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ABSTRACT
Metals such as chromium, aluminum and silicon are of extreme technological and
industrial importance due to the corrosion resistance they offer in oxidizing environments
at high temperature. Much of this robustness is based on the formation of a thin, welladhered metal-oxide (MO) layer on the surface of the metal. In particularly corrosive
environments or at high-enough temperatures and or pressures, the MO will chemically
react with constituents in the surrounding gas, removing atoms from the solid. For many
systems, material loss and subsequent mechanical failure is the foremost concern.
However, in solid oxide fuel cell (SOFC) systems, the presence of gaseous metal species
leads to severe degradation in electrochemical performance well before mechanical limits
are reached.
Reactive vaporization from ferritic stainless steels, chromia, aluminosilicates and
a candidate electrode material (Sr2VMoO6), was investigated using the transpiration
method. Two novel collection methods were employed: condensation of vapors on
wafer collectors analyzed with Rutherford backscattering spectrometry (RBS); and,
condensation of vapors on quartz wool analyzed via inductively coupled plasma mass
spectroscopy (ICP-MS). Identification and quantification of vapor species provided
assessment of material performance in SOFC environments.
Experiments demonstrated that Cr vapor species from ferritic stainless steels used
for SOFC interconnect applications could be reduced by as much as one order of
magnitude through the application of barrier coatings. Base alloys were compared and
exhibited a variety of Cr vaporization rates despite being similar in composition, thus
illustrating the importance of minor elemental constituents in the alloy. Measurements
identified Si as the primary volatile element in aluminosilicate materials when Si
concentrations in the bulk material were as low as one percent. Aluminosilicate materials
demonstrated a burn out phase during the first hundred hours at 800°C in humid
oxidizing environments, where large amounts of Si and other elements were vaporizing.
Mass transport rate versus flow rate experiments on pure Cr2O3 indicated that sample
surface area influences the measured Cr vapor pressure. This finding helps explain the
range of values reported in literature for the equilibrium rate constant of the most
common Cr vaporization reaction in SOFC environments.
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CHAPTER ONE
INTRODUCTION
The Role of Fuel Cells
A fuel cell is a device that acts like a battery, converting chemical fuel into
electricity. The fundamental difference between the two is that the composition of the
fuel cell does not change with time, allowing the fuel cell to produce power continuously
as long as fuel and oxidant are supplied. Batteries on the other hand, accumulate reaction
products over time and must be recharged or disposed of after chemical fuel is consumed.
Fuel cells primarily convert hydrogen fuel into electricity.

This is a major

detriment to their widespread adoption since hydrogen rarely exists in its free molecular
form, H2, on Earth. Electrolysis is one way to generate hydrogen fuel from water, and is
desirable because very high purity hydrogen fuels can be produced. The downside of
electrolysis-based fuel production is that the process has a negative efficiency. You use
more energy producing the fuel than you get from burning it. That is why hydrogen is
most commonly produced through steam reforming of hydrocarbon fuel [1].
Solid oxide fuel cells have an advantage when compared to other types of fuel
cells when it comes to hydrocarbon reforming. High operating temperatures, >600°C, of
SOFCs enable hydrocarbon reforming within the cell [2], permitting their wide spread
adoption under the current energy infrastructure. Environmental impacts associated with
carbon emission are by no means eliminated through this practice. However if SOFC
efficiency, when energy losses associated with reforming are accounted for, is higher

2
than current methods of power production an overall reduction in the carbon footprint
will result. SOFC efficiencies of 45-60% have been reported [3] where the highest
efficiencies are achieved when waste heat is utilized in combined heat and power
applications.
Vapor Species and SOFCs
A primary bit of knowledge to relate to the reader of this thesis is; all substances
vaporize [4]. This can be understood purely by statistical means when one considers the
EXTRAORDINARILY large number of atoms or molecules interacting in everyday
physical systems and appreciates the dynamic nature of matter on the molecular scale.
Thus vapor species are continually evolving from the surface of materials at a rate
dictated by the chemical and physical environment they are in. Temperature plays a key
role in this interplay and along with the chemical environment, makes solid oxide fuel
cells a stimulating platform to study vapor species.
The gas environment of a solid oxide fuel cell can be broken in to two distinct
regions: that of the anode, consisting of gaseous hydrogen or hydrocarbon fuel; and that
of the cathode where the oxidant is consumed. Another key constituent, water vapor, is
found in both cathodic and anodic atmospheres.

In the 600-1000°C operating

temperature range of an SOFC, water vapor is particularly corrosive and accelerates
reactive vaporization of solid components within the fuel cell system. The volatile
species produced can then be redistributed within the fuel cell and return to solid form via
reaction with other cell components or simply condense in cooler regions of the SOFC
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system.

When vapors reduce in electrochemically active regions around the

electrode/electrolyte interface, cell degradation is unavoidable and often results in system
failure.
SiO2 Vaporization
Si is one element that from an electrochemical point of view for fuel cells is a
poison [5, 6]. It is also the second most abundant element in Earth’s crust [7] and
ubiquitous within many materials used to make SOFCs. To make functional SOFCs, care
must be taken to eliminate materials that volatilize Si. The primary source of Si vapor in
SOFC systems is the refractory container that houses the cells shown in Figure 1.1.

Figure 1.1: Siemens solid oxide fuel cell power unit [8].
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For this reason, Siemens Westinghouse built their prototype 100kW SOFC using high
purity alumina housing, insulation and gas feed tubes, drastically increasing materials and
manufacturing costs [8]. Siemens has since discontinued its production of fuel cells,
illustrating that progress must be made in materials development and manufacturing to
have an economically viable SOFC technology.
A general trend in thermodynamically stable oxide systems is that water vapor
accelerates material corrosion in oxidizing environments. Table 1.1 shows the maximum
use temperature for SOFC related oxides in different oxidizing environments.
Table 1.1: Upper use temperatures for oxides based upon the partial pressure of all vapor
species equal to 10-6 atm [9].
Pressure: 1 atm

Pressure: 1 atm

Pressure: 10 atm

0.21 atm O2

0.21 atm O2

1 atm O2

0.01 atm H2O

0.10 atm H2O
Bal. N2

1 atm H2O
Bal. N2

1,042°C

499°C

Cr2O3

Bal N2
1,122°C

SiO2

1,575°C

1,370°C

967°C

Al2O3

2,072°C

1,864°C

1,345°C

Temperatures given in the table reflect a threshold where oxide vapor pressures exceed
10-6 atm [9] and are therefore not suitable for most industrial applications. In terms of
material applications for SOFCs, vapor pressures need to be even lower than 10-6 atm due
to electrochemical performance degradation over time when vapor species are present.
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Cr2O3 Vaporization
Chromium vapors arise within SOFCs from two sources: steel encasing the
alumina housing (shown in Figure 1.1) and SOFC metallic interconnects. Much of the
discussion within this dissertation pertains to SOFC interconnect applications, but it
should be understood that many current and future technologies rely upon the corrosion
resistance ferritic steels (also known as chromia-forming steels) offer in humid oxidizing
environments. Because the electro-thermo-chemical environment of the SOFC is so
challenging, research on steels in SOFC applications will certainly have an impact
beyond the scope of fuel-cell-interconnect. For that matter it is worth discussing the role
of the metallic, planar SOFC interconnect, Figure 1.2.

Figure 1.2: Planar SOFC stack (left) [10] incorporating a metallic-interconnect (right)
[11].
Planar SOFC designs differ from tubular designs shown in Figure 1.1 and are conducive
to the use of ferritic steels.

Components can be fabricated through conventional

manufacturing processes, reducing costs associated with the fabrication of conductive
ceramic interconnects in tubular designs.

6
ICs serve to electrically connect individual electrochemical cells in series and
parallel to an external load. They also physically separate fuel gas from oxidant and
therefore must be impermeable (hermetic) and chemically stable in both environments.
Although electronically conductive ceramic ICs have demonstrated stable performance in
high temperature (900-1000°C) SOFC systems, they are particularly cost prohibitive [12,
13]. At temperatures less than 900°C, ferritic stainless steels meet many of the material
requirements associated with planar SOFC interconnection: high conductivity; good
mechanical strength; thermal expansion properties that match other SOFC components;
and, manufacturability at low cost [14].

However, long-term stability of steel in

oxidizing and reducing environments remains a significant technological challenge,
largely due to reactive Cr vaporization [15].
High temperature corrosion resistance exhibited by ferritic steel (containing over
15 wt% Cr) in oxidizing environments is attributed to the formation of a thin, passivating
chromia (Cr2O3) scale on the surface of the metal [16, 17]. Under operating conditions of
the SOFC cathode, chromia reacts with oxygen and water vapor producing gaseous Cr
vapors [16-19], depleting Cr in the alloy and poisoning the cell by depositing Cr around
the cathode/electrolyte interface [20-25].
Many varieties of alloys, shown in Table 2, and protective coatings have been
developed to help mitigate Cr vaporization. Research efforts have focused on perovskite
or spinel structure coatings using techniques such as physical vapor deposition (PVD),
thermal spraying or dip coating [15, 25]. In order to gauge the effectiveness of a coating
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or steel it is necessary to measure the amount of Cr vapor released during heating, thus a
branch of experimental techniques has emerged to quantify Cr vaporization.
Table 1.2: Compositions of alloys tested in Cr vaporization rate experiments using the
transpiration method.
Alloy

Concentration (wt%)
Fe
Cr
Si
Crofer 22 APU bal 22.7
0.02
E-Brite
bal 24-26 0.003
-0.2
Ducrolloy
5.5
bal
Cr5Fe1Y2O3
5
bal
446 SS
bal 25.6
Sanergy HT
bal 21.2
0.12
430 SS
bal
16
0.3
ZGM 232
bal
22
0.4
ZGM 232 G10
bal 23.7
0.02
Haynes 230

Ref.
Mn
0.38
0.05

Ni
0.02
0.15

Al
0.02
-

Ti
0.07
-

Y
-

Mo
0.96

C
0.002
0.01

N
0.004
0.004

other
La: 0.06
-

0.41
0.3
0.9
0.45
0.28

0.3
0.08
0.29
-

0.02
0.14
0.18
-

0.09
-

0.5
1
-

0.96
-

0.01
0.04
0.07
0.024
-

0.014
0.18
0.005
-

Nb: 0.71
P: 0.28
Zr: 0.13
W: 1.4, Cu:
0.93
W: 14, Co:
5, B: 0.015,
Ce/La: 0.02
Nb: 0.5, P:
0.02
-

3

22

0.4

0.5

52.7

0.3

-

-

2

0.1

-

441 SS

bal

18

0.34

0.35

0.3

0.05

0.22

-

-

0.01

0.014

RA600
RA446

8
bal

15.5
23-27

0.2
1

0.1
1.5

bal
-

-

-

-

-

0.08
0.2

0.12

[15, 26]
[26, 27]
[26]
[25]
[28]
[15]
[29]
[26]
[30]
[27]
[27]
[31]
[31]

The standard approach, known as the transpiration method, enables measurement of
chromium vapors in the presence of high concentrations of other gases.

Recently,

variations to traditional methods have arisen to avoid some of the challenges posed by the
standard transpiration method.
Quantification of Vapor Species
Recently, multiple research groups have focused on identifying and quantifying
volatile gas species, primarily Cr, found in SOFC systems [18-25]. The most common
way this is currently done is through the transpiration method, where samples are heated
to a desired temperature within a furnace, Figure 1.3. A stream of reactant gas is
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introduced into the reactor (quartz being commonly used due to its low vapor pressure)
allowing chemical reactions to occur at the gas/solid interface.

furnace(
reactant(gas(

sample(

collector(

exhaust(

Figure 1.3: Simplified schematic of a transpiration apparatus.
Volatile gas species produced in the reaction are transported downstream with the flow
and collected for subsequent analysis. Although experiments are fundamentally simple,
data on identical chemical systems vary widely as is shown in the next Chapter.
One of the major experimental challenges for transpiration-based methods is to
collect and recover 100% of condensed Cr vapor species. Traditional collection methods
use a series of condensation cells and finally a water bubbler to ensure total Cr vapor
collection. Complete recovery of all condensed Cr is achieved by a series of acid washes,
since some amount of Cr becomes strongly bonded to the condensers.

Highly

concentrated hydrofluoric and hydrochloric acid are used to etch quartz-ware ensuring
complete recovery of condensed Cr.
To help alleviate some of the issues associated with Cr collection and analysis
two novel collectors were developed at Montana State University (MSU). The first
involved vapor condensation on the surface of a cooled collection wafer, where collected
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Cr could be quantified using Rutherford backscattering spectrometry, completely
eliminating the need for acid rinses and etching.

The next generation of collector

exploited the high surface area of quartz wool to condense Cr vapors and required rinsing
in low concentration (5%) nitric acid solutions, which could be analyzed using
inductively coupled plasma-mass spectrometry (ICP-MS).
Collection techniques offered the ability to compare Cr vaporization rates
between different steel alloys and coated alloys. Techniques were sensitive enough to
discriminate between varieties of ferritic steels even though the Cr content within the
steels varied by only a few weight percent. Further detail on Cr vaporization rates of
alloys and coated alloys will be elaborated upon in Chapter 6.
Collection methods also provided data on other elements vaporizing from studied
samples. The wafer collector proved more useful in this regard, since no references or
standards are needed in RBS analysis. One RBS measurement provides quantifiable data
for all vapor species. ICP-MS uses standard samples to calibrate the instrument, which is
not difficult but must be performed for each element under investigation. Therefore if
volatizing elements are unknown or unexpected they can be very difficult to discover
through ICP-MS.

