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Abstract An ultrahigh vacuum technique using mass
spectrometry for in-situ investigations of gas-solid
interactions is described in this paper. Examples of
chemical reactions (oxidation, hydration) between
solids and gas mixtures, dissociation of gases on solid
surfaces, outgassing of solid materials and permeation
of gases through membranes are discussed where the
experimental arrangement is explained in detail. This
Gas Phase Analysis (GPA) technique can be used at
temperatures from room temperature to 1200 °C and
at pressures up to 1 atm. Aspects related to sample
preparation, isotopic gas mixture selection, data acqui-
sition, calibration and interpretation of the experimen-
tal data are also addressed.

Introduction

The history of mass spectrometry begins in the late 19th
century, when J.J. Thomson together with his col-
leagues at Cavendish Laboratory in Cambridge discov-
ered the electrons, analyzing a beam of cathode rays [1].
Thomson found that the beam was made of particles
(later called electrons) with well-defined mass, m, and
electric charge, z. In this way the ratio m/z could be
used to characterize charged particles [1]. Thomson
also showed that the electron beam could be diverted
by an electric and/or a magnetic field [1]. In mass
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spectrometry, the ions, which are produced in the ion
source, are separated according to their m/z ratio. After
being separated, ions with specific m/z are directed
towards the detector region of the mass spectrometer.
After Thomson’s discovery, progressive development
of the ionization methods, analyzers, detectors as well
as computer-automation and implementation of
libraries with mass spectra made mass spectrometry a
reliable, inexpensive and easy to use experimental tool.
Nowadays, devices like ionchip™ (Microsaic Systems)
[2], which is the first quadrupole mass spectrometer
chip, and “‘electronic nose” [3] are just a couple of
examples of high-tech mass spectrometry applications.

A comprehensive description of the analysis of gas
compositions using mass spectrometry is presented by
Repa et al. [4]. In many publications, mass spectrom-
etry has been used as a main analyzing technique to
study specific processes: Hultquist et al. [5] have
examined the reaction of Fe with '®O-containing
water/oxygen gas mixtures at 300 °C; Levchuk et al.
[6] have studied deuterium permeation through Euro-
fer and o-alumina coated Eurofer; Haugsrud [7]
investigated the effect of H, and H,O on the high-
temperature oxidation of Ti; Sasaki and Yoshida [§]
have introduced new insights related to the reaction of
photo-oxidized GaAs with Ga.

In this paper, the methodology of using the in-situ
Gas Phase Analysis (GPA) technique to study a wide
range of gas-solid interactions is described. The
following types of investigations are presented with
some examples:

— Studies of gas uptake kinetics in solids exemplified by
the oxidation of pure Fe and a Zr-based alloy in
oxygen gas,
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— Isotopic exchange studies exemplified by O, dissoci-
ation on the surface of a wide range of solid
materials,

— Outgassing studies exemplified by outgassing of air
equilibrated oxide layers on Zircaloy-2, and

— Permeation of gases through oxide membranes
exemplified by oxygen permeation through a 2 mm
thick zirconia membrane.

Experimental procedure
Sample preparation

In the GPA technique the changes in the gas phase are
used as a probe of the reaction between a solid and a
gas or a gas mixture. A multitude of solid materials can
be studied such as metals, alloys, semiconductors,
oxides, nitrides and polymers. Approximations to
simple sample geometries (plate, tube, sphere) are
used for calculation of transport properties such as
diffusivity and permeability, by using solutions of
appropriate differential equation of diffusion.

Surface preparation

The sample preparation depends on the sample mate-
rial and the purpose of the experiment. Metallic
samples are typically polished down to 2400 mesh
SiC paper, rinsed in ethanol and outgassed. If the aim
in a subsequent surface analysis is to study the changes
of the surface topography due to the interaction with a

Fig. 1 Schematics of the
GPA equipment
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gas or a gas mixture, the surface finishing is preferably
done by using <1 um diamond paste and then the
sample is ultrasonically cleaned in acetone and finally
outgassed in the GPA-equipment.

Oxides are usually cleaned by outgassing at high
temperatures before the experiments.

In addition to pure metals, alloys, semiconductors or
oxides also coated or pre-hydrated samples can be
used.

Surface coating

Coating of solid surfaces with porous, highly active
catalysts, such as Pt, have been [9-11] done using a
sputter coater.

Hydrogen-charging

Hydrogen charging of metallic or oxide samples using
the GPA technique has been used to produce samples
with known contents of hydrogen (or deuterium) [9,
12, 13].

Gas Phase Analysis (GPA) equipment
The GPA equipment presented in Fig. 1 consists of

three main parts:

1. A ““virtually closed” reaction chamber

2. A gas handling system

3. A mass spectrometer (MS) placed in an ultra high
vacuum (UHV) chamber
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These parts are separated by UHV valves.

