to the
emission of characteristic x-ray photons. The x-ray energies are element-specific and can
be analyzed by (e.g.) EDS to identify the composition and measure the lateral distribution
of elements in the sample (i.e. elemental map).

Figure 5 SEM Illustration.

XPS is a sensitive surface analytical technique which is based on the photoelectric
effect. When an x-ray beam irradiates the surface of a sample, the x-ray energy can be
absorbed by electronic excitations. If the photon energy is large enough, core electrons
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can be ejected from the atoms. These electrons then escape from the surface of the
sample. XPS utilizes those photoelectrons to determine the chemical state and
composition of atoms on the surface of the sample.
Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy
A schematic diagram showing the main components of a scanning electron
microscope is shown in Figure 6. The incident electrons, which are emitted by the
electron gun, are accelerated in a potential difference, and then the magnetic lenses
(condenser lenses) form an electron spot with a size of a few nm. When the energetic
incident electrons hit the surface under investigation, secondary electrons, backscattered
electrons, and x-rays are emitted. The beam of incident electrons is scanned across the
specimen by the scan coil while a detector counts the number of emitted electrons or
photons. An image is formed from the position of the scanned incident beam and the
intensity of the detector signal. One way to do this is to scan an electron beam
simultaneously on a separate cathode-ray tube (CRT), while the brightness is modulated
by the amplified current from the detector.

Figure 6 Schematic diagram showing the main components of a scanning electron
microscope. [22]
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The SEM was developed to overcome the limitations of optical microscopy: low
resolution and poor depth of field. The limit of resolution is defined as the minimum
distance by which two structures can be separated and still appear as two distinct objects.
Resolution in a perfect optical system can be described by the Abbe equation, [23]
d=

0.612λ
n sin α

(4.1)

where d is the resolution, λ is the wavelength of the imaging radiation, n is the index of
refraction of the medium between the point sources and lens, α is the half angle of the
cone of light from the specimen plane accepted by the objective, and nsinα is the
numerical aperture (NA). The Abbe equation shows that the resolution directly depends
on the wavelength of the imaging radiation. SEM employs the relationship between
wavelength and electron kinetic energy, the de Broglie equation, [24]
λ=

h
,
2mE

(4.2)

where h is the Plank constant, m is the electron mass, and E is the kinetic energy of the
electrons. Typical wavelengths of visible light range from 400 nm (blue light) to 700 nm
(red light). The NAs of microscopes in air are less than 1. The resolution cannot be
smaller than 0.2-0.4 µm. Electrons with energy of 15 keV have a wavelength of about 0.1
nm and SEM will have resolution of about 3.6 nm (with n = 1 and α = 1 ° = 0.017 rad),
about 110 times smaller than that of an optical microscope.
In optics, the depth of field is defined as a portion of a scene that appears sharp in the
image, and depends on the focal length or working distance (the distance between the
sample and the final lens) and the aperture angle, i.e. the angle formed between a line
from the sample through the center of the lens and a line from the sample through the
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edge of the aperture opening. The depth of field increases when the working distance
increases or the aperture angle decreases. With a long working distance and a small
aperture, SEM has a large depth of field, which allows a large fraction of the sample to be
in focus at one time.
Since secondary electrons suffer many collisions while escaping to the vacuum
they have low energy, typically an average of 3-5 eV. These electrons can only escape
from a region within a few nanometers of the material surface (Fig. 7) and contain
topographic information of the materials. [25] Backscattered electrons are electrons that
are reflected from materials by elastic scattering. The electron backscattering collision
between an electron and atomic nucleus or core electrons of the material causes the
electron to bounce back with a large angle directional change. Elements with higher
atomic number have more positive charges on the nucleus and more tightly bound
electrons, resulted in more backscattered electrons. Thus backscattered electrons can
provide information on the distribution of different element in the sample. Due to higher
energy than secondary electron, backscattered electrons carry information from a depth of
1 µm or more at high beam voltages. Another type of signals produced by the interaction
of the primary electron beam and materials is characteristic x-rays. The x-rays are
produced in the relaxation process of core-excited atoms caused by the primary electron
beam. The energies of the characteristic x-rays can be used to identify elements present in
the materials. The information depth can vary from 100 nm to several micrometers
depending on the energy of the primary electron beam, the average atomic number of the
samples, and the energy of analyzed x-rays.
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Figure 7 The electron inelastic mean free path. [26]

Energy Dispersive X-ray Spectroscopy (EDS) is usually coupled with SEM. In this
technique, x-rays emitted from the atoms of the sample under electron bombardment are
analyzed by a semiconductor crystal. The energy of the x-rays hitting the crystal is
converted into a pulse whose amplitude is proportional to the energy of the x-rays. The
voltage pulse is sorted by a multi-channel analyzer to construct the x-ray spectrum. Since
the energy of the x-rays depends on the element, the x-ray spectrum reveals the elements
present in the sample. By scanning the electron beam across the sample, an elemental
distribution of each element in the sample can be acquired, i.e. an elemental map is
obtained. Due to the low x-ray intensity, images usually take a long time (several hours)
to acquire. Elements of low atomic number are difficult to detect by EDS.
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The SEM at UNLV is a JEOL JMS-5600 with a maximum resolution of 3.5 nm (Fig.
8). It is equipped with an Oxford Energy Dispersive Spectrometer (EDS) detector for
elemental detection and compositional maps.

Figure 8 SEM facility at UNLV.

In our study, surfaces and transverse sections of the samples were probed with the
SEM and EDS to determine oxide film morphologies and elemental distributions.
X-ray Photoelectron Spectroscopy
XPS is a surface analytical technique which is based on the photoelectric effect. In
XPS, x-rays cause the emission of core electrons of atoms of the sample (Fig. 9). These
photoelectrons are collected and analyzed by an electron energy analyzer to measure the
kinetic energy and quantity of photoelectrons. Then, the binding energy of the core
electron can be calculated by the Einstein equation, [27]
Eb = hν - Ek - Ф
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(4.3)

Figure 9 Principle of XPS.