In addition, the quartz wool collector could not be used in Si

vaporization studies on account of the Si-based composition of quartz.
Another benefit of the wafer collector over traditional condensation techniques
and the quartz wool collector is that time resolved vaporization studies do not require
separate experiments. Wafers can easily be removed and replaced with clean wafers
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while furnaces are still hot. Very interesting data can be ascertained from time resolved
studies since vaporization rates can vary dramatically over initial periods of heating.
As our understanding of vapor collection techniques and the transpiration method
evolved, first with wafer collectors then with vapor condensation on quartz wool, it
became apparent that wafers collected only a small fraction (often < 10 %) of the total
volatized product. Furthermore it was discovered that the collected fraction was not an
absolute quantity, but varied depending upon: wafer temperature (naturally), gas flow
conditions around the wafer, and wafer surface roughness. Therefore, attaining accurate
thermodynamic data on vapor species using collection wafers was not realistic. The
quartz wool collector, however, exhibited much higher vapor collection efficiency than
wafers, on par with vaporization rate data found in the literature.

Vaporization rate data

throughout literature on identical steel alloys are largely consistent.

However,

differences in measured values for the equilibrium rate constant of the most prevalent Cr
vapor species, CrO2(OH)2, evolving from Cr2O3 in SOFC oxidizing environments are
unsettling, because only experimenters with the most experience and the best
transpiration apparatuses performed equilibrium measurements.
By using the quartz wool collector, Cr collection versus flow rate data were
obtained to determine if some of the reported inconsistency could be attributed to
differences in the surface area of tested samples. Or, if this was not the case, were
discrepancies attributable to differing Cr collection/recovery efficiencies between
different experimental apparatuses.
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CHAPTER TWO
CHROMIA AND SILICA IN SOFC OXIDIZING ENVIRONMENTS
Many oxides find a niche in high temperature applications because of the
corrosion resistance they offer in oxidizing environments. As shown in Table 1.1 water
vapor accelerates the corrosion of oxide systems at high temperatures. Equation 2.1
gives a general expression of the formation of gaseous metal (M) hydroxide and
oxyhydroxide species.
MOx + nH2O(g) + mO2(g) = M O(x+n+2m) H(2n)(g)
From the equation it is evident that water vapor and oxygen partial pressures dictate the
rate at which volatile species are produced. In the following, we will consider the
generalized reaction in the context of Cr2O3 and SiO2, the two material systems
investigated through transpiration measurements at MSU.
Cr2O3-O2-H2O Interactions at SOFC Operating Temperatures
An extensive study by Ebbinghaus presents the thermodynamics of gas phase
chromium species over Cr2O3 (s) in humid oxidizing environments [32]. The database
has become a standard resource for researchers investigating equilibrium thermodynamic
quantities of the Cr-O-H system. Figure 2.1 [33] illustrates Ebbinghaus’ data at 800°C
with 3% water vapor, as a function of oxygen partial pressure. Oxygen partial pressures
representative of SOFC cathodic and anodic environments are indicated by bold arrows at

higher in air than in the fuel (the oxygen partial pressures in
tudied the oxidation of ferwet hydrogen are indicated on the figures). For comparison,
atmospheres. The oxidation
the maximum partial pressures at 1000 ◦ C from Fig. 8 are
nly slightly higher than that
represented by the bold broken line in Fig. 9. There are two
depend on the CH4 content
notable trends shown in these
12 plots. One is that the difference
rate constants for ZMG 232
between the highest vapor pressure at the two temperatures is
32 is slightly lower) [55,56],
4
-17
pO2 = 2.1 x 10much
Pa and
pO2 = in
4.6air
x 10
Pa
smaller
than
it isrespectively.
in the fuel.The
Thecathode
other isside
that(pO
the2 = 2.1 x
than that of Fe–20Cr–7W
chromium hydroxide species dominate in both conditions. A
e for Fe–20Cr–7W was
at-is the most deleterious
104 Pa)
fuel cell will generally not be operating in air with 100% RH,
Mn-rich spinel phase, which
ys. These parabolic rate concathode&
onments are compared with
2 (gray symbols) in Fig. 7.
S 430 and ZMG 232), the
maximum)vapor)
environments are about the
pressure)at)1000°C)

ved in the intial stages of oxianode&
alloys, before the formation
29]. The addition of CO to
slightly higher rate of scale
the CO interfering with the
ersion phase into the scale.
tages of oxidation appear to
r of chromium-based ODS
e constants in H2 –H2 O relaEquilibrium)vapor)pressures)of)chromium3oxygen3hydrogen)gas)species)at)800°C)
) may also be relatedFigure
to the2.1: Equilibrium
vapor pressure of Cr-O-H gas species at 800°C with 3% H2O,
Fig. 9. Equilibrium vapor pressures of chromium–oxygen–hydrogen gas
with)3%)H2O)based)on)thermodynamic)database)from)Ebbinghaus.))Figure)
based of
on thermodynamic
database
from Ebbinghaus [33].
ring initial establishment
species at 800 ◦ C with a water vapor pressure of 3 kPa using thermodynamic
courtesy)of)J.W.)Fergus)Materials)Science)and)Engineering)A)397)(2005))2713283)
data from Ebbinghaus [57].

for SOFCs with ferritic steel ICs since Cr vapor pressures are highest. The bold dashed
line in Figure 2.1 represents the combined partial pressure of all Cr vapor species at
1000°C and indicates that Cr vapor pressures remain high at 800°C in the cathode
environment, when compared to the reducing atmosphere of the anode.

Thus, Cr

vaporization will still be an issue with ferritic stainless steel ICs, even when the operating
temperature is reduced.
As reported in literature, CrO2(OH)2, CrO3, and CrO2(OH) are the most abundant
vapor species in high oxygen partial pressure environments when water vapor is present
[32, 34]. The primary chemical reactions are given in Equations 1-3.
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!

!

Cr2O3(s) + H2O(g) + !O2(g) = CrO2(OH)2(g)
!
!
!
!
!

!

Cr2O3(s) + !O2(g) = CrO3(g)
!

!

Cr2O3(s) + !H2O(g) + !O2(g) = CrO2(OH)(g)

(2.1)
(2.2)
(2.3)

Figure 2.2 based on thermodynamic data from Opila [34] and Ebbinghaus [32], shows
water vapor pressure dependence of the two primary vapor species, CrO2(OH)2(g) and
CrO3(g) in air at 800°C. CrO2(OH)2(g) becomes the most dominant species when p(H2O)
exceeds 0.001 bar or 0.1% of atmospheric pressure [35, 36].

Figure 2.2 Partial pressures of CrO3 and CrO2(OH)2 over Cr2O3(s) in air at 800°C as a
function of water vapor pressure based on thermodynamic data from Opila and
Ebbinghaus [36].
Figure 2.3 adopted from Stanislowski, et al. [26] shows order-of-magnitude
discrepancies in the temperature dependence of the equilibrium rate constant for Reaction
2.1 Experimental data from Gindorf [37], Opila [34], and Stanislowski [26] suggest a
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lower rate constant than Ebbinghaus [32] and completely rule out IVTANTHERMO [38]
data on CrO2(OH)2. Ebbinghaus’ data for Reaction 1 is based upon the work of Glemser

Log+Kp+

and Muller [39] at temperatures ranging from 400K-460K.

Stanislowski+et+al.+
Gindorf+et+al.+
Opila+et+al.+
IVTANTHERMO+
Ebbinghaus+

103+TF1+(KF1)+
Figure 15. Equilibrium constant K as a function of the inverse temperature
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Opila et al. [34] offers a very comprehensive equilibrium vapor pressure study of
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Reaction 1, and along with the work of Stanislowski et al. [26], improve upon
Ebbinghaus’ data.
Kim and Belton [18] investigated Equation 2 between 1324°C and 1583°C. Their
data are the basis for Ebbinghaus’ thermodynamic functions for CrO3(g) after he made
minor corrections for the small amount of CrO2(g) present at these temperatures. Opila
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experimentally determined one value for the equilibrium rate constant for Reaction 2 at
900°C [39] which matches well with Kim and Belton’s data.
Kim and Belton [18] also carried out measurements on Cr2O3(s) in oxygen and
water vapor between 1299°C and 1525°C to establish the equilibrium rate constant and
standard Gibbs free energy change for CrO2(OH) vapor, Reaction 3. Their findings were
not supported by Ebbinghaus [32] on account of the high vapor pressure Ebbinghaus
calculated for CrO2(OH)2 in this temperature range.

Opila and Stanislowski’s

measurements however, suggest a lower vapor pressure for CrO2(OH)2 than Ebbinghaus,
which helps reinforce Kim and Belton’s results. Additionally, Opila reanalyzed Kim and
Belton’s work and determined, based upon water vapor and oxygen partial pressure
dependence of Cr vapor species, that their results are consistent with CrO2(OH) as the
primary vapor phase in the temperature range of the study [34].
SiO2-O2-H2O Interactions at SOFC Operating Temperatures
Although SiO2 has a lower vapor pressure than Cr2O3 in humid oxidizing
environments, the presence of Si vapors in SOFC systems is largely unavoidable and
extremely detrimental.

Four reactions, Equations 2.4-2.8, have been identified in

literature [9] as the primary source of Si vapors in high temperature oxidizing
environments containing water vapor.
SiO2(s) + 2H2O(g) = Si(OH)4(g)

(2.4)

SiO2(s) + H2O(g) = SiO(OH)2(g)

(2.5)

16
!

!

SiO2(s) + !H2O(g) = SiO(OH)(g) + !O2(g)
!

SiO2 = SiO(g) + !O2(g)

(2.6)
(2.7)

Two different sets of thermodynamic data have been calculated for Reactions 2.4 and 2.5
and are plotted as a function of 1/T in Figure 2.4. Lines labeled K in the Figure are based
upon the work of Krikorian [40]. The lines labeled A were calculated from the
thermodynamic functions of Allendorf’s et al. [41].

Figure 2.4: Vapor pressure of Si–OH species over SiO2 with x(H2O) = 0.37 and P(total)
= 1 bar, calculated from the thermodynamic functions of Krikorian (K) and Allendorf (A)
[42].
From the Figure, one can ascertain that the reaction enthalpy for Equation 2.4 and
Equation 2.5 was the same in both calculations (indicated by slopes of the Si(OH)4 and
SiO(OH)2 lines). However, the partial pressure of vapor species differs by orders of
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the reaction enthalpy determined by Allendorf through ab initio calculation is largely
correct. However, experimental results of Jacobson and Hashimoto raise the value of the
equilibrium rate constant, and therefore the partial pressure of Si(OH)4, by nearly half an
order of magnitude over values calculated by Allendorf. From literature reviewed in this
chapter, thermodynamic data on vapor species produced from Cr2O3 and SiO2 in hightemperature oxidizing environments must be revisited through experiment.
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Aluminosilicate-O2-H2O Interactions
at SOFC Operating Temperatures
Silicon and aluminum are the most abundant elements, along with oxygen, found
in Earth’s crust. When intermingled, they form a chemical system commonly known as
the aluminosilicate system.

At high temperatures, several different phases of

aluminosilicates emerge as shown in Figure 2.6.
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Figure 2.6: Equilibrium phase diagram of the aluminosilicate system [44].
Mullite spans the phase diagram and is found in two stoichiometric forms: 3Al2O32SiO2
(3:2 mullite) and 2Al2O3SiO2 (2:1 mullite). Interest in mullite and other aluminosilicates
has arisen to replace high purity alumina refractory boards and gas delivery tubes used in
SOFC systems.
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Reactive vaporization of pure alumina (Al2O3) in oxidizing environments
containing water vapor has been reported to occur through the following chemical
reactions [9,42].
!
!
!
!

!

Al2O3(s) + !H2O(g) = Al(OH)3(g)
!

!

Al2O3(s) + !H2O(g) = Al(OH)(g) + !O2(g)
!

!

Al2O3(s) + !H2O(g) = AlO(OH)(g)
!
!
!

!

Al2O3(s) + H2O(g) = Al(OH)2(g) + !O2(g)

(2.8)
(2.9)
(2.10)
(2.11)

Below 1000°C however, vapor pressures of Al species are negligible. The presence of Al
in the vapor phase was therefore never measurable through experiments performed for
this dissertation.
When silica impurities are present in the alumina matrix the vapor pressure of Si
becomes significant and can evolve from pure silica, Reactions 2.4-2.7, or from 3:2
mullite (Al6Si2O13) as demonstrated in Reactions 2.12-2.13 below [45, 46].
Al6Si2O13(s) + 4H2O(g) = 3Al2O3(s) + 2Si(OH)4(g)

(2.12)

Al6Si2O13(s) + 2H2(g) = 3Al2O3(s) + 2SiO + 2H2O(g)

(2.13)

Experimental work reported in literature has primarily revolved around vaporization of
alumina and silica, while much less is known about Si release from mullite and other
aluminosilicates. Studies on aluminosilicates become complicated by the coexistence of
mullite and pure silica over a wide range of compositions, as shown in Figure 2.6. In
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addition, free SiO2 can exist as a surface impurity on Al2O3 samples with alumina
concentrations greater than 75% [47].
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CHAPTER THREE
THE TRANSPIRATION METHOD
Experimental Overview
Many different experimental techniques exist to study high-temperature vapors.
The Knudsen effusion method has been used extensively to study thermodynamic
properties of vapors and solids in equilibrium. However, the mean free path of gas
molecules must be an order of magnitude larger than the effusion orifice to maintain
equilibrium conditions within the cell. Therefore Knudsen effusion methods are only
applicable when vapor pressures are less than 10-5 atm [48]. Vapors at higher pressures
can be measured through a variety of static pressure measurements, but are of limited use
in determining the partial pressure of an individual gas species when multiple species are
present. For this reason, the transpiration method, also known as the transportation or
entrainment method, has become one of the most popular ways to study Cr vaporization
from SOFC-ICs [20-27].
The transpiration method has been used since the mid-1800s to study vapor
pressures, dissociation pressures, gas/solid and gas/liquid equilibria from a wide variety
of material systems, and is ideal for measurements performed at atmospheric pressure
with sub parts per million vapor concentrations in the reactant gas.

