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Abstract

This thesis is focused on the microstructural characterisation of precipitates in the oxide of
binary zirconium alloys (1 wt.% Fe, Cr or Ni or 0.6 wt.% Nb) under different oxidation
conditions at 415°C. The samples were oxidised in autoclave in air and steam and in an
environmental scanning electron microscope in water vapour.

The microstructural evolution of the precipitates during oxidation was characterised using
electron microscopy.

The findings from the analysis are the following:

= Two types of oxidation behaviour are observed for precipitates.

= Pilling-Bedworth ratio of precipitates is higher than that of the zirconium matrix.

= Formation of pure iron oxide crystals on the surface for iron bearing precipitates
close to or at the surface.

From these observations it is concluded that the precipitate oxidation behaviour can be
correlated to precipitate composition and oxidation tendency of the elements in the
precipitates. Iron exhibits clearly different behaviour.
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1 Introduction

Zirconium alloys are used in nuclear power plants for example as fuel cladding. This type
of alloys had been chosen because they exhibit among other important properties a low
thermal neutron absorption cross section and a high corrosion resistance in water and steam at
elevated temperatures and pressures. As unalloyed zirconium does not meet the requirements,
alloying elements are added, of which some are soluble in the zirconium matrix at the added
level and others are practically insoluble and therefore form precipitates.

The precipitates in zirconium alloys are either intermetallics formed by the alloying
elements with zirconium or an alloying element phase with zirconium in solid solution. These
precipitates have been shown to be correlated to the corrosion resistance of zirconium alloys.
In the typical precipitates of zirconium alloys, one alloying element can be replaced to a
certain extent by another alloying element, so that the precipitate composition is dependent on
alloy composition and production parameters. The Zr,(Fe,Ni) and Zr(Fe,Cr), precipitates in
the so called Zircaloys are typical examples.

The precipitate oxidation behaviour in commercial zirconium alloys is phenomenologically
known, however, the understanding of the precipitate oxidation behaviour is still limited and
the influence of different alloying elements is not fundamentally understood. Due to the
importance of the precipitates for the corrosion resistance of the zirconium alloys, it is of
interest to understand the behaviour of the precipitates during the oxidation process and their
influence on the oxidation behaviour of the whole alloy.

In the complex commercial zirconium alloys the interference of the alloying elements with
each other will mask the behaviour of single alloying elements; the extent of this interference
was not known till present due to the absence of data for single alloying element precipitates.
Therefore binary zirconium alloys were chosen to be able to study the behaviour of a specific
alloying element during oxidation in different oxidation environments without interference of
other alloying elements. The oxidised binary alloys were characterised at the microstructural
level with respect to the alloying element behaviour in the different oxidation environments,
as the information is not available so far.

An overview of the known facts in the field of zirconium alloys and their oxidation is
provided in the literature part of the thesis. In the next part the investigated material and the
experimental approach are described. The experimental results are presented ordered by the
different oxidation environments studied. The discussion part is divided into the evaluation of
the limitations of the experimental results and the consequences of the results with respect to
the understanding of precipitate oxidation. The conclusions summarise the used experimental
approach and the most important findings of this work.
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2 Literature

This chapter will give an introduction to the relevant literature available for this work on
the oxidation of binary zirconium alloys and their precipitates. As mentioned before, the focus
of this work is on the precipitate oxidation in the binary zirconium alloys and the impact of
the precipitate oxidation on the oxide formed on the binary alloys. To outline the relevance of
precipitate oxidation to the overall behaviour of zirconium alloys, first an introduction to the
development of zirconium alloys for nuclear applications is provided and then processing
parameters with significance to corrosion are presented. The different types of corrosion
testing applied to zirconium alloys are reviewed with respect to their conditions and scope of
their application. The description of the kinetics of oxidation of zirconium alloys is presented
with respect to the oxidation of the zirconium matrix at the different stages of oxidation. The
precipitate oxidation in zirconium alloys is reviewed with respect to the commercial alloys
and binary alloys presented in the literature, with special focus on the reported microstructural
results wherever available. The mechanical aspects which are connected to the oxidation of
zirconium alloys and the formation of zirconia are addressed. The properties determined for
bulk zirconia and zirconia films are compared for different preparation procedures and
compositions in order to evaluate the variation in mechanical properties encountered for
different types of zirconia.