In Fig. 1, the “virtually closed” reaction chamber
consists of a silica tube and a stainless steel (SS) cross.
The requirements that need to be fulfilled in the
selection of the reaction chamber material include
negligible reactivity and gas release during the experi-
ments. The reaction chamber can be heated with a tube
furnace up to 1200 °C. The gas handling system allows
inlet of high purity isotopic gas mixtures (two cylinders
containing different oxygen isotopes are illustrated in
Fig. 1) in the reaction chamber. The total pressure in
the reaction chamber is measured using an absolute
pressure gauge and can be recorded on an x-t plotter.
Pressures up to 1 atm. can be used.

A mass spectrometer, placed in an UHV chamber is
pumped with an ion pump and used to continuously
monitor the gas composition in the reaction chamber
via a leak valve. An essential feature is a direct
connection, via a glass tube, from the leak valve to the
ionisation part in the MS. This arrangement improves
the sensitivity and accuracy for the detection of the
gases in the reaction chamber. The mass spectrometer
is made of the following main parts [14]:

ionisation source
mass analyser

ion detector

data recording unit

During analysis, the gas is ionised by electron
bombardment and the positively charged ions are then
directed, using ion optics, to the quadrupole analyser,
where they are separated according to their mass to
charge ratio (m/z). From the analyser, ions with
specific m/z (resonant ions) are directed towards the
detector. Two types of detectors can be used: Faraday
Cup and Electron Multiplier. The Faraday Cup mea-
sures the ion current directly and the Electron Multi-
plier magnifies the electric current, which is
proportional to the ion flux and gas pressure. The
sensitivity of the Faraday Cup is relatively low.
Therefore, for pressures lower than approximately
1 * 107'° mbar, the electron multiplier is used. From
the detector, the signals are transmitted to an elec-
trometer and converted into partial pressures. The
resulted mass spectra are displayed on the computer
screen. Different types of spectra can be obtained but
the most commonly used is the time-based spectrum,
which displays the partial pressure of the pre-selected
m/z values vs. time.

The setup for the GPA technique can be adapted for
different types of measurements: oxidation, hydration,
isotopic exchange, outgassing (vacuum annealing), and
permeation of gases through membranes. After the
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introduction of the sample in the reaction chamber, the
following steps are common for all these types of
measurements:

1. The reaction chamber (with sample) is pumped
with a mechanical rough pump for 10 minutes. By
this procedure, the pressure in the reaction cham-
ber reaches approximately 107> mbar.

2. The reaction chamber is then pumped with an ion
pump via a glass connector from the leak valve to
the MS. The leak valve is fully opened and the
pumping is typically done for 12 h at room
temperature. By this procedure, more than 50%
of the water, which was adsorbed on all surfaces
(reaction chamber walls and sample), will desorb
[14, 15].

3. The sample and the reaction chamber are cleaned
by outgassing at elevated temperatures. The cho-
sen temperature depends on the sample prepara-
tion and on the purpose of the experiment. By this
procedure, the remaining adsorbed water and the
contaminants from sample preparation are re-
moved. Control over the surface coverage of water
is essential in many applications. (For example, it
was found that adsorbed water could block active
sites on solid surfaces for H, and CO dissociation

[16].)

The next steps depend on the type of the experi-
mental setup in use.

GPA is a useful tool for characterization of complex
processes, identification and characterization of reac-
tion mechanisms and transport modes (transport in
molecular and/or dissociated form). In-situ information
is obtained by combining manometric and mass spec-
trometric data. A complementary isotopic sensitive
technique such as Secondary Ion Mass Spectroscopy
(SIMS) can be used to characterize the reaction
products [5, 17-20].

The obtained SIMS depth profiles provide useful
information such as: oxide growth position [9, 12, 20],
identification of the oxide/metal interface [9], hydride
formation [21], dominating transport mode [22], iden-
tification of oxides with different stoichiometry (dif-
ferent metal/oxygen signal ratio) [23,24].

Principle of GPA analysis
Oxidation, hydration and isotopic exchange studies
In Fig. 1, the standard experimental setup used for

oxidation, hydration and isotopic exchange studies is
illustrated.
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After cleaning the sample and the reaction chamber
by outgassing (as described above), the temperature is
set to the exposure temperature and the exposure of
the sample to a gas or a gas mixture can be carried out.
During the exposure, the total gas pressure in the
reaction chamber is monitored using an absolute
pressure gauge and is recorded by an x—¢ plotter. The
gas uptake in the sample is obtained from the pressure
decrease in the reaction chamber. To obtain the
background (gas uptake by the reaction chamber
material), the experiment is repeated in the absence
of the sample. After background subtraction, the
“Ideal Gas Law” is used to calculate the amount of
gas taken up by the sample and the amount of gas
expressed in mole gas cm™? is:

AP 1
V.

1 -2
=103 " —  [mole gascm™?| (1)

RT A
where AP [mbar] is the pressure decrease in the
reaction chamber during the exposure, V[L] the
volume of the reaction chamber, R the universal gas
constant = 0.08206 [L atm mol™" K™'], T[K] is the abso-
lute temperature, A[cm™] is the surface area of the
sample

The uptake rate [mole gas cm™

(Eq. 2).

2 s7'] is given by

Uptake rate = Ait [mole cm™%s ] 2)

where Af (s) is the time in which n [mole cm™] of gas
were consumed in the reaction with the sample.

Let’s consider a simple case of the oxidation of a
metal Me'".