Theoretical

descriptions by Merten [49] and Wahlbeck [50] outline the use of the transpiration
method to establish equilibrium vapor pressures of gaseous species at high temperatures,
and are the framework for the experimental portion of this dissertation.
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Although Figure 1.2 suggests that experimental control is simple, many variables
must be controlled to obtain accurate thermodynamic data. Figure 3.1 presents the
experimental design developed at the Institute for Materials and Processes in Energy
Systems in Juelich, Germany [26] and illustrates the design-complexity that arises when
accurate data on gaseous species are desired.

Figure 3.1: Experimental design of the transpiration apparatus at Juelich Research Center
[26].
Parts listed in Figure 3.1 work in concert to control four fundamental aspects of the
transpiration method: gas flow conditions, water vapor pressures, temperatures, and
vapor collection. The inability to adequately govern these parameters leads to large
inaccuracies in experimental data.

Differences within literature regarding the value for

the equilibrium rate constant, as determined by the transpiration method, are well

23
illustrated by Figure 2.3. I believe that the reasoning for this is well illustrated by data
related within this thesis. Inaccuracies between studies are largely attributable to vapor
collection/recovery efficiency, and the amount of sample surface area exposed to the
flow. In the following we relate the basic theory of the transpiration method to help
generate uniformity between experimenters, and more accurately determine fundamental
thermodynamic quantities.
Primary Experimental Parameters
Flow Rates
In a transpiration experiment, the vaporization rate of a material depends upon
reactant gas flow rates. Flow rate data are commonly reported in literature as volumetric
flow rates (L min-1), making their interpretation impossible when information about the
reactor’s diameter is not given. A much more useful measure is the linear gas velocity of
the flow through the reactor, since this value is independent of the reactor’s crosssectional area.
To illustrate how flow rates affect vaporization, the mass transport rate, kCr (g s-1
or moles s-1), of Cr vapor is drawn versus flow rate in Figure 3.2. Five distinct flow
regimes are shown in Figure 3.2, which have been demonstrated experimentally [26, 34,
37]. Region A corresponds to measurements made at very little or no flow, where
diffusion dominates Cr vapor transport to the collector. When the flow rate is increased,
bulk flow becomes the primary source of vapor transport. Region B in Figure 3.2 depicts
bulk transport, where a linear increase in the amount of Cr collected versus flow rate is
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characteristic of thermodynamic equilibrium between the sample and the gas flow [47].
At higher flow rates, kinetic limitations cause the Cr transport rate to plateau as shown in
region C of Figure 3.3.

kCr%(g%s.1)%

D%

A%

B%

E%

C%
Laminar%ﬂow%
Turbulent%ﬂow%
Flow%rate%(cm%s.1)%

Figure 3.2: Mass transport rate versus flow rate curve depicting laminar flow regimes:
(A) diffusion dominated, (B) equilibrium and (C) unsaturated [36]; and two turbulent
flows regimes: (D) and (E).
Graham and Davis [51] have reported that mass transport of Cr vapor across a laminar
gas boundary layer is the rate-limiting step for Reaction 2.1 [48]. Figure 3.3 depicts the
boundary layer thickness for low and high flows. At high flow rates Cr vapors cannot
fully diffuse into the free stream, resulting in a fraction of the gas mixture to have little to
no Cr vapor.

Stanislowski et al. [26] demonstrated that further increase in the Cr

transport rate occurs at the onset of turbulent flow shown by region D of Figure 3.2.
Again, transport rates plateau, region E, due to incomplete mixing of Cr vapor into the
turbulent gas flow.
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Figure 3.3: Laminar gas boundary layer above a flat Cr2O3 surface at low and high flow
rates.
Experimental design dictates the range of flow rates that define a particular flow
regime. The surface area or size of the sample of interest plays a major role in this
regard. Different investigators test samples of different thicknesses, sizes and shapes,
resulting in different values for the Cr transport rate. For this reason, vaporization rates,
defined as the transport rate per unit sample area (kg m-2 s-1) or mass (kg g-1 s-1), are often
reported in literature.
Humidity Control
In the cathode environment of the SOFC, ambient air temperatures and
geographic location (i.e. desert or coast) dictate water vapor pressure. Many vaporization
measurements on IC alloys are performed at 3% water vapor pressure, which
approximates moisture levels at 25°C with 100% relative humidity.
Cr vaporization rates in oxidizing environments depend strongly upon the amount
of water vapor in the reactant gas stream as demonstrated in Figure 2.2 of the previous
chapter [9, 42]. Care must therefore be taken to precisely control water vapor pressure
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during experimentation. Two distinct methods to control water vapor pressure have been
reported in literature: water vapor injection through the use of a peristaltic pump [34, 42]
and bubbling gas flow through temperature-controlled gas-washing bottles [24, 52], also
known as bubblers.
Gas-washing bottles were used in conjunction with a condensing unit since the
equilibrium vapor pressure above a turbulent surface is higher than that of a flat surface.
Tubing downstream from the water vapor source was maintained from 5°C to 10°C
above the bubbler temperature to prevent unwanted condensation in the lines.
Temperature Control
Temperature measurement and control is paramount in any vaporization study.
Modern furnaces enable high precision temperature control, which can vary in precision
depending upon the type of temperature sensor used. Temperatures must be measured in
the exact sample region to be accurate, and for practical purposes, thermocouples are
often utilized. Chromel-alumel or K-type thermal couples are somewhat ubiquitous
because of how inexpensive they are and the wide range of temperatures they can
measure. They are limited however, to a precision of ±0.0075×T from 333°C-1200°C
[53]. Another important issue is that bare wires readily oxidize in air at atmospheric
pressure and can be a source of Cr vapor in the experiment.

Inert sheathing of

thermocouple wires is available and drastically reduces the impact of oxidation, making
K-type thermocouples a viable option for use in experiment, so long as the degree of
precision and oxidation concerns are accounted for.

Platinum and ruthenium

thermocouples provide a significantly higher degree of corrosion resistance and improved
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precision, ±0.0025×T between 600 °C and 1700 °C [53], over k-type.

However,

oxidation of sheathed noble metal thermocouples has been reported in humid oxidizing
environments above 1300°C, causing erroneous temperature readings over time [18].
One other consideration in temperature control is the presence of thermal
gradients within the reaction zone. In high temperature furnaces, temperature variations
of several degrees can occur over short distances [49]. Flow restrictors placed upstream
and downstream of the sample region help provide a well-insulated region that is uniform
in temperature. They also aid in bringing the incoming gas stream up to temperature
preventing non-uniform sample cooling at high flow rates.

Vapor condensation on

downstream flow restrictors is a potential concern but has not been reported in literature
for Cr vapors.

Condensation on downstream flow restrictors can be avoided by

maintaining them at a higher temperature than the sample region.
Chemical Equilibrium
Thermodynamic Activities
Thermodynamic calculations presented in this dissertation are treated as if all
chemical phases behave in an ideal nature. This means that chemical constituents in solid
or gaseous phases are non-interacting, and consequently, their thermodynamic activities
are equal to their concentration in solution. For gases, validity for this assumption can be
understood by noting the low density of vapors at atmospheric pressure and high
temperature (≥800°C).

Therefore, vapor species undergo little interaction with one

another and can be treated to first order as ideal gases. All studies reported in literature
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assume ideal gas behavior for evaluation of the equilibrium rate constant for Equation 2.1
[20,26,34,37,42].

Ideal behavior is also assumed for chromia pellets used in

experimentation, attributable to their high purity (99% Cr2O3).
In alloys, the activity of Cr is in general not equal to its concentration within the
solid because of interactions, either attractive or repulsive, between other elements in the
alloy (the same statement can also be made about gases and liquids). Actual activities
can be determined by measuring the partial pressure of Cr vapor in equilibrium with the
alloy over a range of Cr concentrations.

Vapor pressure measurements using the

Knudsen effusion method have been explored by Raj et al. [54] and Kannon et al. [55] to
determine thermodynamic activities of elemental components in alloys and can be used
as a guide to perform such measurements with the transpiration method.
The Equilibrium Rate Constant
Chemical equilibrium is defined within a chemical system when the composition
of the system remains constant with time. On the molecular level however, chemical
reactions never cease taking place, and therefore a more accurate perception of
equilibrium is a dynamic one, where forward and reverse reactions occur at the same rate.
Consider the following reversible chemical reaction
𝑎A + 𝑏B   ⇌   𝑐C   +   𝑑D,

(3.1)

where a, b, c, and d are the stoichiometric coefficients for reacting species A, B, C and D.
The law of mass action formulated provides the mathematical relationship between terms
in Equation 3.1 and the equilibrium rate constant, K, according to the following
expression
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  [C]! [D]!
K  =
  ,
[A]! [B]!

(3.2)

where convention dictates that reaction products, the right-hand side of Equation 3.1, are
written in the numerator and reactants on the left hand side are written in the
denominator.
The physical interpretation of activities A, B, C and D can be understood in two
distinct ways. One interpretation represents the ratio of the molarity (moles per liter) of a
reacting substance to a standard value of 1 M (mol per liter)
A  =

  𝑛A
   𝑀
𝑉

!!

  ,

(3.3)

where 𝑛A is the number of moles, and 𝑉 is the volume. Thus A becomes dimensionless
and retains the numerical part of the concentration. Similar expressions can be written
for B, C and D.
For gases, A, B, C and D can be expressed in terms of molarity or partial
pressures. In the later case
A  =  PA    atm

!!

  ,

(3.4)

where  PA is the partial pressure of gas species A, and is again dimensionless. As a result
K is dimensionless and can take on two different numerical values, Kc or KP, depending
upon whether reactants are quantified in terms of molarities or partial pressures
respectively.
Expressing the vapor partial pressure in terms of the ideal gas law
𝑃A 𝑉  =  𝑛A 𝑅𝑇  ,

(3.5)
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where R is the universal gas constant and T the temperature, gives the relationship
between Kc and KP as follows. Solving the expression above for PA yields
𝑃A   =  

𝑛A 𝑅𝑇
𝑉

(3.6)

Substitution into Equation 2 for each reactant gives
𝑛 𝑅𝑇 𝑛 𝑅𝑇
𝑛
𝑛
  [ C𝑉 ]! [ D𝑉 ]!
  [ 𝑉C ]! [ 𝑉D ]!
𝐾!   =
=    𝑛
   𝑅𝑇
𝑛
𝑛 𝑅𝑇 𝑛 𝑅𝑇
[ 𝑉A ]! [ 𝑉B ]!
[ A ]! [ B ]!
𝑉
𝑉

(3.7)
!!!!!!!

or
𝐾!   =𝐾! 𝑅𝑇

!!!!!!!

(3.8)

and illustrates the relationship between the two interpretations of the rate constant. Only
under the special case when c + d = a + b, are the variants of the rate constant equal.
The equilibrium rate constant KP, expressed in terms of partial pressures, will be
used, since the chemical reactions central to this thesis occur at a constant pressure not
constant volume. The rate constant for Reaction 2.1 is given by
𝐾! =   

𝑎!"! !!

!.!

𝑝!"!!

!" !

(𝑋!! ! 𝑃!"! )(𝑋!! 𝑃!"! )!.!"

  ,

(3.9)

where X is the mole fraction of the designated gas species, 𝑃!"! is the total pressure, and
aCr2 O3 is the activity, of chromia (equal to one for pure chromia). The partial pressure,
𝑝!"!!

!" ! ,

is obtained by experiment and is discussed in detail later in the chapter.

Measuring the Partial Pressure of CrO2(OH)2
Two criteria must be met to measure the equilibrium partial pressure of a gas
phase using a transpiration experiment: flow rates must be governed such that they lie in
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the equilibrium flow regime, region B in Figure 3.2; and there must only be one primary
Cr vapor phase present, since Kp depends uniquely on the reaction equation. As shown in
Figure 2.1, CrO2(OH)2 is the dominant vapor phase in humid air at 800°C. Therefore, the
second criteria is met. The first criteria can only be met through experiment, and when
affirmed, the partial pressure of CrO2(OH)2 can be calculated. Assuming ideal gas
behavior,
𝑝!"!!
In the expression 𝑛!"!!

!" !

!" !

=   

!!"!! !" !
  𝑃!"! .
!!"!

(3.10)

is found by quantifying the amount of Cr deposited in the

collector. The total number of moles, 𝑛!"!   represents the total moles of vapor that passed
through the transpiration apparatus
𝑛!"!    =    𝑛!"# +    𝑛!! !    +      𝑛!"!!

!" !

(3.11)

and is measured experimentally. 𝑃!!" is equal to the total experimental pressure.
Second Law Determination
of Thermodynamic Quantities
From a thermodynamics perspective, equilibrium is attained when the entropy of
a system reaches a maximum. The previous statement is one way of stating the second
law of thermodynamics. Another way to state this law is; the Gibbs free energy of the
system reaches a minimum at equilibrium. We focus our attention on the Gibbs free
energy change, because the chemical reactions under consideration occur at constant
temperature and pressure. The Gibbs free energy change of a physical process represents
the maximum amount of energy available to do work, and is related to the enthalpy, H,
entropy, S, and temperature, T, as follows
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∆𝐺 = ∆𝐻 − 𝑇∆𝑆.

(3.12)

When a system is in thermodynamic equilibrium the change in Gibbs free energy is by
definition zero (i.e. it has attained its minimum value).
To precisely define the thermodynamic system, recall Reaction 1 from the
previous chapter
!
!

!

Cr2O3(s) + H2O(g) + !O2(g) ⇆ CrO2(OH)2(g).