where hν is the energy of the x-rays, Ф is the work function of the spectrometer, and Eb
and Ek are the binding energy and kinetic energy of the photoelectron, respectively. Since
each element has a unique set of binding energies, XPS can be used to identify the
elements on the surface. XPS can detect nearly all elements in the periodic table except
hydrogen (H) and helium (He). Simple identifications of elements are conducted with
low resolution over a broad range of binding energy, i.e., via a survey scan. In addition,
the binding energies of core electrons are sensitive to the chemical environment of the
element. The same atom, bonded to different chemical species, will change the binding
energy of its core electrons (chemical shift) (Fig. 10). High resolution scans with 0.1 eV
steps are used to determine the chemical states of the elements. Surface charging, which
usually occurs on poorly conducting materials, also cause XPS spectrum shift. This
problem can be reduced by using low energy electrons from a flood gun to saturate the
surface charge. However, charging of insulating samples is a complex phenomena and so
charge neutralization is a difficult task. In general, the neutralizer is adjusted to make the
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peaks sharper (minimize charge inhomogenities) and then a reference peak (adventitious
carbon) is used to correct for work function and charging.
XPS is also used to determine the elemental composition. The number of
photoelectrons from an element depends on the atomic concentration of that element at
the surface of the sample. The concentration (in atomic percent) of element A (CA) can be
calculated from the peak area (IA) and the sensitivity factor (FA) for that peak according
to the following equation, [29]

CA =

IA /FA

x100%

(4.4)

∑ I /F
i

i

i

where Ii is the peak intensity for element i, and Fi is the sensitivity factor for the peak i.

Figure 10 High resolution XPS C 1s peaks of polymethylmethacrylate (PMMA) showing
four chemical states of C [28].

Since the inelastic mean free path of electrons in a solid is small, the unscattered
photoelectrons (with energy less than 2000 eV) that construct peaks in XPS spectra are
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emitted from atoms near the surface (3-5 nm) (Fig. 7). Photoelectrons from atoms close
enough to the surface to escape without loss of energy (elastic electrons) will be detected
as characteristic photoelectron peaks. Those photoelectrons that lose energy (inelastic
electrons) before leaving the sample surface will add to the background of the spectrum.
Hence, XPS is often used in surface studies. To obtain the depth profile of elements in the
sample, XPS is coupled with an Ar+ ion gun. An energetic Ar+ ion beam, generated by the
ion gun, is used for etching. Upon etching, a fresh surface is formed whose composition
is found by XPS. This cycle repeats until the desired depth is reached. By controlling the
current and the energy of Ar+ ion beam, the sputter rate can be adjusted.
However, sputtering has drawbacks: It can induce changes in surface composition,
chemical states of elements, and topography of samples. Preferential sputtering of
compounds is a significant and well-studied effect. Currently, no theoretical models can
predict the effect quantitatively. In order to quantify a depth profile of a compound, a
reference compound with known thickness is employed to evaluate the changes in
spectral intensities. [30]
Holloway et al. [31] showed that preferential sputtering of oxygen in a layer of
tantalum pentoxide (Ta2O5) decreased as the ion beam energy increased to 5 keV. Manika
et al. [32] recently found the ion-beam-induced effect to be negligible in his study which
employed a 1 keV or 4 keV Ar+ ion beam for sputtering an oxide layer on tantalum
sample up to 40 min. Sullivan et al. [33] observed an insignificant preferential sputtering
effect on the niobium pentoxide layer (Nb2O5) after 5 keV Ar+ ion sputtering for 10 min.
In an investigation of the effect of ion beams on ceramics, Linus [34] found that a 5 keV
Ar+ ion beam did not change the composition of a 250 nm silica (SiO2) layer which was
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deposited on a silicon nitride (Si3N4) sample. These findings are useful in setting up
operating parameters of the ion gun equipment in order to reduce the preferential
sputtering effect in this study.
The XPS instrument at UNLV used in this study is a monochromatized Surface
Science Instrument SSX-100 with an Al Kα X-ray source (Al Kα= 1486.6 eV) using a
Nonsequitur Technologies Model 1401 Ar+ ion gun for etching (Fig.11).

Figure 11 XPS facility at UNLV.

The Al x-ray source was operated at 10 kV with a 0.1-1 mm X-ray spot size having
system energy resolution of 0.7 to 1.4 eV. The adventitious C 1s peak at 284.6 eV was
used as a reference to compensate for sample charging. For silicon carbide, the O 1s peak
at 532.2 eV, which represents oxygen bonded to two silicon atoms, is used as a reference.
[35, 36] The sputter rate was calibrated using a SiO2 thickness standard and corrected for
the relative sputtering rate of Ta2O5. [37] Ta 4d5/2, Nb 3d, Al 2s, Si 2p, and C 1s core
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level XPS spectra were used to identify the chemical states of the oxide films. We
estimated reproducibility of sputter derived thicknesses to be 10 %. However, these
layers were not uniform and so the variation in measured thickness may be as great as ±
50 %. Ar+ ion sputtering for short times was used for cleaning sample surfaces of
contaminants from handling processes or exposure to air. From our experiments, minimal
contamination was found on refractory alloys and ceramic materials after sputtering for
60 s and 10 s respectively. Sputter depth profiles were obtained to determine the variation
of composition with depth into the corrosion layer. Depth profiles were intentionally
limited to 0.4 µm for the refractory alloys and 1.4 µm for the ceramics using an ion beam
energy of 5 keV to try to avoid changes in the surfaces layers [33]. Relative
quantification was calculated from peak areas after subtraction of a Shirley background.
The sensitivity factors were from Scofield data. Data fitting followed a least-squares
procedure using asymmetric 0.80:0.20 Gaussian-Lorentzian fits as a starting point. Peak
fitting is an art, particularly when fitting data that contains noise. The parameters used
were consistent with reported practice in the literature. [38-40]
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CHAPTER 5
SEM AND XPS RESULTS
Exposure of Refractory Alloys to HIx/H3PO4
Four samples of three alloys, Ta-2.5W, Nb-10Hf, Nb-1Zr (1) and Nb-1Zr (2) were
exposed to a mixture of HIx/H3PO4 (Table 1).
Ta-2.5W
Figure 12 is a SEM image taken of the cross section of the corroded Ta-2.5W sample
and its corresponding elemental map. From the oxygen distribution in the map, there is
only weak evidence of oxide on the surface of the Ta-2.5W sample.

Figure 12 SEM image and elemental map of Ta-2.5W.