Me + 02 = M602

During the exposure of Me to oxygen gas, an oxide
layer (MeO,) starts to form (stoichiometric oxide
formation is assumed, even if this is not exactly the
case for very thin oxide layers). Two methods can be
used to calculate the degree of oxidation: oxygen gas
consumption method (presented above) and the weight
gain method. As the name shows, the oxygen gas
consumption method takes in consideration the oxygen
consumption from the gas phase during the oxidation
reaction. With this method, the evolution of the oxide
thickness during oxidation can be obtained. A main
advantage is related to the cases showing weight loss
during oxidation, where the formation of volatile
products can be continuously analyzed with the possi-
bility of identification and quantification. Reaction

mechanisms could also be investigated using isotopic
gas mixtures. The weight gain method takes into
account the solid sample’s weight change after oxida-
tion. The oxide thickness is calculated only after the
oxidation is finished and the sample is weighted (final
oxide thickness). For the case of weight loss, no
additional information is obtained. It is important to
consider the volatile and spalled products which
obviously influence the weight gain. Rahtu et al. [25]
presented a special experimental setup for in-situ
studies of thin film formation by combining Quartz
Crystal Microbalance (QCM) and mass spectrometry
and thus the weight change as well as the gas
composition and pressure can be continuously moni-
tored.

The oxide thickness, L, (Eq. 3) can be calculated
considering the amount of oxygen that has been
consumed in the reaction with the metal Me, n
[mole O, cm™] (obtained from the two methods).

. n x ]\41\/[602
14

L [cm] (3)

where L [cm] is the oxide thickness, n [mole O, cm™]
the amount of oxygen consumed during oxidation
(obtained from the weight gain or oxygen gas con-
sumption methods), Myeo» [g mole™'] is the molar
mass of the oxide, p [g cm™] is the density of the oxide.

When isotopic gas mixtures are used, for example
16160, 16180, 18180, the composition of the gas
mixture can be continuously probed with the MS via
the leak valve. The gas consumption during probing is
negligible. The partial pressure of each component, P;
is obtained. The total pressure change in the reaction
chamber (Eq. 4), AP, is therefore the sum of the partial
pressure change of each component, AP;.

AP = zx:APi [mbar] 4)
i=1

Exposure of a solid sample to isotopic gas mixtures
can be used to study oxidation mechanisms, hydrogen
penetration mechanisms, dissociation of gas molecules
on the solid surface as well as exchange between the
isotopes in the gas phase and the sample.

Investigation of oxidation mechanisms using oxygen
isotopes

To study the oxidation mechanism of metals [9, 11],

alloys [9, 12, 20] or semiconductors [10], two stage
oxidations can be carried out, first in *'°0, followed
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by exposure in ®180,. After the oxidation performed
with the GPA technique, the oxidation products are
analysed with other isotope-sensitive techniques such as
SIMS [13, 20, 26], secondary neutral mass spectrometry,
SNMS [26], or nuclear reaction analysis, NRA [20].

Studies related to the mechanism of oxide growth on
some metals (Me) in exposure to H,O + O, gas
mixtures have been published earlier, and just to
mention a few: Me = Cr: [17], Me = Fe: [5, 19],
Me = Cu: [19].

Chevalier et al. [26] have investigated the formation
of Cr,03, NiO, ZrO, and Al,O3 oxide scales at high
temperatures using two-stage oxidation. These oxide
scales have different growth modes: Cr,O5; and NiO
scales are growing mainly by outward metal transport,
Z1O, mainly by inward oxygen transport and Al,O3 by
mixed inward oxygen -outward cation transport [26]. It
is highlighted that complementary techniques such as
TEM or SEM could be useful to conclude about the
oxide growth mechanism on alloys with complex
composition [26]. Recent studies show that the oxide
growth mode can be ‘“‘manipulated” by addition of
reactive elements (RE) also called oxygen dissociating
elements (ODE) and/or hydrogen [9-13, 26, 27]. It is
suggested that the main effect of the RE (ODE) is the
increased availability of dissociated oxygen due to
higher catalytic activity of the RE and thus increased
oxygen gradient across an oxide scale, resulting in
increased flux through the oxide scale and enhanced
oxide growth at the oxide/metal interface.

Isotopic studies of hydrogen effects on the corrosion
mechanisms of metals and alloys

G. Hultquist et al. [27] have found both positive and
negative effects of hydrogen on the corrosion behav-
iour of different materials. Deuterium is a commonly
used isotope of hydrogen, which behaves similarly with
hydrogen although some isotopic effects are expected,
due to the difference in atomic weight of D compared
to H. The detection limit of mass spectrometers is
lower for deuterium due to a higher background of H
compared with D.