(3.13)

In this context, the Δ we use in Equation 3.12 expresses a change in each thermodynamic
quantity, solely due to the reaction. This allows us to write a well-defined expression for
the Gibbs free energy change of reaction
n! ∆𝐺!! (𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠) −

∆𝐺!!    =
!

m! ∆𝐺!! 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 ,

(3.14)

!

where ∆𝐺!! is the standard free energy of formation for each compound. Rewritten in
terms of reaction given in Equation 3.13, ∆𝐺!! becomes
∆𝐺!! =    ∆𝐺!! C𝑟𝑂! 𝑂𝐻

!

1
3
(3.15)
−    ∆𝐺!! 𝐶𝑟! 𝑂! −    ∆𝐺!! 𝐻! 𝑂 −    ∆𝐺!! 𝑂! .  
2
4

The quantities above are all written in reference to their standard state, 1 atm at 25°C.
However, as the reaction proceeds, the free energy functions for each species change
from their standard state as their partial pressure changes. To account for this change in
energy we introduce the reaction quotient, Q, and write a generalized expression for the
free energy of reaction
∆𝐺! =    ∆𝐺!!    +   𝑅𝑇 ln 𝑄.

(3.16)
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At equilibrium ∆𝐺! = 0, and Q equals Kp, the equilibrium rate constant. Equation 3.16
can then be rewritten
∆𝐺!! =    −𝑅𝑇 ln 𝐾𝑝.

(3.17)

Substituting for ∆𝐺!! with right-hand side of Equation 3.12 in the expression above, and
dividing by -RT gives the integrated form of the Van’t Hoff equation
𝑙𝑛 𝐾! =    −

∆𝐻!! 1
∆𝑆!!
+   
.
𝑅 𝑇
𝑅

(3.18)

This equation takes the form of a line when 𝑙𝑛 𝐾! is plotted versus 1/T. The slope of the
line is proportional to ∆𝐻!! and ∆𝑆!! is the y-intercept.

Therefore experimental

measurement of 𝐾! (described earlier) as a function of temperature allows second law
determination of the enthalpy change, ∆𝐻!! , and the entropy change, ∆𝑆!! , for the reaction
[79]. Note that Log (Kp) is plotted in Figure 2.3 and differs from Equation 3.18 by a
factor of Log (e).
Reaction Mechanisms for Cr2O3
Vaporization in Oxygen and Water Vapor
At the molecular level many complex interactions occur during a chemical
reaction. However, several distinct processes must take place to form volatile gaseous
species. Figure 3.4 provides a visual of five principle and potentially rate-limiting steps
governing the formation of CrO2(OH)2 vapors.
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Figure 3.4: Schematic representation of CrO2(OH)2 formation.
First, oxygen and water vapor must diffuse through the gas boundary layer and make its
way to the Cr2O3 surface in order to react. Second, gas molecules bind to the solid
surface through adsorption. Adsorbed vapors can bind tightly to the surface through
charge transfer with the solid (chemisorb) or form weaker, van der Waal-like bonds
(physisorb). Third, reactants must bond chemically with one another to form the product
molecule, which can happen through a wide variety of intermediate steps that will not be
fully explored here. In the forth step the molecule desorbs from the surface, where it
must then diffuse through the boundary layer and into the free stream, completing the
fifth step.
To better understand the surface reaction mechanisms, and how the gas
environment impacts them; it is useful to examine the corundum structure of Cr2O3
shown in Figure 3.5. In principle, both Cr rich surfaces and oxygen rich surfaces could
arise depending upon where the bulk structure terminates. However, the atmosphere
surrounding the surface dictates whether or not that surface will be stable.

35

nodule
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O

Figure 3.5: Corundum structure adopted by Cr2O3 [56].
For example, in air the oxide surface will contain an abundance of oxygen. In hydrogen
rich environments the surface will favor Cr atoms or a more reduce Cr oxidation state.
In oxidizing environments at high temperature, when water vapor pressures are
low, the primary Cr vapor species is known to be CrO3 as demonstrated in Chapter 2.
Therefore, oxygen concentrations in the gas phase drive the adsorption of oxygen onto
the material’s surface, tending to increase the oxidation state of surface Cr atoms. The
situation can be visualized by noting the top several oxygen-rich layers of atoms in
Figure 3.5. The nodules at the very top of the image depict two Cr atoms, each bound to
oxygen atoms with unfilled bonds above the surface. The chromium oxide nodules are
therefore more vulnerable to vaporization through interactions with high-energy oxygen
molecules and adsorbed oxygen species.
Due to the fact that Cr vapor pressures are significantly higher in oxidizing
environments when compared to reducing environments, formation of CrO2(OH)2(g) is
much less likely to occur in atmospheres containing only water vapor. However, when
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water vapor is incorporated into oxygen rich atmospheres, additional surface reaction and
desorption pathways are made available. One of which is the mutual attraction between
surface oxygen atoms and hydrogen atoms in the water molecule. This increases the
likelihood for high-energy water molecules to bind to the surface and volatilize surface
nodules.
One simple reaction pathway that can be proposed for the formation of
CrO2(OH)2 vapors is; surface chromium atoms bound with three surface oxygen atoms,
like the nodules depicted in Figure 3.5, are removed through the interaction with one
water molecule. In this case, the adsorption, surface reaction, and desorption steps occur
nearly simultaneously and can be summarized by the following reaction equation:
CrO3(s) + H2O(g) = CrO2(OH)2(g).

(3.19)

The liberated CrO2(OH)2 vapor then diffuses through the gas boundary layer and into the
free stream, the fifth and final step, which has been proposed to be the rate-limiting step
when experimental conditions deviate from equilibrium [51].
The dynamic life of the vapor concludes when it condenses back into solid form.
In solid oxide fuel cells it has been determined that hexavalent Cr vapors can be
electrochemically reduced near the cathode/electrolyte interface via Reactions 3.20 and
3.21 and can react with Mn in lanthanum strontium manganite through Reactions 3.22
and 3.23 [35, 57].
2CrO3(g) + 6 e− = Cr2O3(s) + 3 O−2

(3.20)
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2CrO2(OH)2(g) + 6 e− = Cr2O3(s) + 2H2O(g) + 3 O−2

(3.21)

2CrO3(g) + Mn+2 + 6 e− = MnCr2O4(s) + 2 O−2

(3.22)

2CrO2(OH)2(g) + Mn+2 + 6 e− = MnCr3O4(s) + 2H2O(g) + 2 O−2

(3.23)

In transpiration experiments performed in this study Cr vapor species were found
to condense in two primary phases Cr2O3 and CrO2(OH)2 in cooler regions of the furnace,
as discussed in Chapter 6. Cr2O3 deposits were found on fused quartz tubes in the
presence of an abrupt thermal gradient. Although catalysis is naturally associated with
metals, metal oxides are also conducive to catalytic reactions and have activities on par
with noble metals at high temperatures [58]. Difficulties in removing Cr2O3 deposits as
described by Opila and found in this study, suggest chemisorbed chromia on quartz
tubing. Condensed CrO2(OH)2 appears to form weaker bonds with quartz tubing and
quartz wool, since it can easily be rinsed from those surfaces, which is logical since no
chemical change occurs to the molecule as it transitions from the vapor phase. Data
presented in Chapter 6 also alludes to several other condensed Cr phases, illustrating the
complex nature of multi-elemental systems, where multivalent elements and multiple
phases of matter are present.
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CHAPTER FOUR
VAPOR COLLECTION AND ANALYSIS TECHNIQUES
The ultimate precision of the transpiration method depends upon the experimental
collection efficiency, and the type of quantitative analysis used. Table 4.1 provides a
summary of collection and analysis methods described in following portion of this
dissertation.
Table 4.1: Analytic techniques used to quantify Cr vapors.
Technique

Analysis Method

Efficiency

Detection Limit

Information

Mass Loss

Mass Balance

100%

1 ppm

Total Cr

TGA-MS

TGA-MS

100%

1 ppb

Total Cr & Cr species

Condensation

ICP-MS

Assumes 100%

1 - 0.0145 ppb

Total Cr

Condensation

ICP-AES

Assumes 100%

3 ppb46

Total Cr

Quartz Wool

ICP-MS

70%

1 - 0.0145 ppb

Total Cr

Ceramic Plate

EDS

-

100 ppm

Relative Cr

Wafer Collector

RBS

10%

1 ppm

Relative Cr

Denuder

Photospectrometry

95±5%

1 ppm

Total Cr

ICM

Conductivity Probe

100%

10 ppm

Total Cr

Detection limits are stated in terms of Cr concentration within the sample under analysis.
Thus the table differentiates each technique by the amount of collection time required to
obtain a quantifiable amount of Cr. ICP-MS offers the most precise quantification of Cr
vapor species. Common practice for these studies was to dilute the initial solution ten
fold, and then measure the accumulated Cr via ICP-MS. Vaporization studies performed
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over the course of twenty hours could have been run for three hours and still have
obtained quantifiable results for most flow rates.
Gravimetric Analysis
The simplest way to quantify vaporization of a material is to measure its change
in mass as a function of time.

Kim and Belton [18] used this method for Cr2O3

vaporization studies above 1300°C, by manually weighing specimens before and after
heating. Figure 4.1 shows the reaction zone and sample arrangement used in their
experiment.

Figure 4.1: Reaction zone in the transpiration apparatus of Kim and Belton [18]
They were able to detect changes in mass on the order of 20µg and attributed all mass
change to Cr vaporization, since no weight gain was expected in the oxide. The same
assumption cannot be made for ferritic stainless steels because of oxide scale growth.
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Weight change, for a material that gains mass as it oxidizes and simultaneously loses
mass though vaporization processes, is described by paralinear kinetics [9].
Thermogravimetric analysis (TGA) has been used in this capacity to study steel alloys
[59], and was performed in conjunction with mass spectrometry (TGA-MS) by PérezTrujillo and Castañeda [60] to identify Cr vapor species. TGA has also been employed in
transpiration studies to measure equilibrium vapor pressures of solids [61], but there is no
reference in literature for its use on equilibrium measurements for the Cr2O3-O2-H2O
system.
Condensation-Based Collection Techniques
Traditional Condensation-Based Collector
The traditional condensation collector operates by condensing vapors as they exit
the furnace, in fused quartz tubing or in a quartz condensation cell as shown in Figure
3.1. Cr is washed from the quartz through a series of highly concentrated HCl and HF
acid rinses. To ensure complete Cr collection, vapors are exhausted through a water bath
(refer to Figure 3.1, item 18) and all components downstream from the tested samples are
washed. Concentration of Cr in the resulting solutions is subsequently determined by
chemical analysis.
Opila [34] identified two types of Cr deposits in quartz collection tubes: chromic
acid, CrO2(OH)2; and chromia Cr2O3(s). At temperatures of 600°C and below chromic
acid was deposited as a brown liquid, but was also found in solid form, condensed on the
walls of quartz tubing. Green chromia deposits were also noticed on tube walls upstream
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from chromic acid deposits at temperatures between 700°C and 900°C, and were
extremely difficult to remove [44].
Two types of chemical analysis have been reportedly used in traditional
transpiration based studies: inductively coupled plasma-mass spectrometry [26] (ICPMS) and inductively coupled plasma-atomic emission spectrometry [9] (ICP-AES). Both
types of analyses utilize the ICP, where a tiny amount of test solution is nebulized and
passes through argon plasma. In this process, molecules in solution are broken down and
ionized. When mass spectrometry is used, ionic constituents are separated according to
their charge-to-mass ratios and measured to determine elemental concentrations. AES
measures the wavelength and intensity of light emitted from excited electrons as they
transition back to their ground state.

The wavelength of emitted light identifies

individual elements in the solution, while the intensity of emission at a particular
wavelength gives elemental concentrations. ICP-MS has a lower detection limit than
ICP-AES44, Table 2. However, ICP-MS analyses can be significantly impacted by the
presence of ionic species with similar charge to mass ratios. Konysheva, et al. [25]
identifies
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Cl16O+,
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Cl16O+, and

35

Cl16O1H+ as the primary source of interference with

ionic Cr species but such interferences can be corrected.
Cr vaporization rates from: alloys, coated alloys, and pure chromia samples have
been measured by multiple research groups in the field using traditional condensationbased vapor collection [24, 25, 34]. Vaporization rates from tested alloys are compared
in Table 4.2.
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Table 4.2: Cr vaporization rates from coated and uncoated SOFC-ICs. *Ranges of
values are shown when experimenters collected data over multiple time intervals, with
initial vaporization rates written first.
Investigator

Alloy/Coating

Temp

Carrier Gas

p(H2O)

Vaporization Rate*
(10-10 kg m-2 s-1 )

Stanislowski et al.
[26]
(condensation cell)

Konysheva et al. [25]
(condensation cell)

Crofer 22 APU
Crofer 22 APU/LSC-80
Crofer 22 APU/LMAC-DLR
Crofer 22 APU/Co
Crofer 22 APU/Cu
Crofer 22 APU/Ni
E-Brite
E-Brite/Co
Ducrolloy
Crofer 22 APU

Cr5Fe1Y2O3

Chatterjee et al. [62]
(condensation cell)

MSU HT materials
research group [63]
(quartz wool collector)
Collins et al. [52]
(Si wafer collector)
Chen et al. [64]
(Si wafer collector)
Froitzheim et al. [15]
(denuder)

Sachitanand et al. [30]
(denuder)

Casteel et al. [27]
(ICM)

446 SS
E-brite
Crofer 22 APU
Sanergy HT
Crofer 22 APU
430 SS
430 SS/CoMnO
430 SS
430 SS/TiCrAlYO(1.6µm)
Crofer 22 APU
Crofer 22 APU/La ceram(50µm)
Sanergy HT
Sanergy HT/Co(640nm)
ZGM 232
Crofer 22 APU
E-Brite
Sanergy HT
ZGM 232 G10
Crofer 22 APU
E-Brite
ZGM 232
Haynes 230
441 SS
Chromia Pellet

800°C

air

0.0188

900°C
850°C
800°C
750°C
900°C
850°C
800°C
750°C
800°C
750°C
700°C
700°C
850°C
(ex-situ temp)

air

0.019

air

0.02

air

0.023

800°C
(ex-situ temp)

air

~0.03

800°C
(ex-situ temp)
850°C

air

0.167

air

0.03

850°C

air

0.03

800°C

air

0.077
0.074
0.069
0.074

5–2
6-5
4-1
0.01 - 0.005
0.03 - 0.01
0.01
7-6
0.03
6
3
2
2-1
0.8
10 - 9
7
6-5
3
4
3
1
2
6-2
9-5
0.6 - 0.3
0.7 - 0.4
0.2
3-2
0.2 - 0.02
8-4
1
11 - 9
1
8-6
6-4
22 - 21
9-7
11 - 9
1.6
2.5
0.5
1.8
2.5
5

Vaporization rates are reported over defined intervals of testing and uniformly indicate
that Cr vaporization rates are highest during initial stages of heating. Several alloys have
been tested by different experimenters and arrive at similar values for Cr vaporization
rates. These measurements are taken at non-equilibrium (unsaturated) flow rates, where
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minor changes in flow do not impact the vaporization rate. Accurate evaluation of
vaporized Cr requires highly concentrated acid rinses to remove condensed Cr from
quartz surfaces, making complete Cr collection difficult.