At the end of this chapter open questions concerning the influence of precipitates on the
formed oxide layer are addressed, which will be dealt with in this work.

2.1 Development of zirconium alloys for nuclear applications

The materials used in light and heavy water nuclear reactors as structural materials and fuel
cladding have to meet several requirements: good corrosion resistance, adequate mechanical
strength, high thermal conductivity and a low neutron capture cross-section for thermal
neutrons. None of the conventional construction materials satisfied all these requirements and
finally zirconium was chosen, as it has a low neutron capture cross-section, the mechanical
properties fulfil the requirements and the fabrication costs are within tolerable limits.
However, the corrosion properties of zirconium in high temperature water and steam were not
sufficiently known at that time [1]. Therefore the corrosion resistance of pure zirconium and
zirconium based alloys was investigated to find suitable alloys and improve the corrosion
resistance. Some of these investigations focussed on the effect of different alloying elements,
either by varying the concentration of one alloying element in tested alloys or by studying
binary alloys containing the alloying element of interest.

Pure zirconium exhibits good high temperature corrosion properties in oxygen [2],
however, it turned out to show much higher corrosion rates when tested in steam. Much effort
was taken to identify and reduce the impurities, which were first believed to be the cause for
the worse corrosion behaviour of pure zirconium in steam compared to oxygen. As arc-
melting for purifying zirconium to sufficiently low levels of detrimental impurities is
economically unfavourable to the Kroll-processed sponge zirconium, alloying was the first
solution to increase the corrosion resistance [1]. The presence of elements such as Cr, Fe and
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Ni was found to improve corrosion resistance of zirconium exposed to steam [3]. Additions of
Sn and Nb were found to compensate for the accelerated corrosion caused by the impurity
content of nitrogen [1], which was most difficult to remove at the time of the development of
the first zirconium alloys for nuclear applications [3]. The zirconium alloys developed at that
time in the USA were the so called Zircaloys, of which Zircaloy-2 (Zry-2) and Zircaloy-4
(Zry-4) are the ones which exhibited desired properties. They were developed in the 1950s
with small additions of Cr, Fe, and in Zry-2 also Ni (see Table 1 fort their specified
composition range), in a matrix consisting of Zr, Sn and O, exhibiting good corrosion and
creep resistance. The alloying elements Fe, Cr and Ni form intermetallic precipitates with Zr,
owing to their low solubility in the a-Zr matrix, which are of Zr(Fe,Cr),- and Zr,(Fe,Ni)-type
[4].

Alloys containing Nb were developed in Canada (Zr-2.5Nb) and the Soviet Union (e.g.
E110). More recent developments such as ZIRLO™, MDA (Mitsubishi developed alloy) and
the HANA-alloys (high performance alloy for nuclear application) contain Sn, Nb and Fe [5]
or Nb and Fe as M5™. Other elements being considered so far as alloying elements for
zirconium alloys are V, Ta, Mo and Cu [6-9]. The question, which of the low solubility
alloying elements forming precipitates in the Zircaloys (Fe, Cr and Ni), is most beneficial for
corrosion inhibition, is still debated, as different groups found dissimilar beneficial orders for
the elements in question e.g. [6, 10].

The optimal Sn-concentration in the Zircaloys was originally determined by the need to
neutralize the nitrogen contained in zirconium processed at the time of their development. It is
nowadays too high for optimal corrosion resistance of zirconium with low nitrogen impurity
levels [11-14]. Therefore the Sn levels have been reduced within the Zry-2 and Zry-4
specifications, which already has consequences for the thermal creep resistance of the fuel
cladding even though the changes are small [15]. For this reason the reduced thermal creep
resistance has to be traded with respect to the reduced corrosion rate of lower tin contents at
higher temperatures [1, 16].