The diffusion of hydrogen through an oxide scale
either inward, towards the metal substrate or outward
towards the oxide/gas interface as well as permeation
through an preoxidized metallic membrane takes place
as a result of thermodynamic equilibration [27].
Ziomek-Moroz et al. [28] have investigated the corro-
sion of stainless steel in simulated solid oxide fuel cell
interconnect environments. The detrimental effect of
hydrogen permeation from the inner side of a stainless
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steel tube (inner side environment: 3% water vapour +
hydrogen) to the outer side of the tube, which was
exposed to a virtually hydrogen free environment (air)
at 907 K for 96 h have been shown [28]. After
exposure, the oxide surface on the airside showed
significant differences in the oxide morphology in
comparison with a tube exposed to air on both sides
with the same conditions of temperature and exposure
time. The hydrogen permeation through the stainless
steel tube wall caused the formation of flaky oxide
layers at the airside in contrast to a uniform scale
formed on the air/air-exposed tube [28].

Hydrogen present in oxide scales can generate a
modification of the defect concentration and, depend-
ing on the hydrogen content, an additional number of
metal cation vacancies can be induced [29]. The
transport of hydrogen in oxides is a complex process,
which is still not very well understood and further case-
specific studies are required.

Dissociation of gas molecules on solid surfaces

E. Hornlund [30] has presented a comprehensive
description of the dissociation of diatomic molecules
on solid surfaces using GPA and isotopic gas mixtures.
Selection of the isotopic gas mixture is essential for the
quantification of the dissociation rates. For example, to
study hydrogen dissociation on solid surfaces, an
isotopic gas mixture of approximately 50% H; + 50%
D, is preferably used (this 1:1 ratio of H to D gives
better accuracy in the calculation of the dissociation
rate) [30]. The time evolution of the gas composition is
measured. The parameter used to evaluate the disso-
ciation rate is the formation rate of the mixed
molecules HD. This involves dissociation of the gas
molecules on the solid surface and re-association of the
dissociated species (combinatorial analysis is used to
calculate the statistical equilibrated gas composition)
[30].

Isotopic exchange between the molecules from the gas
phase and the atoms in the lattice

T. Akermark [31] has presented a study of oxygen
isotopic exchange on solid surfaces. In this type of
investigations, one isotope is present in the gas phase
and another isotope of the same element is present in
the examined sample. For example, to study oxygen
exchange in zirconia, exposures of Zr'°0,, as starting
material, to '®'%0, gas can be used. The formation of
the mixed molecules '*'®0, in the gas phase is then a
result of the exchange between oxygen from the gas
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phase and oxygen from the zirconia lattice. SIMS can
further be used to analyse the depth distribution of the
oxygen isotopes and to evaluate the transport mode
(volume and/or interface diffusion) [32] and the diffu-
sion parameters of oxygen isotopes in the oxide [22].

During the calculation of the isotopic gas mixture
composition, the following parameters must be con-
sidered:

e the natural abundance of stable isotopes

e fragmentation of the molecules in the MS due to
the electron ionization

e sensitivity factors.

These parameters are discussed in a forthcoming
section.

Outgassing studies

In Fig. 2, a setup for outgassing studies is presented.
The aim of the outgassing experiment is to quantify the
amount of gas released during the exposure of a solid
sample in vacuum (ex. hydrogen present in a metal or
an oxide). Low gas release from the reaction chamber
is required. In comparison with the setup shown in
Fig. 1, in Fig. 2 the silica tube was removed, and the
sample is introduced directly inside the SS chamber. A
limitation of this setup is the sample size, due to the
size of the SS cross. The setup from Fig. 1 can also be
used for outgassing at higher temperatures than 100 °C
as well as with more complex sample geometries.

The gas flux vs. time in outgassing of a sample with a
specific geometry and the appropriate solution of the
differential equation of diffusion can be used to
estimate the diffusivity and initial gas content. The

Pressure Gauge

Mass spectrometer

in UHV  Leak valve )

Temperature range
20°C - 100°C
''''''''' 1
Gas handling
system

Fig. 2 Setup for outgassing experiments at low temperatures

solution for a plate-like geometry (Eq. 5) for outgassing
of an oxide scale of thickness “L” is shown in Fig. 3.

The calculation is based on the following boundary
conditions:

a. the initial concentration of gas in the oxide scale is
uniform and is equal to C;.

b. No gas flow from the oxide scale into the metal
substrate takes place

The effective diffusivity of the gas and the initial gas
concentration in the oxide scale can be evaluated. The
effective pore diameter of oxides can also be esti-
mated. A more detailed description of the model used
to characterize the release of gas from samples with
different geometries can be found elsewhere [33, 34].

A study devoted to quantitative outgassing of water
and hydrogen from different materials has been pre-
sented by Akermark et al. [35].

Permeation studies

The setup used for permeation studies, shown in Fig. 4,
consists of an outer silica tube, an internal membrane
tube and two mass spectrometers, each equipped with
a quadrupole analyser. The gas composition is simul-
taneously analysed at the low-pressure (LP) side and at
the high-pressure (HP) side of the membrane. The
pressure of the gas is maintained constant at the HP
side during the exposure, and the gas composition is
probed with the MS via a leak valve (negligible
consumption by probing). At the low-pressure side,
the leak valve is fully opened to the MS and the
permeated gas flux is measured continuously.