XPS shows unambiguously a surface oxide. The Ta 4d5/2 peak obtained from the
surface of Ta-2.5W after 60 s of Ar+ ion cleaning (about 23 nm deep) is shown in Figure
13. The peak is centered at 230.7 eV and can be attributed to tantalum pentoxide (Ta2O5)
[41-44]. The Ta 4d5/2 peak for metallic tantalum is found at 226.3 eV. There is no iodine
found by XPS, and phosphorus was about 1.3 at. % of the surface atom number %.
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Figure 13 XPS high resolution of Ta 4d5/2 peak.

From the XPS depth profile, the thickness of the oxide film formed on Ta-2.5W is
estimated to be less than 400 nm (Fig. 14). Variations in layer thickness and changes in
layer morphology can lead to indistinct transitions in sputter depth profiles since thin
oxide regions will show substrate composition at shorter sputter times than thick regions.

Figure 14 Sputter depth profile of Ta-2.5W.

29

Nb-10Hf
The SEM and EDS results of a transverse section of Nb-10Hf are displayed in Figure
15a and Figure 15b. A thin oxide layer about 1-2 µm thick is observed in Figure 15a. The
EDS spectrum from a point in the oxide layer showed the presence of niobium, oxygen
and a small amount of hafnium. Phosphorus was not observed for two possible reasons:
spectral interference with Nb (P Kα peak and Nb Lα peak are at 2.01 keV and 2.16 keV,
respectively), and the SEM probes composition over ~1 µm of spatial extent, whereas
XPS is selective to the top few atoms layers, where the phosphorus was found (see
below).

(a)

(b)

Figure 15 SEM image at (a) transverse section of Nb-10Hf and (b) EDS spectrum at the
spot (yellow +) in the oxide film.

The high resolution XPS spectra of the Nb 3d peak of the surface of Nb-10Hf after
Ar+ ion cleaning for 60 s showed a doublet peak at binding energies of 210.8 eV and
208.1 eV respectively (Fig. 16). The doublet peak can be assigned to Nb 3d3/2 and Nb
3d5/2 of niobium phosphate. [45]
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Phosphorus was found in the XPS spectra of this sample, about 7 at. % on the
surface, decreasing to less than 0.7 at. % at a depth of 400 nm (Table 4).

Figure 16 Nb 3d peak of Nb-10Hf.

Note peak due to Hf 3d at approximately 213 eV. Nb composition is probably a bit high
due to overlap of Nb 3d with Hf 3d.

Table 4 The major elemental composition (at. %) of Nb-10Hf at the two different depth.

Element
At the cleaned surface
At the depth of 0.4 µm

Nb
10.2
43.4

Elemental Composition (at. %)
Hf
O
1.5
80.9
4.2
51.7

P
7.3
0.7

Nb-1Zr (1)
Figure 17a and Figure 17b are the SEM image and the EDS spectrum of the
transverse section of Nb-1Zr (1). The SEM image showed an oxide layer of about 1 µm
in thickness. Niobium, oxygen and a small amount of silicon were observed in Fig. 17b.
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(a)

(b)

Figure 17 (a) SEM image of transverse section of Nb-1Zr (1) and (b) EDS spectrum at
the spot (yellow +) in the oxide film.

The XPS high resolution spectra of the Nb 3d peak (Fig. 18) at the surface of Nb-1Zr
(1) after Ar+ ion sputtering for 60 s can be fit with two doublets: one at 210.1 and 207.4
eV, and another at 210.7 and 208.0 eV attributed to Nb 3d3/2 and Nb 3d5/2 of niobium
pentoxide (Nb2O5) and niobium phosphate, respectively.[41-43, 45]

Figure 18 Nb 3d peak of Nb-1Zr (1).

Nb-1Zr (2)
Nb-1Zr (2), which was exposed to the corrosive environment for 720 h, exhibited
severe corrosion. The surface of the sample was roughened and had an oscillating surface
profile (Fig. 19a).
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(a)

(b)

Figure 19 SEM image and elemental map at the cross section of Nb-1Zr (2).

The EDS spectrum showed some patches of oxygen on the surface of the sample (Fig.
19b).
The high resolution XPS spectrum of the Nb 3d core level at the surface of Nb-1Zr (2)
after sputtering for 60 s is shown in Figure 20. Note the significant difference between
the spectra in Figures 18 and 20. Figure 20 showed many more oxide species on the
surface than Figure 18.
Nb 3d3/2 and Nb 3d5/2 were fit by keeping constant their area ratio of 2:3 (from the
population of 3/2 and 5/2 states due to spin-orbit coupling) and their peak splitting was
fixed at the literature value of 2.7 eV. [40, 41] Hence, the effective number of fitted peaks
was decreased by half. The fitting was started with initial peaks at the binding energies of
known niobium oxides and niobium phosphate. Peak areas, positions and width were
allowed to vary during the fit. The reported fit was a local minimum and had reasonable
widths and energies close to known oxide binding energies. During curve fitting, chisquared values were used to evaluate the quality of the fit. Five sets or three sets of
niobium doublet peaks resulted in higher chi-squared values for the fits than that for four
sets. Looking at the Nb 3d peak for Nb-1Zr (2) brings up some of the concerns that occur
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when peak fitting. The oxides are patchy and non-conductive. This means that the oxide
patches will charge while the metal will stay grounded. To help deal with this, we run
the charge neutralizer. This condition can minimize peak widths, but now the assumption
that the oxide patch is uniformly charged is particularly bad, leading to greater peak
widths than for a conductive sample. The peak widths and shape may not be the same for
different oxides, if those oxides are in different regions of the oxide patch (next to the
metal as verses on top of the patch, for example). For these reasons, we are using the
peak fits to determine oxide composition and an idea of oxide ratio. Further in depth
analysis of the fit is probably not appropriate.
After careful peak fitting, four sets of doublet peaks were found with Nb 3d3/2 and Nb
3d5/2 peaks centered at 210.3 eV and 207.6 eV (black line), 207.8 eV and 205.1 eV
(orange line), 206.3 eV and 203.6 eV (blue line), and 205.1 eV and 202.4 eV (pink line).
From the literature [42-44] these doublet peaks can be attributed to niobium with
oxidation state number of +5, +4, +2 and 0 respectively. For simplicity, only Nb 3d5/2
peaks are indicated with arrows in the XPS spectrum.

Figure 20 Nb 3d peak of Nb-1Zr (2).