Kurokawa [20] however,

ultrasonically washed tubing in DI water and was able to collect Cr in comparable
amounts to other investigators.
Quartz Wool Collector
An adaptation of the traditional condensation method, developed during the
course of experiments on Cr vapors, utilizes high surface-area quartz wool to collect
volatile Cr species. Figure 4.2 shows the exhaust end of a transpiration experiment,
where Cr collection is evident by brown deposits in quartz wool.

Figure 4.2: Cr vapor collection in quartz wool.
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Cr deposits are easily removed from the wool by ultrasonic rinsing in dilute nitric acid
and prepared in solutions. The total mass of Cr collected is then determined by ICP-MS
analysis.
The technique has only recently been developed but vaporization rate
comparisons with Froitzheim have yielded promising results, as seen in Table 4.2.
Temperature measurements indicate that Cr deposits starts forming around 200°C, near
the 196°C melting point of chromic acid [65]. This data supports Opila’s findings that
CrO2(OH)2 vapor species predominantly condense congruently as CrO2(OH)2(s). Small
amounts of green chromia were found to condense on tube walls upstream (i.e. at higher
temperatures) from brown deposits. Green chromia deposits were also reported by Opila
et al. [34]. Green deposits could be avoided by allowing gases to cool through a gradual
temperature gradient to the ambient temperature.
Silicon Wafer Collector
Another variant to the standard condensation method uses ion-beam analysis to
measure the amount of Cr collected on Si wafers during an experiment. Figure 4.3 shows
two Si wafers affixed via carbon tape to a water-cooled heat sink. The heat sink is placed
in the effluent gas stream, and vapors condense on the surface of the wafers. Wafers are
removed and analyzed using Rutherford backscattering spectroscopy (RBS) to quantify
Cr collection. Figure 4.4 illustrates a characteristic RBS spectrum of Cr collected on a Si
wafer.
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Figure 4.3: Silicon wafer collectors mounted on a water-cooled copper sink.
Since the Rutherford cross-section of Cr is known, the area under the Cr peak is directly
proportional to the areal density of Cr atoms (atoms/unit area) on the Si surface. The
method is therefore quantitative without the need for calibration or standards.

Figure 4.4: RBS data showing chromium collected on a Si wafer [64].
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Unlike traditional condensation based methods, this technique permits
determination of Cr release as a function of time, since wafers can be removed and
replaced with new ones without interrupting an experiment. Vaporization rates can be
resolved on a minimum time scale of 5-10 hours depending upon Cr release rates from
individual samples. An added benefit to this approach is that all vapor species evolving
from a sample can be rapidly identified and quantified with one measurement. Other
vaporizing elements would appear as additional peaks in the RBS spectrum.
The RBS method requires access to a particle accelerator for analysis, creating an
obstacle for its adoption by most researchers. Other analytical tools can be used in place
of RBS, but most lack the quantitative benefit the technique provides. Additionally,
several

variables

dictate

collection

efficiency:

wafer

temperature,

wafer

roughness/composition (glassy carbon wafers have also been used) and flow
characteristics at the wafer’s surface. Low collection efficiency makes it difficult to
access the absolute vaporization rate of a material.

The method has been used

successfully to compare vaporization rates between alloys and coated alloys as shown in
Table 4.2.
Ceramic Plate Collector
Figure 4.5 illustrates a relatively simple technique for qualitative assessment of Cr
volatility by analyzing condensate on ceramic collectors.

The technique involves

enclosing the test material within ceramic plates (e.g. alumina plates). Reactant gas is
passed across the samples to generate Cr vapors.
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Figure 4.5: Ceramic plate staining technique [66].
A significant proportion of chromium that vaporizes from the sample collects on the
ceramic plates creating a visible stain. Electron Dispersive X-ray Spectroscopy (EDS) is
used to analyze the amount of Cr that deposits on the plates. This technique is meant to
be a quick, easy and inexpensive way of screening candidate materials, without being
fully quantitative. Researchers at Hitachi Metals, Ltd. used this method to access Cr
vaporization from ferritic stainless steels for SOFC-IC applications [66], and found a
correlation between Mn content and Cr vaporization. The alloy ZGM232L with 0.46
wt% Mn showed lower Cr vaporization rates than alloys with less than 0.2 wt% Mn, due
to the formation of a thicker Mn spinel surface scale. The study also found that additions
of Cu, from 0.94 wt% to 1.44 wt%, reduced Cr vaporization in alloys containing 0.30
wt% Mn and helped limit growth of the Mn spinel layer.
Ionic Conductivity Method
The ionic conductivity method (ICM) is a variation of the traditional transpiration
technique where exhaust gases are bubbled though a de-ionized water bath, Figure 4.6.
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Figure 4.6: Transpiration experimental apparatus used for the Ionic Conductivity Method
(ICM) [27].
Cr vapors are removed from the effluent gas flow, since CrO2(OH)2 and CrO3 are readily
soluble in water up to 1.68 kg/L [27]. The resulting solution becomes conductive due to
the presence of chromium-based anions, where conductivity is directly related to the
amount of Cr collected. System calibration is required and can be achieved by measuring
the conductivity of solutions with known Cr concentrations. A master calibration curve
from Casteel et al. is shown in Figure 4.7, and indicates a very linear increase (R2 =
0.99593) in solution conductivity with Cr concentration. ICM makes it possible to obtain
real-time measurements of Cr vaporization from conductivity readings.
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Figure 4.7: ICM calibration curve correlating ionic conductivity versus Cr concentration
in DI water [27].
Complications can arise when ions other than Cr are collected, since the
conductivity measurement does not distinguish between different ionic species. For
example, fused quartz reactors and Si-based flow restrictors, commonly employed in the
transpiration method, are well known to generate Si vapors in humid oxidizing
environments at 800°C [42, 47]. Casteel et al. evaluated the conductivity of an empty
reaction chamber in order to establish a baseline.

They observed through ICP-MS

analysis that Si ions were present in the collected solution [27)]. Conductivities from Cr
and Si sources were successfully separated through baseline experiments, demonstrating
that, when used in parallel with ICP-MS, the ionic conductivity method provides an
accurate, real-time measure of Cr vaporization.
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Denuder Technique
Vapor collection in small capillaries, known as denuder tubes, has been used to
study a wide variety of vapor species. Work by Gormley [67] and Kennedy and Ali et al.
[68] provide a mathematical treatment of the denuder technique. Reactive coatings on
the inner surfaces of denuder tubes help facilitate vapor collection and analysis when
compared to traditional condensation methods.
Figure 4.8 [69] shows the denuder-based transpiration experiment developed at
Chalmers University of Technology, Sweden, which employs sodium carbonate
(Na2CO3) coatings for chromium collection through the following reaction:
CrO2(OH)2(g) + Na2CO3(s)→Na2CrO4(s) + H2O(g) + CO2(g).

(4.1)

Figure 4.8: Simplified schematic of the denuder technique [69].
The reaction product, sodium chromate (Na2CrO4), is water-soluble and can be easily
rinsed from quartz tubing. Photospectrometry or ICP-MS analysis performed on the
resulting solutions provides quantification of the total amount of vaporized chromium.
Measurements comparing the mass change of chromia (Cr2O3) pellets to the amount of
Cr collected in denuder tubes demonstrate 95 ± 5% collection efficiency [15]. Based
upon the stated collection efficiency, this technique offers accuracy comparable to the
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best condensation methods, and eliminates the need to remove Cr from glassware using
highly concentrated acids.
The group at Chalmers University has used this technique to study Cr
vaporization rates from a variety of ferritic stainless steels with and without barrier
coatings. They demonstrated the effectiveness of Cobalt coatings (800 nm) on Sanergy
HT, by measuring an order of magnitude reduction in the Cr vaporization rate from
coated samples. The reduced vaporization rate was attributed to the formation of Co-Mnspinels [15]. TEM bright field data from this work provide exceptionally high-resolution
images of surface spinel and oxide layers [70].
Electrochemical Technique
The electrochemical cell depicted in Figure 4.9 was used to characterize the
effects of chromia-forming interconnects alloys on SOFC cells operating under a
cathodic polarization of 200 mA cm-2 [71]. Single cells were fabricated by screenprinting the cathode (conventional (La0.8Sr00.2)2MoO3 (LSM)) on to a 1 mm thick, 8
mol% YSZ electrolyte. The cell was subsequently coupled to the following chromia
forming alloys: RA(Rolled Alloy Co., Canada) 600, RA446, and Crofer 22 APU. Pt
paste was used as counter and reference electrodes (CE and RE as abbreviated in Figure
4.9). Experiments were performed in dry air at temperatures ranging from 700-900°C.
All tested alloys exhibited an initial dramatic increase in the polarization potential
followed by a plateau region where the cathodic polarization increased gradually with
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time. The measured polarization potential increase can be used as a qualitative means to
determine the amount of Cr released

Figure 4.9: Electrochemical cell used to assess SOFC performance degradation due to
chromium poisoning [71].
from chromia forming ICs alloys, since cell degradation is primarily attributed to Cr
poisoning [65]. The following list summarizes results obtained by Jiang et al.:
•

Polarization potential was highly dependent on the thermally grown surface
oxide microstructure and composition.

•

Cr deposition did not preferentially favor electrochemically active regions (i.e.
the triple phase boundary;

•

Cr deposition increased with increasing temperature;
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•

Cr deposited farther from the cathode/electrolyte interface near a “rib” (the
location where the IC makes electrical contact with the cathode) as opposed to
the channel (the location where the IC and electrode are not in contact).
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CHAPTER FIVE
EXPERIMENTAL APPROACH
Reaction Environment
Figure 5.1 illustrates the transpiration apparatus design used for vaporization studies
performed at Montana State University.

Figure 5.1: Transpiration apparatus used to generate and collect gaseous Cr and Si
species.
Several important items are not depicted in the image: heat-tape wrapped around the
bubbler, controlling water vapor pressure; heat-tape along tubing between the bubbler
and quartz tube to prevent water vapor condensation; and the temperature controllers
used to control furnace and bubbler temperatures.
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Temperature Control
The reaction environment of the transpiration apparatus used in these experiments
lies within the central heated region of the tube furnace shown in Figure 5.1, and is
contained within a fused quartz tube, Figure 5.2.

60'mm'

27'mm'

sample'

ﬂow'restrictors'

Figure 5.2: Isothermal sample region in the quartz reactor.
Flow restrictors upstream and downstream of the sample help maintain and extend the
isothermal region within the reaction zone.

Flow restrictors were not used in all

vaporization experiments. Collaborator Jan Froitzheim from Chalmers University of
Technology, Sweden provided several flow restrictors in the spring of 2011. From that
point forward, they were used in every experiment.
Temperatures for the apparatus shown in Figure 5.1 were controlled using a Fuji
Electric Systems Co., model PXR3 micro-controller with a stated accuracy of ±0.3%
from 0°C-1200°C [72].

The temperature sensor used was a sheathed K-type

thermocouple providing a ±0.0075×T precision from 333°C-1200°C [53]. Temperatures
were monitored in the central heating zone of the furnace, outside the quartz tube (i.e. exsitu from the reaction). Ex-situ temperatures were higher than in-situ temperatures by
approximately 3%, or 25°C, at 800°C. The practice of measuring in-situ temperatures
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versus ex-situ temperatures was employed on measurements of the equilibrium vapor
pressure of Cr2O3.

Therefore reported temperatures were accurate.

All other

measurements on alloys, aluminosilicates and Sr2VMoO6 used ex-situ temperature
monitoring and differ from internal temperatures by around 25°C.
Temperatures within tube furnaces vary across the length of the furnace. A
temperature profile of the furnace used in vaporization studies is shown in Figure 5.3.
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Figure 5.3: Furnace temperature profile measured from gas inlet (left) to outlet (right).
Samples were placed in the central region of the furnace, inch 7 in Figure 5.3. A twoinch region from inch 6 to inch 8 was used as the isothermal zone.

Temperature

variations of less than 2°C were measured in this region. The largest samples used in
experimentation were only one inch long. Therefore, variations of less than 2°C were
presumed across the length of samples.
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Water Vapor Pressure
Water vapor pressures were controlled using a gas-washing bottle also known as a
bubbler. Gas is admitted into the bottom of the bottle through a glass tube with a quartz
frit at the end. The frit causes the gas to be broken up into many bubbles helping to
saturate the flow. Bubbles move up through the volume of water to the surface and
proceed through a series of tubing to the sample region.
Bubbler temperature controls the amount of water vapor in the flow.
Temperatures from 20°C to 60°C were used depending upon the nature of the study;
common practices however, were to increase the bubbler temperature (increasing the
amount of water vapor), minimizing the time it took to collect a detectable amount of Cr
or Si. A variable transformer powering heat tape supplied a constant heat input to the
bubbler, when heating was desired.