The first step is the cleaning of the tubes by
outgassing. Then, the permeation experiment can start,
by introducing a gas in the HP side. Assuming that the
initial concentration (concentration after outgassing)
of the diffusing specie is uniform and approximately
equal with C,, after exposure to the gas, the time
evolution of the permeated gas flux at the low-pressure

2D,C, ¢ ’
= %z exp{—|:(2n+1)”} D, t}, t>0 (5

n=0

F = flux across the oxide-gas interface at L=0 [mol cm? s'l]

2
N
2
<
=
2
~
S
S
g

C)= initial concentration of gas in the oxide layer [mol cm™)

L = oxide thickness [cm]

D= effective diffusivity [cm* s™']

Fig. 3 Mathematical model for outgassing of an oxide scale with
thickness L. The solution of the differential equation of diffusion
for plate geometry (Eq. 5) describes how the flux of the released
gas varies in time in terms of diffusivity, D, and initial gas
concentration, C;
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Fig. 4 Reaction chamber setup for permeation experiments

side of the membrane is measured with the MS
(Fig. 5).
This curve has the following characteristics:

— at time t = to, the gas is introduced at HP side of the
membrane and at LP side the pressure of the
permeated gas is at background level.

— the time ¢ = 1., so called “critical” time, is obtained
where the slope for % = ct. intersects the time
axis. (P is the pressure in the MS and t is the time).
This so called time-lag method [36, 37], can be used
to calculate the diffusivity of a gas, D [cm?s™],
through a membrane with known thickness, L [cm].
Equation (6) [36, 37] can be used to calculate the
diffusivity of the gas when the surface reactions are
not rate limiting.

LZ

D
6 1

(6)

— at time ¢t — o the steady state flux through the
membrane is established (no more changes in the
pressure at the LP side).

P,mhar

Steady state

Pressure raise at the LP side, mbar

. . co
Time, min. t-

Fig. 5 Time-lag method [36, 37] to evaluate the diffusivity of a
gas through a membrane with thickness L
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With this setup, permeation of gases such as
oxygen, nitrogen, hydrogen [38], He and Ar through
oxide membranes (zirconia, alumina or silica) have
been tested and our results will be published soon.
The gas flux through the membrane is measured
and using calibration, quantitative results can be
obtained.

MS calibration

To obtain quantitative information, calibration of the
MS must be performed regularly [15]. Linear response
between the ion signal from the MS and the partial
pressure in the reaction chamber is crucial. It is also
important to take in consideration the detection limit
of the MS for different gases, which depends on the
pump rate and background levels (in the UHV and
reaction chamber). After subtraction of the back-
ground, the MS signals (partial pressures [mbar]) of the
examined gases, obtained after background subtrac-
tion, are converted in flux unit [umol gas cm™2s']
using in-situ calibration of the MS. There are different
quantification methods from which two are described
below.

A well-defined amount of a pure gas is introduced in
the reaction chamber and the leak valve to the MS is
opened to a signal level, which is relevant for the
respective experiment. The MS signal of the gas and
the corresponding pressure decrease in the reaction
chamber (recorded with an absolute pressure gauge)
are measured vs. time. This procedure is repeated for
different openings to the MS. This is exemplified for
oxygen gas in Fig. 6.

From Fig. 6, the gas consumption rate, (5F) is
calculated and is related to the corresponding MS ion
signal. The consumption rate of oxygen is converted
from mbar s~! units into units of mol O s~ using Eq. 1.
The calibration curve shown in Fig. 7 can be used to
convert the MS signals into fluxes.

Akermark et al. [35] have presented an example of
MS calibration for hydrogen detection and quantifica-
tion by outgassing of different samples.

For permeation experiments, an additional method
can be used for calibration (gas accumulation method).
During the permeation experiments, when the steady
state flux is reached, the leak valve is closed, and the
pressure increase in the LP side due to the permeation
is recorded with an absolute pressure gauge, then the
flux of gas is calculated using Eqgs. 1 and 2, where
the volume is the internal volume of the LP side, the
surface area is the area of the membrane and the
uptake rate (Eq. 2) represents in this case the gas
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Fig. 6 Oxygen pressure decrease in the reaction chamber for
different openings to the MS
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Fig. 7 MS calibration curve. Correlation between oxygen ion
signal in MS (using a Faraday Cup detector) and oxygen
consumption rate (pressure decrease rate) in the reaction
chamber

permeation rate or the flux of the permeated gas. This
value is correlated with the steady state signal obtained
in the MS.

For investigations of the mechanism of transport
(molecular and/or dissociated species) of different
gases through membranes, permeation of isotopic gas
mixtures through membranes can be performed.

Analytical information
Natural abundances of stable isotopes

In nature all the elements exist in the form of isotopes.
All stable isotopes of each element with their abun-
dance are considered when the atomic mass of the
respective element is calculated. The natural abun-
dance of a few isotopes as well as their atomic number
and weight are summarized in Table 1 [39].

Fragmentation in the MS

In the ionization source, the molecules from the
residual gas are ionized by electron bombardment.
The most abundant ions are formed by the removal of
an electron X — X* + e, resulting the so-called
molecular ions X* (m/z = Mx) which represent the
base peak. For some molecules, two electrons are also
removed during ionization and X' is obtained
(m/z = %) This forms a minor peak. During ioniza-
tion, the molecules can also split in smaller parts,
forming smaller ions thus generating other minor
peaks. The intensity of the minor peaks is normalized
relatively to the base peak. The extent of splitting
depends on the ionization technique [40]. For example,
for electron ionization, the fragmentation pattern of
molecules is well defined and depends on the incident
electron energy (usually 70 eV).