34

Table 5 Peak fitting parameters.
Peak components
Nb 3d5/2 (metallic)
Nb 3d3/2 (metallic)
Nb 3d5/2 (monoxide)
Nb 3d3/2 (monoxide)
Nb 3d5/2 (dioxide)
Nb 3d3/2 (dioxide)
Nb 3d5/2 (pentoxide)
Nb 3d3/2 (pentoxide)

Binding
energy (eV)
202.2
204.9
203.7
206.4
205.2
207.9
207.6
210.3

Full width
at half maximum (eV)
2.0
2.0
3.1
3.1
3.1
3.1
3.1
3.1

Peak
area
25280
15173
63067
37966
48405
29024
12932
7645

Chi squared
value
1.0

Ta Boiler Section (Failure Analysis)
During routine maintenance of the tantalum HI distillation column boiler of the SIILS experiment, a crack was noticed under a Teflon/metal support clamp (Fig. 21). This
crack was not evident during operation, and probably occurred while tightening during
refit. The boiler was removed from service, cleaned using detergents, and examined at
UNLV and elsewhere. The boiler material was very brittle, and could be easily snapped
with one’s fingers. The boiler had seen larger-than-expected temperature excursions (up
to 435 °C) due to details of the experimental program. This may have led to
decomposition of the Teflon support elements.
The boiler samples showed small amounts of contaminants, including phosphorus,
carbon, sodium, fluorine, etc. Carbon is a ubiquitous contaminant of surfaces exposed to
normal atmospheric conditions, but it was also found at high levels inside the failed
material. The sodium was not found on reference materials, and was found on the inside
and outside of the failed samples. The presence of sodium was probably due to post
processing of the sample (the detergent wash). Fluorine was found on the outside of the
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boiler (5 at. %) and only trace indications on the inside (~0.5 at. %). This is probably due
to contact with the Teflon components of the support clamp.
To remove the effects of post processing of the samples, a fresh surface of the boiler
material was created by snapping a sample in two and then was examined. Tantalum was
found as expected but significant sodium, carbon, oxygen, and phosphorus were also
detected (Table 5). Sodium was not found in pristine material, and so its presence could
be either the effects of cracking in the material or cross contamination during the
snapping procedure.

Figure 21 Crack on the Ta boiler section.

On the surface of the processed failed boiler section, phosphorus was observed to be in
patches associated with oxygen in the SEM/EDX maps (Fig. 22).
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Figure 22 SEM image and elemental map of delaminated area of Ta boiler section.

The freshly exposed fracture surface of this sample is shown in Figure 23.
Phosphorus is also observed but is not as patchy or as evidently associated with oxygen.
The aluminum signal in the elemental map is from the sample holder in SEM.

Figure 23 SEM image and elemental map at fresh fracture surface.
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XPS results confirmed the existence of phosphorus on the fresh fracture surface of the
Ta boiler part (Table 6).

Table 6 The elemental composition (at %) of Ta boiler part at the freshly broken
surface.
Element
At the cleaned surface

C
19.8

Ta
15.5

O
48.6

P
10.9

Na
5.2

The sodium is probably from the cleaning material in the post processing of the
sample.
Discussion of Refractory Alloys and Failure Analysis
Metal pentoxides are the main oxides formed in tantalum and niobium alloys under
these conditions. From the weight loss results of the preliminary screening test [9] and
this long term test, [46] the corrosion rate of Ta-2.5W decreases with time of exposure.
This indicates a protective layer was formed and successfully protected the bulk metal
from further attack. From the XPS results, that layer was tantalum pentoxide (Ta2O5).
For economic reasons, tantalum coated stainless steel has been used instead of pure
tantalum or tantalum alloy in some parts of the S-I thermochemical hydrogen generation
demonstration section. Examination of a failed Ta-coated stainless steel sample (Fig. 24)
showed a protective tantalum oxide film was formed on the Ta coated stainless steel as in
the case of pure tantalum or tantalum-based alloy. From SEM investigations, the tantalum
layer was porous at the surface and in the near surface zones. Note the oxygen
concentrated in these places (Fig. 24), potentially leading to oxide layer spallation and
crack initiation. Hence, porosity is an important parameter in tantalum coated parts.
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It should be noted that this was an issue only with some parts that supplied to GA at
early stage of this project, and that a large number of parts were made for this project that
showed no evidence of problems.

Figure 24 SEM image and elemental map of Ta-coated stainless steel.

In contrast with the tantalum alloys which are corrosion-resistant in all of the tested
corrosive environments, from short to long time exposures, niobium alloys showed good
corrosion behaviors only in HIx [46] or in the HBr/Br2 system [15] and in short-term
exposure to HIx/H3PO4. They failed when immersed in HIx/H3PO4 for 720 h (Nb-1Zr (2)).
In fact, refractory alloys slightly corrode and form their oxide layers when they
contact oxygen in air. The corrosion performance of Nb-1Zr (2) initially was thought due
to the failure of the oxide layer, which formed in air, before experiment and a new oxide
layer did not form again in the HIx/H3PO4 environment. To further investigate the failure
of Nb-1Zr (2), an identical sample (Nb-1Zr (3)) with an intentional scratch through the
surface oxide was tested. This experiment tested the role of oxide failure in air, on the
corrosion and the ability to reform oxide layer of Nb-1Zr (2) in the HIx/H3PO4
environment. The sample was exposed to a corrosive environment with the same
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experimental conditions as Nb-1Zr (1). Figure 25 presents the image and elemental
distribution taken at the cross section of Nb-1Zr (3) at the intentional scratch.

Figure 25 SEM image and elemental map of intentionally scratched Nb-1Zr (3).