Temperatures were monitored with a K-type

thermocouple. Occasionally, bubbler temperatures would change by several degrees over
the course of a night, usually accompanied by subtle variations in the flow rate.
Equilibrium measurements on Cr2O3 employed a temperature controller (and K-type
thermocouple) to monitor temperatures within the volume of water.
An additional measure was made to ensure the proper analysis of water vapor
pressure and that was to monitor the change in volume of the bubbler over the course of
an experiment. This measurement allowed calculation of nH! O , the number of moles of
water vapor which passed through the experimental apparatus.
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Flow Rates
Gas flow rates were monitored using Sierra Instruments model PV1 mass flow
meters. Meters provided flow measurements up to 3.00 slpm (standard liters per minute)
with a precision of ±0.01 slpm. A better alternative to the mass flow meter would be
mass flow controllers, since they can eliminate subtle variations in flow from the gas
source. For the most part however, flows did not vary more than 0.01 slpm and were
suitable for the majority of experimental flow regimes, 0.8 – 2.0 slpm.
Flow restrictors were not used in most vaporization experiments. The Reynolds
number for flows through our apparatus were more than two orders of magnitude lower
than those associated with turbulent flow. Therefore a uniform (or flat) profile was
assumed. However they were later added to the experimental design (ca. 2011) and in
addition to ensuring uniform flow through the sample region, flow restrictors prevent
back diffusion of vapor species. They also aid in heating the incoming gas flow.
Sample Specimens
Ferritic Steel Alloys
Steel alloys were provided by:

Arcomac Surface Engineering, LLC, and

Froitzheim. Arcomac, LLC samples (430ss, 441ss and Crofer 22 APU) were cut from
1mm thick steel sheets into 1cm x 2cm rectangular coupons using precision laser cutting.
Steel sheets from Froitzheim (Sanergy HT, Co-coated Sanergy HT and Crofer 22 APU)
were .15 mm thick and cut with scissors into 1.5cm x 1.5cm squares. Compositions for
these alloys are written in bold face in Table 1.2. The remaining alloys in the table have
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been tested in vaporization rate studies by other investigators. Vaporization rates found
in these studies are given in Table 4.2. Stanislowski et al. [24, 26] from the research
facility in Juelich provides extensive vaporization rate data on coated and uncoated
alloys.
Three varieties of coatings were studied and applied by Arcomac LLC through
their filtered arc deposition process: Co-Mn-O on 430 SS, Ti-Cr-Al-Y-O on 430 SS, and
Ti-Co-Cr-Al-Mn-Y-O on 441 SS. Vaporization rates from coated and uncoated samples
are presented and discussed in the following chapter.
Chromia Pellets
Cr2O3 pellets were prepared by pressing chromia powder (Alfa Aesar 99% pure)
into 0.5-inch diameter by 1/16-inch thick circular discs. Pellets were then sintered in air
for 14 hours at 1400°C. In this process the color of the pellet changed from the rich
green associated with Cr2O3 to a very dark green and the pellet densified to about half its
original thickness. The white alumina plate that the pellet was sintered on exhibited a
dark green mark, evidence of Cr solubility into alumina. To eliminate concern about Al
contamination, pellets were only exposed to 48 hours of preheating at 850°C within the
quartz reactor.
Aluminosilicate Tubes and Insulation
Three types of tubes were studied using the transpiration method. Several of their
physical properties are listed in Table 5.1. Unfortunately, all of the tubes tested exhibited
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Si vaporization. Therefore a suitable reactor was not found to carry out isothermal
measurements on aluminosilicate samples.
Table 5.1: Physical properties of aluminosilicate tubes.
Quartz

3-2 Mullite*

98% Al2O3*

1575 °C

1680 °C

1700 °C

Thermal Expansion

5.5 x 10-7 /°C

5.4 x 10-6 /°C

8.2 x 10-6 /°C

Coefficient

(20-320 °C)

(20-1000°C)

(20-1000°C)

2.2 g/cm3

2.8 g/cm3

3.72 g/cm3

$25

$68

$62

Excellent

Very Good

Good

Max Use Temp.

Bulk Density
Cost
Thermal Shock
Tolerance

Quartz tubes were found to release the least amount of Si under experimental conditions
and were used for measurements on mullite PS 3730 and a proprietary aluminosilicate
compound Blasch (Al2O3 96.31%, Al6Si2O13 3.69%).
Sr2VMoO6 Pellet
Sr2VMoO6 pellets were prepared for testing as candidate anode materials.
Volatility measurements were preformed to determine elemental constituents that
vaporized during the calcination phase of pellet preparation. During calcination, pellets
are heated in an oxygen environment. The color of the pellet changed from gray to white
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during this stage. After calcination the pellet was sintered in a reducing environment,
which further changed its color from white to black.
Vapor Collection
Wafer Collectors
Two types of collection wafers were used in vaporization experiments: Si, with a
1µm oxide layer (Figure 5.4); and glassy carbon. Si wafers were scribed and fractured
from a larger wafer and ultrasonically washed in acetone. Carbon wafers were originally
scribed and fractured from larger plates, but glassy carbon is amorphous and extremely
hard to break in this manner. Therefore wafers were cut using a diamond saw and
cleaned in acetone.
Analysis of surface condensate was performed with x-ray (Al K-alpha)
photoelectron spectrometry XPS. The Physical Electronics 5600 x-ray spectrometer in
the imaging and chemical analysis laboratory (ICAL) at MSU was used.

Figure 5.4: Si collection wafers post Cr collection and RBS analysis. Note nonuniformity around the edge of the wafers (wafer on the far right has uniform Cr
coverage).
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The surface of glassy carbon is not perfectly smooth. Some inconsistency in RBS
results was ascribed to non-homogeneity (bumps) on the carbon surface. To avoid this
problem, wafers were polished with 30-micron diamond lapping paper. An FEM image
of the glassy carbon surface is shown in Figure 5.5 (right) and compared to the smooth Si
wafer (inset).

Figure 5.5: FEM images of Si (inset) and glassy carbon (right) surfaces.
The Si surface is magnified about 4.7 times greater than the carbon wafer and exhibits no
roughness at this scale. No islanding of Cr or Si was observed in FEM analysis. Energy
dispersive x-ray spectroscopy (EDS) was able to measure a 200% increase in Cr
concentration at the edge of the wafer when compared to the middle of the wafer.
To facilitate condensation of vapors, wafers were affixed via carbon tape to a
water-cooled heat sink as shown in Figure 4.3. Wafers could be removed and replaced
throughout the course of an experiment to provide time resolved volatility measurements.
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The temperature of the heat sink was controlled passively through thermal contact with
the lab.
Quartz Wool Collector
Fused quartz wool with approximately 10µm diameter fibers was used as a
collection surface in Cr vaporization experiments shown in Figure 5.6.

Figure 5.6: Chromic acid condensed in a quartz wool collector.
Cr vapors condensed in the quartz wool just beyond the furnace exit. Upon completion
of an experiment, wool was ultrasonically cleaned for roughly two hours in 5% nitric acid
solutions. Solution were then diluted to the proper Cr concentrations and analyzed with
ICP-MS.
Analysis Methods
Rutherford Backscattering Spectrometry
Background. Ernest Rutherford is credited for the discovery of the atomic
nucleus in conjunction with the Geiger-Marsden experiment shown in Figure 5.7 that
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incorporated the first particle accelerator. Radium. Designed by nature Re emits 5.87
MeV alpha particles.

Rutherford s Suggestion
Au foil
4.87 MeV α
Ra source

ZnS screen

Figure 5.7: Geiger-Marsden experiment: building the concept of the atomic nucleus.
Rutherford described the experimental findings in an excerpt from his 1911 publication
[73]:
“They (Geiger and Marsden) found, for example, that a small fraction of
the incident α particles, about 1 in 20,000, were turned though an average
angle of 90° in passing though a layer of gold-foil about .0004 cm. thick,
which was equivalent in stopping-power of the α particle to 1.6
millimeters of air.”
From these results, Rutherford surmised that the backscattering interaction between alpha
particles and the thin gold foil was based upon coulomb repulsion of two extremely
dense, positively charged spheres of a given mass. He then was able to analytically
determine the scattering cross section for elastic scattering, now known as the Rutherford
cross-section. Several decades later Rutherford backscattering spectrometry was applied
to the study of material surfaces and eventually became the powerful analytical tool it is
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today, for determining elemental compositions of materials to depths on the order of a
micron.
Quantifying Cr and Si Collection. The following description will primarily be in
reference to Cr collected on Si wafers (with a 1µm oxide layer), however analysis of Si
on C is for all intents and purposes identical. The principle quantity that differs between
the two elements is the Rutherford cross-section and was accounted for in all
calculations.
Rutherford backscattering experiments were performed using a 1.3MeV He+
beam to determine the areal density of Cr or Si atoms collected on wafers. The ion beam
was directed normal incidence to the sample (θ1 = 0°) with a θ = 165° scattering angle to
the detector, Figure 5.8.

Cr#layer#

Si#Wafer#

N0#ions#at#E0#

E#

θ1#

θ#=#165°#

θ2#
Eout#
detector#
solid#angle#Ω#

Figure 5.8: Scattering geometry for RBS measurements on Cr and Si samples [68] (θ1 =
0° in our backscattering geometry).
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N0 represents the total number of incident ions of and is measured by collecting a small
fraction of the ions on a mesh. The mesh current is measured and recorded by a current
integrator (Elcor Model A308C). A SIMNRA simulation of Cr collected on a Si wafer is
shown in Figure 5.9.
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Figure 5.9: Simulation of RBS spectrum depicting Cr collected on Si [74].
Standard thin film analysis was used to determine the areal density of Cr atoms collected
on the Si surface. Since the Rutherford cross-section for Cr is known, the integrated area
of the Cr peak, QCr (QCr is most accurately defined as the total number of counts
registered by your detector from backscattering events with Cr), is directly proportional
to the areal density (atoms per cm2) of Cr atoms on the wafer’s surface through the
following expression
(𝑁𝑡)!" =   

𝑄!" cos 𝜃!
  ,
𝑁!   Ω  𝜎!" (𝐸, 𝜃)
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where 𝜎!" (𝐸, 𝜃) is the Rutherford cross-section of Cr at the experimental energy and
scattering geometry. The detector solid angle, Ω, was measured to be 5.54E-4 steradians.
When 𝑄!" has been measured and (𝑁𝑡)!" calculated, the total mass of Cr,
collected during an experiment can be calculated by knowing the area of the collector
(𝐴!"##$!%"& ) the atomic mass of Cr (𝑀!" ) and Avogadro’s number (𝑁! )
𝑀!" =    (𝑁𝑡)!"   𝐴!"##$!%"&   

𝑀!"
  .
𝑁!

Assumptions were made that the deposition of Cr on the wafer was uniform and the
collecting surface area could be scaled up to the entire cross-section of the quartz tube.
The first assumption was largely true. However, wafers typically demonstrated greater
vapor collection at the edge, attributed to turbulent flow about the region. RBS analysis
was performed at three different regions across the sample’s surface in situations where
non-uniformity was a concern.
Wafer Collector and RBS:
Measurement Error Analysis. A wide spectrum of variables controls both the
partial pressure of vapor species and the amount of vapor collected on wafer surfaces as
discussed earlier in this chapter.

Here we consider only the RBS portion of the

measurement. From a statistical point of view, RBS is a counting experiment where
backscattering events from a given element are measured and counted over time. The
probability of recording a count from the given element has a constant probability per
unit time and therefore follows Poisson statistics. If the number of recorded counts, n, is
large, a normal distribution of the n counts is assumed and can be visualized by the Cr
peak shown in Figure 5.9. The standard deviation, 𝜎, of the distribution can be written as

68
𝜎 =    𝑛.
The associated error in a measurement of n counts then takes on a value of 1/ 𝑛. Other
factors can generate error in RBS systems: inaccurate measurement of detector solid
angle, improper calibration of the multi-channel analyzer, sample alignment, pile-up,
incorrect beam energy calibration, etc.; but these were of less concern than the errors
which governed vapor production and collection, the other half of the experiment. In
general the RBS measurement was significantly easier than other methods described in
literature, and no sample processing or preparation was needed that can present sources
of measurement or experimenter error.
Inductively Coupled Plasma
Mass Spectrometry (ICP-MS)
Background. ICP-MS is an extremely powerful chemical analysis tool that has
detection limits in the sub part per trillion-range for most elements [75]. Detection limits
are more accurately stated in units of nano-grams per liter because the physical parameter
that the instrument measures is the charge to mass ratio of the ionic species per nebulized
volume of solution. Measurements of the charge to mass ratio can lead to complications
due to interferences between ionic species with similar charge to mass ratios. Most
complications can be resolved however using analysis of signature isotopes for a
particular element.
The principle of ICP-MS operation is quite nicely depicted in the schematic
shown in Fiqure 5.10. The ICP-MS process at MSU begins with preparing samples in
5% nitric acid solutions, since the unit is not equipped for laser ablation of solid samples.

69
The acid initiates the chemical breakdown of molecules in solution. The solution is then
introduced into the ICP-MS though a pneumatic nebulizer as an aerosol. Large droplets
fall out of the fine mist and only the smallest reach the RF frequency powered, argon
plasma (torch), where they are atomized and ionized.

Figure 5.10: Schematic representation of ICP-MS process [75].
Ions then enter through a sample cone and skimmer cone into the vacuum and a series of
lenses, Figure 5.11. An off-axis lens (Omega lens) is used to separate neutrals and
photons from the beam. The ion beam is refocused on-axis into the quadrupole mass
analyzer. Ions are separated according to their charge to mass ratios and measured with
an electron multiplier at the back of the device.