For our equipment, the fragmentation or cracking
pattern of the most commonly used gases is presented
in Table 2 [41]. As can be observed in Table 2, three
different gases have the base peak corresponding to
m/z = 28, CO, N, and C,Hy. This means that examin-
ing only the base peak is not possible to distinguish
between these gases, but considering also the minor
peaks, this distinction can be made.

Sensitivity factors

The efficiencies of the ionization process and the
transmission of the quadrupole filter are different for
different gases and therefore the proportionality
between the ion current of a gas and the corresponding
partial pressure is dependent on the nature of the gas
[41]. The sensitivity of the GPA also depends on the
experimental setup. The sensitivity factors for each gas
are normalized relative to nitrogen [15]. The procedure
to calculate this factor is described in the manual of the
equipment [41].

Table 1 Natural abundance, %, of some isotopes as well as their
atomic number, Z, and weight [39]

Element Z  Isotope  Atomic weight, = Abundance, %
amu

H 1 'H 1.007 99.985

H 1 2.014 0.0115

H 1 3T 3.016 not stable

0 8 '°0 15.9949 99.757

) 8 170 16.999 0.038

o) 8 Bo 17.999 0.205

N 7 4N 14.003 99.632

N 7 BN 15.000 0.368
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Table 2 Cracking pattern of most common molecules in MS.
Minor peaks are presented as relative intensities (base peak
intensity = 100) [41]

Molecule Base peak m/z Minor peaks m/z
Intensity relative to the base peak

(100)

mlz Relative intensity, %
H, 2 1 3
0O, 32 16 11
H,O 18 17 21
H,O 18 16 1
N, 28 14 5
Nz 28 29 1
CcO 28 12 5
CcO 28 16 2
CcO 28 29 1
CHy 28 27 64
CHy 28 26 63
CHy 28 25 12

Examples of studies using the GPA
Oxidation of Fe in O, at 900 °C

A 0.1 mm thick iron foil (99.995% metal basis) with
the surface area of 1.1 cm? was polished with 800 mesh
SiC paper, outgassed at temperatures up to 900°C and
then exposed to approximately 25 mbar O, in 70 cm®
volume at 900 °C until the whole foil was oxidized. The
kinetics of oxygen uptake during oxidation is presented
in Fig. 8. An SEM image of the Fe oxide obtained after
oxidation is also shown in the figure.

Figure 8 reveals that the oxide is characterized by a
multitude of big pores and irregular grains with sizes
up to 10 pm. The visual inspection of the oxidized foil
showed the presence a well-defined cavity formed in
the center of the foil. This cavity is the result of the
outward diffusion of Fe during the Fe-foil oxidation
and oxide growth at the oxide/gas interfaces. Earlier
studies have also shown that Fe-oxide is growing by
outward diffusion of Fe [42]. D. Wallinder et al. [43]
have studied the influence of hydrogen and Pt-coating
on the corrosion of Fe at 500 and 700 °C in oxygen gas.
Their main conclusion is that the oxide growth mode
can be influenced by the addition of hydrogen and/or a
porous Pt-coating. Hydrogen enhanced the outward
diffusion of Fe and oxidation at the oxide/gas interface,
resulting in increased oxidation rate in comparison
with a H-free sample. The porous Pt-coating induced
increased oxygen dissociation on the surface with a
subsequently increased inward transport of oxygen and
oxide growth at the oxide/metal interface (improved
scale adherence and lower oxidation rates). The lowest
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Fig. 8 Oxidation of a pure Fe foil (0.1 mm thick) in approxi-
mately 25 mbar O, at 900 °C. SEM image of the outer surface of
the oxidized Fe foil. A cavity is formed in the center of the
oxidized foil due to the outward diffusion of Fe

oxidation rate was observed for the hydrogen charged
and moderate porous Pt-coated Fe sample [43].
Balanced oxide growth can generate the best oxide
quality and therefore lowest oxidation kinetics [12].

Oxidation of Zircaloy-2 in O, at 400 and 500 °C

A Zircaloy-2 sample was polished with 2400 mesh SiC
paper and cleaned by outgassing at temperatures up to
500°C. The setup presented in Fig. 1 is used for this
experiment. The oxidation of the Zircaloy-2 sample
was performed in the following steps:

1. Oxidation at 400 °C in 18 mbar '*'°O, for 1 h

2. Oxidation at 400 °C in 349 mbar '®'°O, for
approximately 71 h

3. Oxidation at 500 °C in 308 mbar '¢!°0, for
approximately 28 h

4. Oxidation at 500 °C in 23.6 mbar '®*O-containing
oxygen gas (approximately 44.5% '80) for approx-
imately 17 h. The exposure to the isotopic labeled
oxygen gas is used to calculate the dissociation rate
of oxygen on the preoxidized Zircaloy-2 surface.