As the EDS spectrum given in Figure 25 shows, an oxide layer formed over the
intentional scratch. Nb-1Zr (3) showed a corrosion behavior similar to Nb-1Zr (1). This
proved that the oxide layer can reform even after mechanical damage. However, Nb-1Zr
(2) showed there were conditions under which the oxide layer on Nb-1Zr was unstable in
HIx/H3PO4.
The characteristics of oxides formed on tantalum and niobium alloys in acid media
are a matter of active study. [16] However, studies of the oxidation of Nb and its alloys in
air at room temperature [47] and up to 900 °C [48] found that a thin NbO layer was
formed next to the bulk metal with a thick Nb2O5 layer on top. At high temperature [48]
or at room temperature and low oxygen pressure [49], small amounts of NbO2 were
found in the Nb2O5 layer or between the Nb2O5 and NbO layer. In our experiment, the
results of SEM and XPS showed a two-layered structure with a thick layer of niobium
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pentoxide next to the metal and a thin film of niobium phosphate (in Nb-10Hf) or thin
film of niobium phosphate and niobium pentoxide (on Nb-1Zr (1)) on top. From
capacitance measurements of the niobium oxide layer thickness in the dissolution process
of the oxide in H3PO4 of varying concentrations at different temperatures, El-Mahly
identified the presence of a two-layered structure on niobium samples in phosphoric acid.
[50] The propensity of the outer layer to dissolve was also noticed in this study. The
presence of metallic niobium and niobium monoxide (as shown in Fig. 20) indicates
either the spallation or dissolution of the oxide layer which was formed on Nb-1Zr (2)
after extended exposure. It has been proposed that the corrosion of tantalum and niobium
(M=Ta or Nb) in acid media proceeds according to equations (2.18), (2.19), and (2.20).
[15, 16]
The development of thin oxide in our experiments probably initiates with the
formation of a thin NbO film, which then forms Nb2O5 on top of a NbO layer.
Afterwards, the niobium pentoxide gradually converts into niobium phosphate. The
failure of Nb-1Zr (2) probably relates to failure of the niobium pentoxide/niobium
phosphate layer which may be due to the large difference in thermal expansion
coefficient and molar volume between the metal and its oxide. [51] In addition, previous
workers observed pitting corrosion on zirconium and zirconium alloys in HIx
environment indicating local failure of the oxide. [6, 9] However, we note that our scratch
test results (Fig. 25) indicate that for Nb-1Zr (3), which is identical to Nb-1Zr (1) and Nb1Zr (2), the oxide failure healed. Perhaps after long HIx/H3PO4 exposure the near surface
region is modified so that oxide failures no longer heal.
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From weight loss measurements, [46] the corrosion rate of Nb-10Hf is 1.028 mm/yr
while that of Nb-1Zr (2) is 0.704 mm/yr. The presence of hafnium oxide, which appeared
as a small peak centered at about 213.6 eV in the XPS spectra (Fig. 16), in the phosphate
film could play a role in the rate difference and in oxide spallation.
The detection of phosphorus on the freshly exposed fracture surface of the Ta boiler
sample in the post mortem investigation indicates the migration of the corrosive material
into the sample under experimental conditions. The observed brittleness of the boiler
section could be due to the incursion of the acid material, but this hypothesis does not
explain the existence of the cracks in the first place.
The morphology of the cracks (transverse cracking under the support clamp, Fig. 21)
and lateral cracking (along the tubing direction, Fig. 22) under subsequent stress suggest
that the material became compromised, probably associated with the excess temperature
excursions. One possibility that was not directly assessed in this study was hydrogen
embrittlement of the tantalum, since observation of hydrogen directly requires special
techniques. There would be quite a bit of hydrogen generated by the oxidation of the
metal by water, which makes this scenario rather likely.
Exposure of Refractory Ceramics to H2SO4
Sulfuric acid decomposition is the highest temperature section of the S-I cycle. The
operating conditions in the section, which involve concentrated acid at elevated
temperature up to 900 °C, [1, 52] are too harsh for refractory alloys. The passivating
oxide layer, which formed in oxidizing environments at low temperatures, can spall, react
or volatilize at high temperature to allow further corrosion attack on the alloys. Although
tantalum is “inert” to most oxidizing and reducing acids, it is susceptible to fuming
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sulfuric acid and sulfur dioxide. [53] Lastly, at these temperatures, metallic alloys are
typically very weak.
In a study of materials that could be applied in the acid vaporizer and SO3 reduction
reactor, Ammon et al. [54] found that silicon carbide and silicon nitride were corrosionresistant to boiling sulfuric acid. Ishiyama et al. [55] reported good corrosion resistance
for silicon carbide and silicon nitride after exposure to boiling sulfuric acid for 1000 h.
Based on these findings, silicon carbide (SiC) and silicon nitride (Si3N4) were chosen
as the primary candidates for the sulfuric acid decomposition section. However, a number
of other candidates were studied as well.
Alumina (AlO-S)
Some signs of corrosion, such as disappearance of machining marks and formation of
corrosion products, were evident on the surface of the exposed AlO-S specimen (Fig
26b).

(a)

(b)

Figure 26 SEM images of (a) the unexposed and (b) the exposed AlO-S specimen at the
surface.

43

More small particles were found on the surface of the exposed AlO-S than on the
unexposed sample (Fig. 27a). EDS spot analysis (Fig. 27b and 27c) found the small
particles to be composed of alumina and impurities (silicon and calcium).

(a)

(b)

(c)

Figure 27 (a) SEM images at the surface of the exposed AlO-S specimen and EDS spot
spectra of (b) spot A and (c) spot B.

XPS survey scans found that the surfaces of both the unexposed and exposed AlO-S
specimens were contaminated with carbon (Fig. 28). The other elements observed are
small amounts of Mg, Si, and Ca. MgO, SiO2 and CaO are known impurities of the AlOS sample (grade AD-998 CoorsTek). [21]
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Figure 28 The XPS spectrum of exposed alumina (1000 h) at the cleaned surface.

The composition of elements at varying depths of the unexposed and the exposed
AlO-S are shown in Table 7. The contaminant C was left out to show atom % ratios in
the substrate uncomplicated by surface contamination.

Table 7 Composition of elements at varying depths of the samples.
Sample
Unexposed AlO-S
- At the cleaned surface
- At the depth of 1.2 µm
Exposed AlO-S
- At the cleaned surface
- At the depth of 1.2 µm

Al
39.4
40.9

Elemental Composition (at. %)
O
Mg
Si
Ca
S
57.3 1.8
0.7
0.7
57.8 0.2
0.3
0.8

25.6
32.2

51.9
50.7

5.7
1.9

13.1
13.2

0.4
0.2

3.2
1.7

Al:O
0.7
0.7
0.5
0.6

SEM investigation of cross sections of the samples showed an increase of porosity in
the exposed AlO-S specimen (Fig. 29b), compared to the unexposed sample (Fig. 29a)
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(a)

(b)

Figure 29 The cross sections of (a) the unexposed AlO-S and (b) the exposed AlO-S,
probed by SEM.