Table 1: Compositions of some zirconium alloys with Zr in balance [1, 17-20]

Alloy Sn/wt% Nb/wt% Fe/wt% Cr/wt% Ni/wt% O/wt%
Zircaloy-2 (Zry-2) [1] 1.20-1.70 0.07-0.20 0.05-0.15 0.03-0.08
Zircaloy-4 (Zry-4)[1] 1.20-1.70 0.18-0.24 0.07-0.13 <70ppm 0.09-0.13
Zircaloy-4 high tin [17] 15 0.2 0.1 0.09-0.16
Zircaloy-4 low tin [17] 13 0.2 0.1 0.11-0.16
ELS (extra low tin) [17] 0.8 0.2 0.1
E110 [17] 09-11 0.014 <0.003 0.06
E125 [20] 2.5 0.015 0.007 0.05
Zr2.5%Nb [17] 25 <0.15 0.09-0.13
E635[17] 110-140 09-11 0.30-0.50 0.05-0.07
ZIRLO™ [18] 09-12 09-113 0.1 0.09-0.13
optimised ZIRLO™ [17] 0.67 1 0.1 0.08 0.1
M5™ 18] 0.8-12 0.015-0.06 0.120
MDA [17] 0.8 0.5 0.2 0.1
HANA-4 [19] 0.4 1.5 0.2 0.1

HANA-5 [19] 0.8 0.4 0.35 0.15 Cu0.1
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2.2 Microstructure of zirconium alloys

The microstructure of zirconium alloys consists of two features: the matrix and the
precipitates, which are called secondary phase particles (SPP). The volume fraction of the
precipitates depends mainly on their composition; a minor factor is their crystal structure. In
the case of a binary zirconium alloy with 1 wt.% Fe, the precipitates account for ca. 5.6 vol%
if all iron is assumed to be present in ZrsFe precipitates. For the other typical alloying
elements the volume fraction is smaller, as their precipitates have higher alloying element to
zirconium ratio than the ZrsFe precipitates.

The presence of precipitates is of importance for the good corrosion properties of the
zirconium alloys, materials with all alloying elements in solution and not in precipitates
(quenched material with supersaturated matrix) did show much worse oxidation resistance
[21]. The size and distribution of the precipitates in the zirconium alloys, which depend on the
heat treatment, determine for which corrosion conditions the alloys are best suited.

2.2.1 Heat treatment

The heat treatment of zirconium alloys is, beside the composition, the factor that
determines the corrosion resistance. An example of the applied heat treatment is given for the
Zircaloys, pointing out the various factors influencing the finished material.

The Zircaloys within their standardized composition ranges (Table 1) are manufactured
following a standard processing route for the cladding tubes (see Figure 3 in [22]). This
processing comprises a B-quench and subsequent pilgering and several annealing steps in the
a-phase region, yielding a homogenous precipitate distribution [22].

The usual B-quenching rate for the fabrication of cladding tubes is lower than that required
for complete suppression of precipitation. The subsequent heating of the quenched alloy in the
a-phase will result in grain growth and growth of precipitates in the matrix. The heat
treatment procedure during production has distinct consequences for the corrosion resistance
for nodular and/or uniform corrosion, which are almost contrary in the required optimal heat
treatment; the accumulated heat treatment for optimized nodular corrosion resistance is lower
than the minimum accumulated heat treatment required for optimized uniform corrosion
resistance (Figure 1). Small densely distributed precipitates as produced by a late B-quench
are optimal for nodular and detrimental for uniform corrosion resistance (see p. 143-144 [20]
and reference [23]). Nodular corrosion resistance is important for materials intended for
application in boiling water reactors (BWR), while in pressurized water reactors (PWR)
uniform corrosion resistance is of interest. These two different critical corrosion phenomena
are a consequence of the different environments encountered in these two types of reactors.

As the uniform corrosion resistance is of interest in this project, the different aspects of this
type of corrosion affected by the heat treatment will be presented. For optimized resistance to
uniform corrosion a critical amount of heat treatment needs to be accumulated, which can be
achieved by increased annealing time and temperature in the a-phase region (see p. 145 [20]).
To assess the amount of accumulated heat treatment for optimal uniform corrosion resistance,
several methods for comparing different production procedures have been developed.
Common to the annealing parameters proposed is their description of mechanical properties
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or the precipitate growth, which are correlated but not identical to the corrosion properties

(see p. 144 [20]).
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Figure 1:Influence of annealing parameter on resistance to nodular and to uniform corrosion
at the given oxidation temperatures from [24].