Figure 3: Schematic diagram of Agilent 7500 Series ICP-MS instrument. Depending on the model, the Omega lens
70 single, two-stage turbo molecular pump
or Octopole Reaction System (ORS) may be present and a single rotary pump and
may replace the dual pumps shown.
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Figure 5.11: Schematic diagram
8 of Agilent 7500 Series ICP-MS instrument [75].
Solution Preparation and ICP-MS Error Analysis. Solutions are prepared by
washing quartz wool containing Cr deposits in 200mL of a 5M (mol/L) nitric-acid
solution. The wool is ultrasonically cleaned over the course of four 30-minute cycles in a
process that often takes an entire day. Once Cr is adequately removed from the wool, the
wool and solution are separated though vacuum filtration. A 20mL aliquot is removed
and added it to 180mL of 5M nitric acid. The resulting solution has one-tenth the
concentration of the initial solution and is given to ICP-MS for analysis.

ICP-MS

analysis returns the elemental concentration of Cr in solution to the nearest μg/L, which
is often alternately expressed in ppb. Multiplying the ICP-MS concentration by 0.200L
(original Cr solution volume) x 10 (diluted ten fold), gives the total Cr recovered during a
transpiration experiment. The following formalism can be applied to calculate the error
for a 100μg/L Cr concentration determined by ICP-MS.
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M = total mass of Cr collected (μg)
C = concentration Cr determined by ICP-MS (μg/L)
VS = volume of solution containing the total Cr collected (0.200L)
VE = volume extracted from VS (0.020L)
VD = volume of diluted solution used for ICP-MS analysis (0.200L)

𝑀 = 𝐶 ∙ 𝑉! ∙

𝑉!
𝑉!

𝑀!"# = 𝐶 + Δ𝐶 ∙ 𝑉! + Δ𝑉! ∙

𝑉! + Δ𝑉!
𝑉! − Δ𝑉!

ΔC = 1 μg/L
ΔVD	
  =	
  0.005	
  L
ΔVS = 0.005 L
ΔVE = 0.0001 L (a pipet was used to achieve higher precision than other volume
measurements)
𝑀!"# = 100 + 1 ∙ 0.200 + 0.005 ∙

0.200 + 0.005
0.020 − 0.0001

𝑀!"# ≈ 213  µμg
𝑀 ≈ 200    µμg   ± 13  µμg
The calculated error represents 6.6% of the total mass of Cr recovered in solution for a
100µg/L measurement from ICP-MS.
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CHAPTER SIX
EXPERIMENTAL RESULTS AND DISCUSSION
Vapor Collection
Quartz Wool Collector
Cr vapors were found to condense in two primary phases onto the quartz wool or
the tube wall. The most abundant phase was chromic acid (CrO2(OH)2), recognized by
its brown color as shown in Figure 6.1. The temperature of the region where vapors were
depositing in quartz wool was measured using a thermocouple to be approximately
200°C, slightly above the 196°C melting point of chromic acid [65].

0.6L/min)

0.4L/min)

0.2L/min)

Figure 6.1: Chromic acid condensed in quartz wool at three different flow rates:
0.6L/min (top), 0.4L/min (middle), and 0.2L/min (bottom).
Opila et al. [34] reported brown liquid chromic acid deposits in quartz tubing downstream
from the reactor as the primary condensed phase, determined by

Quartz Wool Collector
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a spectrophotometric technique, in vaporization experiments at similar temperatures.
Chromic acid deposits were observed to change phase in the presence of liquid
water. Upon termination of an experiment, water condensed within the quartz wool

What’s collected?

would migrate toward Cr deposits as the tube cooled. A distinct change in color from
brown to yellow was observed, Figure 6.2.

Cr2O3

T"≈"500°C"

CrO2(OH)2&
chromic&acid&

CrO4/2&
chromate&

Liquid&water&

T"="Tbubbler"

T"≈"200°C"

Figure 6.2: Chromic acid converted into chromate in the presence of liquid water.
Chromic acid is readily soluble in water, giving up its two H atoms to form chromate
anions, distinctively yellow in color. Upon the first observation of this phenomenon, the
oven and flow were turned on again.

As the yellow region heated up, vaporizing

condensed water vapor, it returned to the original brown color.
The other Cr phase found to condense was chromia, Cr2O3. Several investigators
have described green chromia deposits that formed at a higher temperature than chromic
acid [16, 34]. Green deposits were not observed when using the tube furnaces with the
temperature profiles shown in Figure 5.3. However, experiments performed using a
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furnace with a much more abrupt temperature transition between interior and exterior
temperatures revealed a small band of chromia that formed on the walls of the tube
immediately beyond the furnace outlet. X-ray photoelectron spectrometry (XPS) data
shown in the next subsection confirms the trivalent state of the green chromia deposits.
Wafer Collector
Identification of condensed vapors was determined by RBS and confirmed using
XPS. XPS data plotted in Figure 6.3 show Cr and Si on the surface on Si and C wafers.
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Figure 6.3: XPS spectra of Si on glassy carbon wafers and Cr on Si wafers. The Si on C
spectrum (top) has been shifted several eV to the right for clarity.
High-resolution XPS multiplex scans of Cr 2P peaks, Figure 6.4, revealed further
information about condensed Cr molecular species. In general Cr species condensed in a
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trivalent state as Cr2O3, illustrated in part (A) of Figure 6.4 by the Cr 2P 1/2 peak at
586.4eV and the Cr 2P 3/2 peak at 576.5eV [70].
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Figure 6.4: XPS data from Cr collected on different surfaces (Si wafers, quartz tubes,
and alumina) for typical Cr2O3collection (A), and other observed condensed phases (B).
Vapors were found to condense in this phase regardless of the material surface. Shown in
Figure 6.4 (A) is Cr2O3 collection on: Si (with thermally grown oxide), an alumina wafer
(Al), and green deposits on fused quartz tubing (gr).
The quartz tube sample with green Cr deposits was collected from the furnace
with the sharp temperature transition at the edges, as described in the previous section.
This observation along with data obtained from analysis of wafers highlights the fact that
Cr2O3 will form from CrO2(OH)2 vapors upon rapid cooling. Wafers as described in
Chapter 5 were actively cooled by thermal contact with the copper heat sink.
The perversity of nature however, is that things are never so simple as they may
seem. Part (B) of Figure 6.4 compares other condensed phases of Cr that were observed.
The top data set in (B), Cr/Qz cond, shows Cr deposited on a wafer, in a situation where
water vapor was also condensing on the wafer’s surface. Normal experimental practices
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were to hold the temperature of the collector above the dew point to avoid inconsistencies
caused by water vapor condensation on the wafer. Data from this sample however were
useful and illustrate a shift, toward higher binding energy of the Cr 2P peaks. Hexavalent
Cr species, most likely CrO2(OH)2, are responsible for this shift. The reported binding
energy for Cr(VI) 2P 3/2 is roughly 579eV [76]. The middle data set in part (B) of
Figure 6.4 came from the inner surface of quartz tubing that had an abnormally thick,
metallic looking Cr layer. The shift towards lower binding energy can be attributed to a
Cr metal phase with a 2P 3/2 binding energy of 574.3eV. Metallic looking Cr phases had
been observed on tube surfaces that had been used for long periods of time in locations
where gases exited around the copper heat sink. The bottom line in Figure 6.4 (B)
represents Cr2O3 data from part (A) of the figure.
Collection Efficiency
To gauge the collection efficiency of wafer and quartz wool collectors, Cr
vaporization rates from Crofer and Sanergy alloys (obtained from Froitzheim), Figures
6.5 and 6.6 respectively, were measured and compared with values from literature.
Froitzheim et al. [15] measured the highest values for Cr vaporization rates from Crofer
22 APU. They have reported 95% collection efficiency with the denuder technique and
are the only investigators who have reported collection efficiencies. Sachitanand who
works in the same group as Froitzheim, obtained Cr vaporization rates that are about 15%
lower, under reportedly identical experimental conditions [30].

This illustrates the
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difficultly in maintaining accuracy with transpiration style measurements both on the
collection side and the recovery/analysis side.
Data from the quartz wool collector is on par with other techniques. However, the
850°C temperature was measured outside the reactor and is roughly 25°C higher than
internal temperatures.

Cr#vaporiza*on#rate#(kg#m22#s21)#
#

Froitz.&et&al.&

Crofer&22&APU&

1E.09&
9E.10&

Qz&wool&

8E.10&

Si&wafer&

7E.10&

Raksh.&et&al.&

6E.10&

Collins&et&
al.*&

5E.10&
4E.10&
3E.10&
2E.10&
1E.10&
0&
0&

50&

100&

150&

200&

250&

300&

Hours#
Figure 6.5: Cr vaporization rate data for Crofer 22 APU at 850°C and 800°C (* denotes
800°C).
Actual experimental temperatures were approximately 825°C, where a lower vaporization
rate is to be expected.
Wafer collectors (including data from Collins et al. [52]) exhibited very low
vaporization rates compared to other methods and therefore much lower collection
efficiency. Although wafer collection data shows good inter consistency, vaporization
rates of Collins et al. at 800°C (ex-situ) should be lower than the other data at 850°C.
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Two experimental parameters are probably to blame for this: the surface temperature of
the collector (not reported by Collins et al.); and flow conditions over the sample. Flow
conditions were affected by a modification to the copper heat sink, which made it easier
to remove samples from the hot furnace.
Comparisons studies on the alloy Sanergy HT, Figure 6.6, show results similar to
those obtained with Crofer samples.
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Figure 6.6: Cr vaporized from Sanergy HT using three different collection methods.
Si wafer collectors show less than 10% collection efficiency compared to the other
techniques. Collection efficiency of the quartz wool collector was found to be lower than
the denuder technique of Froitzheim. The time axis in the Figure 6.6 is not linear. Data
are presented in this manner to illustrate differences in collection efficiency between the
three techniques.
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Collection efficiency of the quartz wool collector was also assessed by measuring
the change in mass of a Cr2O3 pellet versus the amount of Cr determined through ICPMS analysis. Results from theses experiments are shown in Figure 6.7. Data indicate
61% collection efficiency. However, ICP-MS data points are significantly lower than
microgram balance measurements at 2.5l/min and 3.0l/min.

Microgram balance

measurements are almost certainly erroneous for those two data points. Accurate mass
measurements with the balance proved to be an unexpectedly difficult task. Subsequent
mass measurements were repeated ten times.
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Figure 6.7: Mass change for a Cr2O3 pellet measured with quartz wool collection/ICPMS versus a microgram balance over a range of flow rates.
The highest and lowest values were removed from the data and the remaining eight
measurements were averaged. Without the data at 2.5l/min and 3.0l/min, collection
efficiency goes up to 77%.
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Vapor Collection Versus Flow Rate
Initial measurements of vapor collection versus flow rate were made at MSU by
Collins et al. using Cr2O3 powder placed in an alumina boat, Figure 6.8.

Figure 6.8: Photograph of Cr2O3 powder sample used in Cr mass transport rate versus
flow rate experiments.
Vaporization rates were obtained using a Si wafer collector with the goal of establishing
non-equilibrium flow-rates ideal for measurements on candidate SOFC-IC alloys.
Measurements were made using three different amount of Cr2O3 powder heated to 800°C
(ex-situ) as shown in Figure 6.9. Results suggest that mass transport does not change
significantly with flow rate, indicating a non-equilibrium flow regime. The first couple
data points on the upper curves could indicate the transition to equilibrium flow rates. In
addition, greatly increasing the amount of powder did not significantly increase the Cr
transport rate, as would be expected in this flow regime.
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Figure 6.9: Cr mass transport rate versus flow rate from different amounts of Cr powder
[52].
Obtaining accurate flow rate data with the wafer collector are challenging due to the fact
that changes in flow affect the temperature of the passively controlled collector.
Graphs from literature of Cr transport versus flow rate are presented in Figure
6.10. All investigators find a linear or equilibrium regime at low flow rates, and a plateau
or non-equilibrium regime at higher flows. In this study both regimes were found, but in
separate samples. Data from the small sample (ICP-MS data from Figure 6.7), taken at
high flow rates indicated non-equilibrium vaporization. The medium sample displayed
equilibrium-like vaporization over the entire range of flow-rates tested. The original
purpose of the measurement was to investigate discrepancies in the equilibrium rate
constant (Figure 2.3) for Reaction 2.1.

82

Thermochemistry of CrO2(OH)2(g)

J. Phys. Chem. A, Vol. 111, No. 10, 2007 1975
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3. Results and discussions
3.1. Cr release of chromium oxide
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Opila et al. [34] used many small chromia pellets in their study and measured a rate
constant that was about five times greater than Kurokawa’s or Gindorf’s values.
Stanislowski [26] measured the highest value for the rate constant, and although he did
not report a sample size, he did report using a coarse powder of Cr particles with high
surface area.
To test this hypothesis, Cr transport rates versus flow rate measurements were
made using roughly twice the Cr source compared to the medium sample. Results are
shown in Figure 6.11, where error bars represent measurement errors incurred by
preparing solutions for ICP-MS analysis (presented at the end of Chapter 5). Two
features of each data set are extremely appealing.
1.8E/02!
1.6E/02!

!
R²!=!0.99261!

1.4E/02!

kCr$(μg/s)$

1.2E/02!
1.0E/02!
8.0E/03!

med.!!

!
R²!=!0.97422!

6.0E/03!

large!

4.0E/03!
2.0E/03!
0.0E+00!
0!

0.2!

0.4!

0.6!

0.8!

1!

1.2!

ﬂow$rate$(l/min)$

Figure 6.11: Cr transport rate versus flow rate for medium and large Cr2O3 sample
specimens.
First, both data sets are very linear therefore equilibrium vaporization should be assured
by the fundamental principles of the transpiration method. Second the y-intercept of both
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data sets is very nearly zero, another indication that equilibrium conditions have been
established (refer to Figure 3.2). However, this result indicates that we obtain two
different values for the equilibrium rate constant at the same temperature.