Oxygen uptake during oxidation as well as the
evolution of the oxide thickness is presented in Fig. 9
(a density of 6 g/cm® for the oxide scale was used to
calculate the oxide thickness using Eq. 3). The thick-
nesses obtained by the weight gain and the oxygen gas
consumption methods were in good agreement (within
10%). The final oxide thickness of 3 um was also
confirmed by a cross section optical microscopy
analysis.
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After approximately 100 h of exposure, an isotopic
oxygen gas mixture (44.5% '®0) has been used to
estimate oxygen dissociation rate at 500 °C. Applying
two different oxygen pressures during the oxidation at
400 and 500 °C it can be concluded that a small
increase/decrease in the oxidation rate takes place
upon pressure increase/decrease for the applied pres-
sure range of 18-349 mbar.

It is known that the oxide grows on Zr-based
materials mainly by inward oxygen transport [44].
The mismatch between the oxide and the metal volume
(Pilling-Bedworth ratio = 1.56) generates compressive
stresses, which can induce formation of defects like
pores and microcracks in the oxide during oxidation.
The influence of a porous Pt-coating on the oxide
growth on zirconium with and without hydrogen
charging has been investigated using a combined
GPA and SIMS approach [9]. Hydrogen charging had
a positive influence on the oxidation of the Pt-coated
Zr-sample resulting in a thinner oxide layer. It was
found that hydrogen present in the oxide and metal
substrate (600 wt ppm D) induced a small but signif-
icant Zr outward diffusion generating a beneficial
effect on the oxide protection.

As seen in Fig. 9, a 44.5% %0 + 55.5%'°0 isotopic
gas mixture was used to study oxygen dissociation on
preoxidized Zircaloy-2 surface at 500 °C as described
further in the paper.

Oxygen dissociation on preoxidized Zircaloy-2 at
500 °C

In the exposure of different materials to oxygen gas,
dissociation of oxygen molecules on the surface can

take place. The rate of this dissociation reaction defines
the catalytic activity of the surface for oxygen disso-
ciation. The formation rate of the mixed oxygen
molecules (**'®0,) in the gas phase can be used to
calculate the dissociation rate. In the Fig. 10, the
formation of '*'®0, during exposure of a preoxidized
Zircaloy-2 alloy to approximately 23.6 mbar '*O-con-
taining O, gas (44.5 % '®0) at 500 °C is presented.
Using the method described by E. Hornlund [30], a
value of approximately 0.03 pmol O cm™h™ was
obtained for oxygen dissociation rate on preoxidized
Zircaloy-2 at 500°C. To indicate the importance of this
value, the oxidation process has to be considered. The
oxide on Zr-based materials is growing mainly at the
oxide/metal interface [9, 42], therefore the processes
that take place at the O/G interface determine the way
in which oxygen is transported trough the oxide layer
(O, and/or O™, n=0, 2). The oxidation rate (oxygen

60
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Fig. 10 Oxygen dissociation on preoxidized Zircaloy-2 at 500 °C
in approximately 23.6 mbar O, (44.5% '30)
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uptake rate) of Zircaloy-2 at 500 °C can be calculated
from Fig. 9 presented above using Eq. 2.

At the beginning of the dissociation experiment (after
approximately 100 h preoxidation, 2.5 pm oxide thick-
ness), the oxidation rate is approximately 0.3 pmo-
10 cm™h™' slightly decreasing upon time (parabolic
oxide growth). It is important to point out that the
oxidation rate is thus 10 times higher than the dissoci-
ation rate. This indicates that oxygen transport does not
occur only in dissociated form through the oxide scale,
other species such as oxygen molecules are also involved
in the transport process. This implies that open channels
for molecular transport are present in the oxide scale
and permit direct access of oxygen molecules to the Zr
substrate. Most of the techniques used today for
oxidation of metals cannot distinguish the species
involved in the transport. The GPA technique can be
used also to estimate gas transport parameters such as
diffusivity, permeability and solubility in oxide scales
when the oxide thickness is known [33, 34].

Outgassing of preoxidized air equilibrated Zircaloy-2
oxide scales at 80 °C

Two Zircaloy-2 samples (with plate geometry) have
been used to produce well-defined oxide scales, with
known oxide thickness: 1.3 pm and 3 pm. The oxida-
tions were performed in pure O, also using the GPA
technique. An as-received Zircaloy-2 sample with a
naturally formed oxide of approximately 2 nm thickness
was also used to obtain the background. All these three
samples have been equilibrated in air with low relative
humidity at room temperature and then used for the
evaluation of the transport properties of the respective
oxide scales. The outgassing of water and nitrogen from
these three samples at 80 °C using the above-described
outgassing procedure is presented in Fig. 11. The term F
is used to express the Flux in pmol cm™2 s™! (Eq. 5, Fig. 3)
and A represents the surface area in cm?.

The outgassing data for the sample with 2 nm oxide
thickness was extrapolated for long time outgassing.
From Fig. 11, the background outgassing data of the
naturally formed oxide scale together with the stainless
steel chamber have been subtracted and the resulted
fluxes of nitrogen and water for the 1.3 and 3 pum oxide
scales were integrated over time (Fig. 12). From this
figure, the initial concentration of gases (nitrogen and
water), C; [pmol cm™], present in the open pores of
these oxide scales can be estimated. Significant amount
of molecular species was identified in the Zircaloy-2
oxide scales.