After the last B-quench, which freezes the existing precipitate distribution, heat treatments
are applied in the a-phase region, changing precipitate size and distribution. Two annealing
parameters describing the precipitate evolution with the heat treatment are presented in the
following. The so called cumulative annealing parameter A has been first introduced by
Charquet et al. [25] and Weidinger et al. [26], where Q/R is 40000 K, in another work 31700
K [27] has also been suggested. A is defined as:

-Q

D A=Y t.ef
Equation 1:Q is the activation energy, t; the time and T; the temperature of the i heat
treatment after the last f-quench [25].

The so called second order cumulative annealing parameter (SOCAP) has been proposed
by Gros and Wadier [28], with a lower activation energy than for A, corresponding to slower
growth kinetics than for the diffusion and interface transfer process. The effect of the heat
treatment on the precipitate growth (Ostwald ripening) is compared by this parameter, which
is also a possible parameter for the description of the corrosion resistance. The definition of

SOCAP is given in Equation 2.
K 2
d®-d; = 77 ert |-t

Equation 2: Second order cumulative annealing parameter (SOCAP), in which dy stands for
the initial precipitate diameter, d for the final precipitate diameter, K equals 1.11x10™ m?
s*K? and Q/R equals 18700 K for standard Zry-4 and t is the annealing time in seconds [28].



Literature 17

Van Swam et al. [29] compared those two parameters for their efficiency to predict the
corrosion resistance from the annealing parameter; for the material studied they could not
establish a direct relationship between precipitate size and corrosion resistance. Their
proposed corrosion parameter E’ takes the burn-up of the cladding into account to allow
comparison of materials having experienced a different burn-up [29]. Bradley et al. [14]
concluded from an experimental study, that the assumptions for the validity of the cumulative
annealing parameter, the order dependence of particular anneals and the equivalence of a long
time and low-temperature anneal with a short time and high temperature anneal, do not hold
for the experimental results obtained. A comparison of the cumulative annealing parameter to
the precipitate size by Andersson and Thorvaldsson [27] showed the first to be more
significant for good uniform corrosion resistance.

Due to the lack of strong correlation between heat treatment and resulting precipitate size
to the corrosion resistance, the matrix concentration of the precipitate forming elements was
investigated [30-35]. Even though the solubility of some of the alloying elements in the
zirconium matrix is very low, there is a small but measureable amount remaining dissolved in
the matrix. Materials exhibiting high alloying element content remaining in the matrix and
Fe/Cr ratios below 1 were found to have a higher nodular corrosion resistance compared to
materials with same composition but considerably lower matrix alloying element content [30].
For uniform corrosion resistance the optimal conditions are converse, with larger precipitates
an Fe/Cr ratio above 2 and a matrix depleted in alloying element content being advantageous,
however, the depletion in alloying elements should not exceed a certain level corresponding
to an Fe/Cr ratio above 8 [31]. The alloying element investigated in more detail than the
others was iron [32-35].

Also the relationship between beneficial changes in heat treatment and composition is quite
complex. For a better uniform corrosion resistance of alloys containing Fe and Cr a higher
Fe/Cr ratio for the Zr(Fe,Cr), precipitates has been recommended by Strasser [31] and
Charquet [12], which is achievable by changing the applied heat treatment between cold
rolling steps. In the data presented by Strasser [31] it is not clear for some data sets, if the
variation in Fe/Cr ratio is due to changes in the alloy composition or the heat treatment.

2.2.2 Secondary phase particles

Zirconium alloys contain precipitate forming elements such as Fe, Cr, Ni and Nb, which
exhibit a low solubility in the Zr-matrix, and elements being present in solid solution such as
tin and oxygen. For the alloying elements Fe, Cr and Ni, the presence in form of secondary
phase particles (SPP) in zirconium alloys is well established [12, 36-42]. According to
Charquet et al. [36] the solubility of these elements together is below 150 ppm at 800°C in the
a-phase of the Zr1.4%Sn matrix. Consequently Fe, Cr and Ni are predominantly present in the
precipitates with a precipitate composition and structure dependent on the alloy composition.
In binary alloys these are ZrsFe precipitates for zirconium with small Fe additions, ZrCr,
precipitates for zirconium with small Cr additions, Zr,Ni precipitates for zirconium with small
Ni additions, and in the commercial Zircaloys Zr,(Fe,Ni) in Zircaloy-2 and Zr(Fe,Cr), in
Zircaloy-2 and Zircaloy-4.
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The influence of the production procedure on the alloying element ratio in the more
complex precipitates has been addressed in 2.2.1.