Silicon Nitride Gas Pressed (SiN-GP) and Silicon Nitride Hot Pressed (SiN-HP)
SEM images of the surfaces of the exposed SiN-GP and exposed SiN-HP are shown
in Figure 30a and 30b. During the exposure to H2SO4, more corrosion products (spherical
particles) appeared on the surface of SiN-GP than on SiN-HP, as shown in Figure 30a
and Figure 30b.

(b)

(a)

Figure 30 SEM images of the surfaces of the exposed (a) SiN-GP and (b) SiN-HP.
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The same samples shown in Figure 30 were examined at higher magnification by SEM,
which showed that the SiN-GP was covered by a very uniform layer of spherical
corrosion product particles (Fig. 31a). On SiN-HP, the corrosion product particles were
smaller and dispersed unevenly on the surface (Fig. 31b).

(b)

(a)

Figure 31 The high magnification SEM images of the surfaces of the exposed (a) SiN-GP
and (b) the SiN-HP.

XPS investigation found depletion of nitrogen at the surface (Table 7), compared with
the depth of 1.4 µm. The two exposed Si3N4 samples were heavily contaminated by
carbon even at the depth of 1.4 µm. The carbon contamination probably arose during
fabrication (perhaps sintering agent).

Table 8 Composition of elements at varying depths of the exposed samples.
Sample
Exposed SiN-GP
- At the cleaned surface
- At the depth of 1.4 µm
Exposed SiN-HP
- At the cleaned surface
- At the depth of 1.4 µm

Elemental Composition (at. %)
C
O
Si
N
S
Si:O
75.1 16.4
7.9
0.1
0.5
0.5
10.7 58.9 28.7
1.6
0.1
0.5
42.8
3.1
47

36.9
39.6

18.8
40.2

0.9
16.5

0.5
0.6

0.5
1.0

The high resolution XPS spectra lines of Si 2p at the clean surface of the exposed SiN-GP
and SiN-HP samples have binding energies of 103.1 and 103.5 eV, respectively (Fig. 32a
and 32b). Both peaks are attributed to silica (SiO2). [42, 43]

(b)

(a)

Figure 32 High resolution XPS spectrum of Si 2p peak of the exposed (a) SiN-GP and (b)
SiN-HP at the cleaned surface.

The SEM cross sectional analysis showed that the corrosion layer of SiN-GP (Fig. 33)
was thicker and more continuous than that of the SiN-HP (Fig. 34). The corrosion layers
in both cases were a few microns thick.

(b)

(a)

Figure 33 SEM image of the cross section of SiN-GP and elemental map, showing the
enhancement of nitrogen at the near surface.
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(a)

(b)

Figure 34 SEM image and elemental map of the cross section of SiN-HP.

In order to determine the spatial distribution of silicon, oxygen, and nitrogen, sputter
depth profiles (SDP) were conducted on the two exposed silicon nitride samples to a
depth of 1.4 µm (Fig. 35 and 36).

Figure 35 Sputter Depth Profile of SiN-GP.
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Figure 36 Sputter Depth Profile of SiN-HP.

These results show the effect of different processing on silicon nitride. Gas Pressed
material formed a much thicker oxide than the Hot Pressed material. To the depth of 1.4
µm, the nitrogen content of SiN-HP sample increased by an order of magnitude and the
oxygen level decreased by about 20 at. %, whereas the nitrogen and oxygen in the SiNGP sample was unchanged.
Silicon Carbide Tape Laminated (SiC-LS) and
Silicon Carbide Pressureless Sintered (SiC-PS)
SEM images of the surfaces of the unexposed SiC-LS and the unexposed SiC-PS are
shown in Figure 37a and 37b. There was no significant difference observed on their
surfaces.

50

(a)

(b)

Figure 37 The SEM images of the surfaces of the unexposed (a) SiC-LS and (b) SiC-PS.

However, the SEM images of the surfaces of the exposed SiC-LS and the exposed
SiC-PS (Fig. 38a and 38b) showed the differences of the corrosion layers on their
surfaces. The corrosion product particles on the exposed SiC-LS were more uniform and
the layer was more continuous than that of the exposed SiC-PS.

(a)

(b)

Figure 38 SEM images of the surfaces of the exposed (a) SiC-LS and (b) SiC-PS.
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The SEM cross sectional results of exposed samples of SiC-LS (Fig. 39) and SiC-PS
(Fig. 40) show a difference in the O elemental map. While O is small at the surface of the
former, it is quite noticeable on the surface of the latter.

(b)

(a)

Figure 39 The SEM image and elemental map of the exposed SiC-LS.

(a)

(b)

Figure 40 The SEM image and elemental map of the exposed SiC-PS.
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XPS investigation found the enhancement of silicon at a depth of 1.4 µm (Table 8).

Table 9 Elemental composition at varying depths of the exposed samples.
Sample
Exposed SiC-LS
- At the cleaned surface
- At the depth of about 1.4 µm
Exposed SiC-PS
- At the cleaned surface
- At the depth of about 1.4 µm

Elemental Composition (at. %)
C
O
Si
S
Si:C Si:O
61.8 24.7 13.2
0.3
0.2
0.5
16.5 47.6 35.2
0.7
2.1
0.7
60.9
12.6

23.3
49.7

15.1
37.1

0.6
0.6

0.3
2.9

0.7
0.8

Figure 41a shows the high resolution XPS Si 2p peak at the cleaned surface of the
exposed SiC-LS. This peak, centered at 103.0 eV, is assigned to silica (SiO2). [42, 43]
The Si 2p core lines of the exposed SiC-PS (Fig. 41b), which were decomposed into
major and minor components at binding energies of 101.9 and 103.7 eV are attributed to
silicon oxycarbide (SiO2C2) and silica (SiO2). [35, 36, 42, 43, 56]

(a)

(b)

Figure 41 High resolution XPS spectra of Si 2p peaks at the cleaned surface of the
exposed (a) SiC-LS and (b) SiC-PS.
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The XPS core levels of C 1s and Si 2p at the depth of about 1.4 µm of the exposed
SiC-LS (Fig. 42a and 42b), centered at 282.1 and 283.6 eV, 100.6 and 102.8eV, could be
attributed to carbidic carbon (SiC) and carbon in silicon oxycarbide, silicon in silicon
carbide (SiC) and silicon in silicon oxycarbide (SiO3C) respectively. [35, 36, 42, 43, 56]
At the same depth as the exposed SiC-LS, the XPS C 1s and Si 2p line core level of the
exposed SiC-PS (Fig. 42c and 42d) showed the same peaks as in the exposed SiC-PS.
This indicates that the difference in the corrosion of the two exposed silicon carbide
samples (SiC-LS and SiC-PS) is at their surfaces.