The calculated H,O and N, transport parameters for
the two Zr-oxide scales are shown in Table 3. Knowing
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Fig. 11 Outgassing of H,O and N, from three air-equilibrated
Zircaloy-2 oxide scales at 80 °C. F is used to express the Flux in
pumol cm™ s~! and A represents the surface area in cm?”. (a) Raw
data from outgassing of H,O from oxidized Zircaloy-2 (b) Raw
data from outgassing of N, from oxidized Zircaloy-2

the initial concentrations of water and nitrogen and the
water coverage during the exposure (controlled atmo-
sphere), the effective pore diameter of these oxide
scales can be evaluated as described in [33, 34].

Oxygen permeation through an Y-stabilized
zirconia (YSZ) membrane at high temperatures

Oxygen permeation through a 2 mm thick YSZ mem-
brane has been measured upon exposure to 1 atm
mixed gas (25% O,, 25%He, 25%N,, 25%Ar) at
temperatures between 400 and 980 °C using the setup
presented in Fig. 4 (the permeation of the other gas
components is not included in this paper). The steady
state flux of oxygen vs. the absolute temperature is
shown in Fig. 13. The flux is proportional with 1/L (L is
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Fig. 12 Integrated Flux over time. C; [umol cm™] is used to
express the initial concentration of gas (nitrogen or water)
present in the oxide scale (a) Integrated H,O flux over time for
Zircaloy-2 oxide scales (b) Integrated N, flux over time for
Zircaloy-2 oxide scales

the membrane thickness), thus the flux for thinner
oxide membranes (resembling oxide scales) have been
calculated. Oxide scales can be considered as a special
case of membranes, where the metal substrate is the
oxygen getter and the oxide grows mainly by inward
oxygen transport. Oxygen dissociation rate on YSZ
upon exposure to 250 mbar O, at the respective
temperatures is also presented in the figure (the data
are extrapolated from the dissociation rate measured
upon exposure to 20 mbar O, assuming linear variation

of dissociated oxygen species. At low temperatures,
oxygen is transported mainly in molecular form, so
only a significant increase in the dissociation rate can
generate increased oxygen flux, or increased oxidation
rate, when the oxide represents a scale on a metal
substrate [9]. At T > 800 °C, oxygen transport is
mainly in dissociated form, and for oxide scales thinner
than a naturally formed oxide scale, oxygen dissocia-
tion rate equals oxygen transport rate (oxygen sticking
probability = 1).

Summary of oxygen dissociation data on different
materials in 20 mbar O,

Using the GPA technique, investigations related to
oxygen dissociation on various materials have been

Table 3 Transport parameters of H,O and N, in pretransition oxide scales on Zircaloy-2 at 80°C

Sample H,0

N

Dcff [Cm2 Sil]

C; [umol ecm™]

Degs [em? s71] C; [pmol em™]

4x1071
110713

Zircaloy-2 1.3 um oxide scale
Zircaloy-2, 3 um oxide scales

190 2.6x1071 3.8
119 2.1x10713 5.0

@ Springer



3452

J Mater Sci (2007) 42:3440-3453

-1

&
s
R

-2

Oxygen dissociation rate, pmolO cm™ hour

L.E+03 +

1LE+02 +

LE+01 +

L.E+00 +

LE-O01 +

5
)
]

Quartz

1.E-03 T T T T T T T T
0.0005 0.0007 0.0009 0.0011 0.0013 0.0015 0.0017 0.0019 0.0021 0.0023

1T, UK

Fig. 14 Oxygen dissociation rate on various materials in
20 mbar O, vs. 1/T

performed [9, 12, 30, 34]. A summary of these
experimental results for an oxygen pressure of approx-
imately 20 mbar and temperatures between 200 and
900 °C is presented in Fig. 14. It can be seen that at
lower temperatures, the difference between the oxygen
dissociation rates on these materials is significant.
From the investigated materials, Ru with a naturally
formed oxide scale is the best catalyst for oxygen
dissociation. Quartz has quite low oxygen dissociation
rate, which makes it to be ideal reaction chamber
material for this type of measurements because it gives
low background.

Conclusions

A straightforward, reliable in-situ method, Gas Phase
Analysis Technique, using mass spectrometry and
labelled gases to study in-situ gas—solid interactions is
described with detailed setup configuration and cali-
bration procedures. A summary of studies performed
using this technique is also presented. Examples are
selected for each type of measurements: oxidation in
O, gas of Fe and Zircaloy-2, oxygen dissociation on
solid surfaces, outgassing of air equilibrated oxide
scales (Zr-based oxide scales) and oxygen permeation
through oxide membranes (YSZ). By combining GPA
with another isotopic sensitive technique like SIMS,
the measured compositional changes in the gas phase
can be retrieved by analysing the reaction products.
Also complementary microstructure analysis tech-
niques will naturally contribute to a better understand-
ing of the information obtained by GPA.
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