This is

equivalent to obtaining two equilibrium partial pressures for CrO2(OH)2 vapor at the
same temperature, which should not be the case if the reaction is truly in equilibrium.
Values for the equilibrium rate constant for Reaction 2.1 were calculated as
described in Chapter 3 for each data point in Figure 6.11.

The average value for the

logarithm of the rate constant for the medium sample was Log Kp = -5.25 with a standard
deviation of 0.06, and Log Kp = -5.08 with a standard deviation of 0.05 for the large
sample. These values are equivalent a 47% increase in the rate constant, Kp, and likewise
the Cr partial pressure, upon doubling the chromia sample size. Deviations would be
significantly more pronounced if the difference in sample size were greater, and can be
attributed to major differences between Kurokawa [20] and Opila’s [34] measurements.
Data obtained in this study are plotted in comparison with other values from
literature in Figure 6.12. Plotted on this scale, results do not look so dramatic, but they
illustrate a statistically significant source of error in obtaining thermodynamic data using
the transpiration method. Multiple independent measurements, each data point in Figure
6.11, could be used to calculate the value of the equilibrium rate constant, because all
points lie within the linear or equilibrium region.
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Ferritic Steel Alloys
Chromium volatility from coated and uncoated steels (SS441, SS430 and Crofer
22APU) was investigated using Si wafer collectors as described in Chapter 5.
Vaporization rate data at 800°C are presented in Figure 6.13 and Table 6.1.

Figure 6.13: Cr vaporization from coated and uncoated 430 SS (left and right) and
uncoated Crofer (right) [64, 52].
Data from Chen et al., Collins et al. and this study are taken at PH2O = 16.7%, PH2O ≈ 3%,
PH2O = 12% respectively. For this reason, Chen’s data [64] from uncoated 430 SS are
significantly higher than Collins’ [52]. Differences in coating performance between the
two investigators suggest the TiCrAlYO coating reduces Cr vaporization over CoMnO.
Additionally, a comparison may be drawn to the decrease in Cr vaporization from 430 SS
at a higher water vapor pressure compared to that of 441 SS.

87
Table 6.1: Cr vaporization from uncoated 441 SS and Ti-Co-Cr-Al-Mn-Y-O coated
samples.
Sample

Uncoated 441

1-side coated 441

2-side coated 441

Cr collected per 24
hours µg

19.1

7.19

3.3

Cr volatility rate
10-11 kg/(m²s)

45.9

17.2

7.8

Cr volatility rate
µg/(m²hr)

1650

622

282

The three data sets, along with data shown in figure 6.5 and 6.6, convey the fact
that vapor collection on wafers provides an accurate picture of vaporization rates that is
tractable to principle experimental parameters.

The technique can easily identify

differences in vaporization rates between coated and uncoated alloy and even discern
difference between alloys with very similar compositions.

Combing this with the

simplicity and rapid turn around time of RBS when compared to the traditional
condensation method makes the method quite useful despite low collection efficiency.
Aluminosilcates
Aluminosilicates were investigated in humid air and humid Hydrogen at 800°C to
identify whether mullite

(solid solution:

3Al2O3 + 2SiO2)

could be used as a

replacement for high-purity alumina in the SOFC designed by Seimens. Initial results
showed that a 98% pure alumina tube released more Si than fused quartz tubes (pure
SiO2) in humid air, Figure 6.14. The observation of high Si vaporization rates from
alumina prompted long-term studies of alumina, mullite and quartz tubes, to find a
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suitable reactor for future work. Volatility data in Figure 6.15 indicate that high purity
alumina and mullite tubes can release a significant amount of Si over the initial 100-200
hours of heating in air.

The burn-off phase is most likely attributed to surface Si

contamination during the high temperature processing of refractory tubes.
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800
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tube & empty quartz tube after 24 hours
o
humid air at 800 C
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600

empty quartz tube
empty alumina tube

400
C
200

0
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O

0

100

200

300

400

Channel number
Figure 6.14: RBS data indicate more Si is vaporizing from alumina.

500
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Figure 6.15: Si released versus time for aluminosilicate tubes at 800°C in air with 12%
water vapor pressure. Mullite and alumina tubes exhibit significant Si volatility over the
first 200h of testing before reaching steady-state volatility [77].
Furthermore, it was determined through RBS analysis, Figure 6.16, that multiple
elements were volatizing from aluminosilicate materials during early stages of heating.
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Figure 6.16: RBS spectra indicating numerous elements volatizing from aluminosilicate
samples during the first 100h at 800°C in air with 12% water vapor pressure [77].
Certainly at the temperatures required to manufacture refractory materials, a dynamic
vapor environment exists, as is depicted in the figure. The entire matrix of
aluminosilicates (including one other mullite tube and one other alumina tube) exhibited
this spectrum of vaporizing elements. The identity of the two heaviest elements shown in
Figure 6.16 cannot be completely verified by RBS and were chosen because of their
presence in refractory environments. RBS has rather poor mass resolution for heavy
elements, because the energy of the backscattered alpha particle measured in the detector
will change by progressively smaller amounts as you climb the periodic table. However,
small amounts of heavy elements are readily detectable due to their large cross-sections.
For example the largest Th peak accounts for only about 0.03% of the surface layer
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concentration. Analysis with XPS and EDS were not able to positively identify Th or Rh
in measurements performed on the most concentrated samples. This issue is not usually a
problem, because the chemical composition of the samples is often known and only a
single vapor phase is forming. As is the case in the next section where the technique was
applied to a materials processing question.
Sr2VMoO6-x Electrode Material
An Sr2VMoO6-x perovskite sample was heated to 1000°C in dry air to determine
the atomic species in the perovskite that chemically react with the air during calcination
and form gaseous phases of the solid.

RBS data in Figure 6.17 indicate that

Sr2VMoO6-x volatizes Mo during heating in air. Three time intervals of heating are
displayed in the figure: 5°C/min ramp from 25°C to 1000°C (A), ramp plus 6 hour dwell
at 1000°C (B), ramp plus 24 hour dwell at 1000°C (C).
Perovskite Volatility in Dry Air at 1000°C
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Figure 6.17: RBS spectra of Mo condensed on Si wafers volatizing from Sr2VMoO6-x
for: ramp to 1000°C, ramp plus 6 hour dwell at 1000°C, and ramp plus 24 hour dwell at
1000°C.
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Figure 6.18 displays the relative amount of Mo collected during each time
interval. Relative amounts are calculated by integrating the Mo peak from 965keV to
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1060keV. Analysis suggests that the Mo volatility rate diminishes with heating time.
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Figure 6.18: Relative Mo collection versus heating time for the Sr2VMoO6-x perovskite.
XPS data in Figure 6.19 confirms that Mo is the atomic species vaporizing during the
calcination phase of Sr2VMoO6-x.
A simple study like the one presented in this section allows determination of the
elemental constituents and their abundance in the vapor phase. They can even yield
chemical information about primary species found in the vapor phase.
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Figure 6.19: XPS spectrum identifying Mo atoms collected on the surface of a SiO2
wafer [78].
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CHAPTER 7
CONCLUSIONS
The transpiration method was applied in vapor-pressure measurements on gases
volatizing from oxide materials in high temperature oxidizing and reducing environments
containing water vapor. Two different methods of vapor collection and analysis were
compared, along with studies from literature.

Literature studies revealed large

inaccuracies in the magnitude of the equilibrium rate constant for the formation of
CrO2(OH)2, the dominant vapor species, over Cr2O3 in humid air. Two major reasons for
this were determined in this study:

it is difficult to collect and analyze all of the

vaporized product using traditional condensation-based approaches to the transpiration
method; and values for the rate constant depend upon the surface area of chromia samples
used in experiment.
Vapor collection efficiencies were determined for both types of collector. Wafer
collectors exhibited the lowest collection efficiency (<10%) when compared with data
reported by other investigators. Wafer collection efficiencies were also found to vary
with the temperature of the collector, gas flow around the collector and the surface
roughness of the collector. Despite these concerns, reproducible data was produced on
multiple oxide systems that predicted the elemental composition and relative abundance
of elements in the vapor phase.
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Wafer collection coupled with RBS analysis provided several advantages over
certain aspects of other techniques (traditional condensation, denuder, ICM, and quartz
wool collection).
•

The technique enabled time-resolved investigations of vaporization rates with a
time resolution five to ten hours, depending upon the sample. Wafers could
simply be removed from the experiment and replaced with new ones while
furnaces were hot.

•

No sample preparation was needed before collection wafers could be analyzed,
eliminating errors associated with handling solutions and the need for highly
concentrated acid rinses and.

•

RBS is quantitative and requires no standard samples for calibration, making
multi elemental analyses possible with a single measurement.

An ICP-MS

measurement of standard samples for three different elemental concentrations is
necessary for each species under investigation, and could allow unexpected vapor
species to go unnoticed.
In principle, a multitude of analytical techniques including:

RBS, XPS, Raman

spectrometry, energy-dispersive X-ray spectrometry, X-ray diffraction, laser ablation
ICP-MS, etc. are available for elemental analysis of vapors condensed as thin films,
making the transpiration method a useful tool for any materials science laboratory.
The quartz wool collector demonstrated greater than 60% collection efficiency
when comparing the mass change in a Cr2O3 pellet, measured with a microgram balance
to the mass change determined with the transpiration experiment and ICP-MS analysis.
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Cr vaporization rate data from the technique were also found to agree with values in
literature as shown in Table 4.2. Another major advantage for measurements made with
the quartz wool collector was the high precision measurement capabilities of ICP-MS
analysis. ICP-MS systems were found to have the best detection limits when compared
to other analytical tools used in transpiration experiments.

Stanislowski et al. [26]

reported vaporization rates two orders of magnitude lower than the lowest values
measured by any other investigator, using traditional condensation and ICP-MS analysis.
High collection efficiency and consistent reproducibility using the quartz wool
collector, prompted an experiment to measure the equilibrium rate constant for Reaction
2.1 at 850°C. Flow rate measurements, described in Chapter 6, positively identified the
equilibrium flow regime over a surprisingly wide range of flow rates, .01L/min to greater
than 1.00L/min. The first set of experiments yielded log(Kp) = -5.25 with a standard
deviation of 0.06.

The number of chromia sample pellets was doubled and again,

vaporization rate versus flow rate experiments were performed. For the large sample,
log(Kp) = -5.08 representing an alarming 47% increase in the measured Cr vapor
pressure.

Undoubtedly, much of the disagreement between investigators for the

equilibrium vapor pressure of CrO2(OH)2 can be attributed to differences in sample
surface areas used in experiment. Additionally, collection efficiencies (not frequently
reported in literature) also lead to inaccurate evaluations of vapor pressures.
Progress in the development of industrially and technologically important
materials like ferritic steels and aluminosilicates, relies upon better understanding of
fundamental thermodynamic properties that govern interactions between materials and
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their environment.

Thermodynamic modeling software seeded with erroneous

equilibrium data can easily mislead the user. In the case of Cr vapor species, a model
using the IVTANTHERMO’s [38] data versus Ebbinhaus’ [32] would yield Cr vapor
pressures that differ by nearly three orders of magnitude. Future equilibrium vapor
pressure measurements on Cr2O3 should be made using samples that interact with the
entire flow, such as an aggregate of crushed pellets filling up the entire cross-section of
the reactor as shown in Figure 7.1 and Figure 4.1. A genuine equilibrium vapor pressure
measurement should not depend upon how much material you have, and depend only
upon the type of material, temperature, pressure and chemical composition of the reactant
gas.
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Figure 7.1: Idealized apparatus for vaporization measurements.
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Figure 7.1 illustrates a conceptualized version of the ideal instrument for
vaporization studies, the foundation of which rests on gas flow rates, water vapor
pressures and furnace temperatures. Accurate measurement of vapor species can only be
obtained when stated parameters are properly controlled. An additional pressurized
enclosure for the entire apparatus would be an excellent accessory, and offer another
degree of experimental freedom.
The next most important feature from an experimental standpoint is direct
measurement of the sample’s mass, provided by thermo-gravimetric analysis (TGA).
Gravimetric analysis eliminates all complications associated with vapor collection,
sample preparation for analysis and the additional experiment needed to quantify the
amount of collected vapor. However, TGA studies become complicated when samples
exhibit weight gain through oxidation and weight loss through formation of vapor
species.

It is therefore necessary to include vapor collectors associated with the

transpiration method into the design of the apparatus.
Two collectors are chosen here: the quartz wool collector and the ICM. The role
of the quartz wool is to quantify the total amount of vapor evolving from samples. The
diameter of the quartz wool collection zone is made larger than the diameter of the
reactor to prevent vapor condensation on the walls of the collection region. Quartz wool
fibers can additionally be coated with a reactive coating, like sodium carbonate, to target
specific vapor species. Whatever is not collected in the region would be exhausted
downstream through a DI water bath and monitored by the ionic conductivity method,
ICM. Used in combination, the two collectors would ensure total condensation of vapor
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species. In principle, other collectors could be used depending upon the purpose of the
study. For instance, time resolved studies could be made using wafer collectors or direct
application of the ICM.
Finally, chemical analysis of the experimental environment is performed using
mass spectroscopy and in-situ Raman spectroscopy. The two instruments are pivotal in a
vaporization study, since they directly identify the molecular composition and relative
abundance of gaseous species and on the solid surface. Chemical information obtained
from these measurements can be linked to quantitative information gathered by the
collectors and TGA to more precisely determine fundamental thermodynamic quantities.
Ultimately, the results of experimentation are used to build thermodynamic databases,
which enable accurate equilibrium modeling of chemical environments over a wide range
of temperatures and pressures.
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