(a)

(b)

(c)

(d)

Figure 42 High resolution XPS spectra of (a) C 1s peak and (b) Si 2p peak of SiC-LS and
(c) C 1s peak and (d) Si 2p peak of SiC-PS at the depth of about 1.4 µm.
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Discussion of Ceramic Materials
Alumina (AlO-S)
The corrosive effect of acids on alumina decreases in the order H3PO4 > HCl >
H2SO4. [57, 58] Corrosion depends on the solubility of alumina and of the grain boundary
phases. [57-59] Under acidic conditions, dissolution of alumina is insignificant, while
dissolution of impurities is high. [60]
Earlier in the present work, the results of our XPS investigation of alumina were
presented. Impurities were enhanced at the surface of the exposed AlO-S sample (Table
6). This observation can be explained by the migration of impurities from grain
boundaries in the bulk to the surface, which left voids behind. Curkovic et al. [59]
explained the distribution of the impurities by the solubility of cations, which depend on
their charges and their radii, in the alumina lattice. The solubilities are small, especially
for Ca2+, due to the difference of charges and radii of the cations of the impurities and
Al3+ (Table 9).

Table 10 Ionic radii of some cations [61].
Cations
Al3+
Mg2+
Si4+
Ca2+

Ionic Radii (Å)
0.68
0.86
0.54
1.14

From this information, Ca+2 is mostly expected at the grain boundary. It is observed
that the concentration of calcium at the cleaned surface of the exposed AlO-S was less
than 1 at. % (although it was higher than that of the unexposed AlO-S by about a factor
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of three). This can be explained by the high solubility of calcium in acidic solutions. By
measuring the eluted ions in the varying concentrations of HCl and H2SO4, Curkovic et
al. [60] attributed the corrosion of alumina in acidic solution to the dissolution of MgO,
SiO2 and CaO grain-boundary impurities.
Hence, the corrosion of alumina is mainly intergranular corrosion in which the
impurities at the grain boundary are dissolved, leaving voids and loose alumina grains as
shown in Figure 29b.
Silicon Nitride (Si3N4)
Some workers [62, 63] suggested the formation of silicon oxynitride in the form of
Si2N2O in the oxidation of Si3N4 as an interlayer between the outer silica and inner Si3N4.
Tressler et al. [64, 65] proposed the two-stage model of the oxidation of silicon nitride by
2Si3N4 + 3 O2 → 3Si2N2O +N2
2

(5.1)

Si2N2O + 3 O2 → SiO2 +N2.
2

(5.2)

and

The first reaction and the second reaction were thought to occur at the interface of Si3N4
and Si2N2O and at the interface of Si2N2O and SiO2, respectively. However, the
formation of Si2N2O was not confirmed. [66, 67]
The ratio of silicon to oxygen in Table 6 suggests the formation of silica on the
surface of both types of silicon nitride samples. The high resolution XPS spectra of Si 2p
lines taken at the cleaned surfaces of these samples (Fig. 31) confirmed this. However,
there are differences in the structures of the corrosion layers of the two silicon nitride
samples. The distribution of elements of the two silicon nitride samples to a depth of 1.4
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µm (Fig. 35 and 36) indicates that the corrosion layer on the SiN-GP was uniform and
mostly composed of silica (SiO2). In SiN-HP, the corrosion layer seemed to be
complicated with two different areas. At the near surface (about 200 nm), the elemental
composition of the corrosion layer was similar to that of the exposed SiN-GP, which
suggests the formation of silica (SiO2). The nitrogen content increased while oxygen
content decreased, suggesting the formation of either a mixture of silicon oxide and
silicon nitride or a non-stoichiometric compound of silicon, oxygen, and nitrogen. These
two possibilities are in agreement with the literature. [63, 66, 67]
Silicon Carbide (SiC)
Eck et al. [69] reported that oxidation of silicon carbide in the He-O2 system was
heavily dependent on the oxygen concentration and temperature. A homogeneous and
protective silica layer can form if the partial pressure of oxygen is high enough. In other
cases, the oxidation layer is not protective (i.e., the reaction products are mainly gaseous)
or the oxide layer is heterogeneous and does not protect the bulk. In addition, silica is
present only at temperature below 1027 °C. Above this temperature, the formation of SiO
and CO will occur.
Our study showed that the formation of silica also depended on the fabrication
technique. The corrosion layers which covered the surfaces of the two exposed silicon
carbide samples (SiC-LS and SiC-PS) were observed (Fig. 38a and b) to have different
porosity. XPS identified silica (SiO2) as the main product formed on the surface of the
exposed SiC-LS, whereas the main product on the surface of the exposed SiC-PS was
silicon oxycarbide. As a depth of 1.4 µm, both samples showed similar XPS spectra,
consistent with mixed SiC and SiO3C. The weight change measurements of these samples
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(conducted at Ceramatec Inc.) after exposure found SiC-PS lost weight between samples
which were exposed to sulfuric acid for 500 h and 1000 h (Fig. 43) as contrasted with
SiC-LS. [21] SiC-LS continued to gain weight i.e. silica continued to accumulate slowly.
In contrast, SiC-PS started to lose material i.e. the silicon oxycarbide was being
dissolved. It seems that the corrosion product layer (silicon oxycarbide) that formed on
the surface of the SiC-PS did not protect the sample for long time exposures.

Figure 43 Weight gains for 1000 h exposure samples [21].
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CHAPTER 6
CONCLUSIONS
Corrosion is defined as the deterioration of materials (usually metals) by chemical
interaction with their environments. It is in contrast to erosion, which is the physical
removal of solid materials by the mechanical action of a flowing fluid. In corrosion the
surfaces (i.e., the interfaces between materials and their environments) are places where
the corrosion originates and forms corrosion products. If the corrosion products cover the
underlying materials and retard the corrosion, the corrosion layer is protective. Our study
found the formation of oxidized layers on refractory alloys and on ceramic materials after
exposure to HIx/H3PO4 and H2SO4 respectively. By characterizing the corrosion layers,
we understand the corrosion behavior of the materials.
Refractory Alloys and Failure Analysis
Tantalum and niobium alloys developed oxide layers in the harsh corrosive
environment of HIx/H3PO4 at 120 °C. This study indicates a relation between the stability
of the oxides and the corrosion of the alloys. The corrosion rate of tantalum alloy
decreases with exposure time due to the formation of a stable protective tantalum
pentoxide film. On the other hand, the corrosion of niobium alloys is complicated by the
formation of several oxides. Niobium pentoxide can protect the bulk metal in the shortterm but fails in the long term. Zirconium and hafnium are alloying elements which are
used to improve the mechanical properties (in Nb-1Zr) and corrosion resistance (in Nb10Hf) of their alloys, and probably play a role in the type of corrosion. Hafnium oxide
co-existed with niobium phosphate on the surface of Nb-10Hf. In this study, two different
types of corrosion took place on niobium alloys. The Nb-1Zr showed localized attack
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while Nb-10Hf showed uniform corrosion. We observed iodine on the samples to be less
than 0.4 at. %. This is either due to lack of iodide formation or possibly loss of iodide
corrosion product.
In summary, Ta-2.5W alloy has good corrosion resistance in HIx/H3PO4. Its pentoxide
satisfies the requirements for a corrosion-resistant film. It is the preferred candidate as a
structural material for a S-I cycle facility. In practice, tantalum-coated stainless steel was
used due to cost considerations. Ta-coated stainless steel parts usually worked well, but a
few failed. The investigation of the failed tantalum-coated parts, which served in the I2
separation section, highlights the importance of the coating integrity.
There was evidence of severe degradation of the tantalum alloy at high temperatures
(~ 435 °C) and possible hydrogen loading. This possibility should be studied if similar
conditions are expected.
The formation of the less stable chemical states of tantalum oxide with oxidation
numbers less than +5 under mechanical stress (in this case friction) has been reported.
[68] Thus, the affects of mechanical stress on the protective tantalum pentoxide film must
be considered, indicating further studies should be conducted of materials coated with
tantalum with chemical and mechanical stresses applied.
The tantalum boiler section showed severe material degradation, and the observation
of multiple contaminants at the fresh fracture surface leads to the suggestion that cracking
of the tantalum led to the degradation. The cracking may be due to hydrogen
embrittlement or another process. The curious form of the lateral cracking (delamination)
may indicate investigations of the crystal form and fabrication technique of the tubing
may be in order.
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Ceramic Materials
In ceramic samples, silicon oxides were formed as a protective layer on the surface
samples (except alumina). The type and the structure of the silicon oxide depend on the
fabrication process. In silicon nitride, the Gas Pressed sample developed a silica layer
(SiO2) thicker than that of the Hot Pressed sample. In silicon carbide, a thin silica (SiO2)
layer was formed on the surface of the Laminated Sintered sample whereas the surface
corrosion layer on the Pressureless Sintered sample was silicon oxycarbide (SiOxCy). At a
depth of 1.4 µm into the samples, both SiC specimens show similar composition: mixed
SiC and SiO3C. This may be due to sputter-driven chemistry. It is well known that silica
(SiO2) is often a protective oxide. From the weight measurement results (Fig. 43), the
differences in the weight changes of these samples can be seen. The samples with thicker
silica (SiO2) layer on the surface showed a weight gain or a slight weight loss while the
samples with less or thinner silica layer on the surface showed higher weight losses
between exposures of 500 h and 1000 h. Alumina showed weight gain trends increasing
with exposure time. This is evidence that corrosion products kept forming on the alumina
sample. The high concentration of sulfur (1.7 at. %) at the depth of 1.4 µm in the AlO-S
sample indicated high penetration or high corrosion of the alumina. We observed
intergranular porosity in the AlO-S sample after exposure.
In summary, silicon nitride gas pressed and silicon carbide laminated sintered have
good corrosion resistance in sulfuric acid at high temperatures. These are therefore
candidates for structural materials for the sulfuric acid decomposition section in a S-I
cycle facility.
The role of iodine on the corrosion of the refractory alloys in the environment of HIx/
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H3PO4 might be negligible since the formation of iodides on the exposed alloys was not
observed. For Nb-10Hf, a mixed surface oxide of Hf and Nb was observed. This mixed
oxide may not form the dense, crystalline oxide layer one might wish for protective
oxides. Nb-1Zr formed Nb-based oxide layers, but it seemed to undergo an autoreduction
at long times (i.e. Nb pentoxide of the oxide layer reacted with Nb of the subtrate resulted
in Nb suboxides). Ta-2.5W was corrosion-resistant, and formed a very thin adherent
oxide layer. However, it is prone to hydrogen embrittlement. Possible phosphorus (P) and
also sodium (Na) incorporation was found in the failed Ta boiler section in the failure
analysis study. This may be indicating that cracking was occurring in the Ta specimens.
Additional studies might be appropriate to look at this possibility.
The ceramics were very surface- and preparation- sensitive. The silicon based
ceramics formed oxide layers (silica and silicon oxycarbide). This observation shows
that in some cases the material interacting with the process liquids may be one that is not
expected. For example, a membrane made of silicon carbide would end up being a
membrane made of silica (or silicon oxycarbide), and any passages creating in the SiC
membrane would be modified by the formation of the oxidized species. The materials
properties then are not the same as in the design and can cause unexpected problems.
Thus, our investigations allow a more systematic and predictive treatment of ceramic
materials in chemical processes.
The study of corrosion of the refractory alloys in HIx/H3PO4 and of ceramic materials
in H2SO4 elucidated the important role of oxidized layers, which formed on the surface of
these materials as corrosion products, on their corrosion behavior. The XPS and SEM
analytical techniques have proved their strength in the study of corrosion. The results
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from this study and from other studies (visual examination, weight change measurements,
and mechanical property tests) identified that Ta-2.5W and SiC-LS had adequate
corrosion behaviors in the condition of the HI decomposer and the H2SO4 decomposer,
respectively. They were chosen as structural materials for the Sulfur-Iodine Integrated
Lab Scale (SI-ILS) test at GA and showed good performance. Tantaline Inc., the private
company that supplied Ta-coated stainless steel to GA, improved the integrity of coating
in their coating process and there were no failure occurred in the Ta-coated stainless steel
in the SI-ILS. These studies facilitated the planning, construction and operation of the SIILS test and advanced the goals of the national hydrogen energy research effort.
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