To avoid precipitation of those elements inside the grains of a-Zr (bainite transition), a
higher quenching rate than 1500 K/s is recommended from the B-phase [43], resulting in a
microstructure with fine a-phase needles with a supersaturated a-matrix (martensite). The
solubility of the alloying elements in -phase is 6.75 at.% for Fe and 7.5 at.% for Cr [44]. A
heat treatment at 600°C of such a B-quenched material will result in precipitation at the o-
phase grain boundaries within a few minutes [34, 45]. The high interstitial diffusion rate is
responsible for this fast precipitation of transition metals in a-Zr [46, 47]. For Zircaloys a
matrix depleted in precipitate forming alloying elements was found, which corresponds to
their low solubility and the results of diffusion measurements [32-35]. Niobium exhibits a
higher solubility in the a-Zr matrix than Fe, Cr and Ni (around 0.6 wt.%) [48].

2.2.2.1 Commercial zirconium alloys

In the Zircaloys, which are the typical alloys containing Fe, Cr and Ni as alloying elements
forming precipitates, two types of precipitates are generally found, ZrCr,-type precipitates
with Laves phase structure with Fe substituting Cr atoms and Zr,(Fe,Ni)-type precipitates
with Zintl-phase structure with Fe substituting Ni. The bulk composition and the final heat
treatment of the alloys determine the Fe to Cr ratio in the precipitates, for standard Zircaloy-4
itis 2-1 [12, 49]. In Zircaloy-2 also a tetragonal Zr,(Fe,Ni) phase is also present [4].

The corrosion resistance of zirconium alloys containing precipitate is highly dependent on
the distribution of the alloying elements mainly present in the precipitates [21], which is
controlled by the heat treatment schemes during production. The matrix concentration in as-
produced alloys is controlled by the solubility of the precipitate-forming elements in the
matrix phase and the applied heat treatment. For example the solubility of Fe in an o-Zr
matrix was measured by different techniques: Mdssbauer spectroscopy by Stupel et al. [32]
(0.04 and 0.2wt.% Fe in Zr), atom probe by Wadmanetal. [33] (Zircaloy-4) and
thermoelectric power (TEP, 0.0036-0.0556 wt.% Fe in Zr and Zircaloy-4) by Borelly et al.
[35], which all reported matrix concentrations of 150 wppm or less, depending on the
temperature during the measurements. These solubility measurements yielded a solubility
limit of 0.004 wt.% at 440°C [32] with Mdssbauer spectroscopy and much lower solubility by
TEP (5 ppm at 600°C in Figure 11a in [35]), who also claimed the data in [32] to be too high.

Loucif et al. [34] studied the precipitation behaviour of Fe in different zirconium alloys by
TEP and concluded that the presence of tin and especially oxygen retard the precipitation
process compared to pure zirconium.

Niobium also forms precipitates if added above the solubility limits, forming in binary Zr-
NDb alloys either the metastable B-Zr phase containing 18-20 wt.% Nb at the grain boundaries,
being held responsible for accelerated corrosion [50], or the B-Nb (80 wt.% Nb) phase, which
is claimed to delay the oxidation process [51]. The solubility of Nb in the a-Zr matrix has
been given by Lundin and Cox to be 0.6 wt.% in o-Zr [48]. The Nb content for optimal
corrosion resistance seems to be determined by the solubility in the a-Zr matrix [52], which
explains why alloys with Nb additions somewhat above this solubility limit are performing
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quite well (e.g. E110, E635, ZIRLO™ and M5™ in Table 1). In a quaternary alloy (Zr-0.1-
20wt% Nb with 1400 ppm O and 700 ppm Fe) Kim et al. [53] found a solubility limit of 0.2
wt.%Nb in the matrix and they suggested the Fe content of the quaternary alloy to be the
cause for the reduced solubility compared to the solubility in the pure Zr matrix. Zr-Nb alloys
containing also Fe as alloying element form Zr(Fe,Nb), [54-56] and (Zr,Nb),Fe precipitates
[55, 56] beside the B-Nb precipitates.

Tin is unlike many other alloying elements dissolved in the a-matrix and has only rarely
been shown to form precipitates (Zr,Sn) [57-59]. The distribution of Sn in the matrix has been
reported to vary strongly between different alloys of the Zircaloy family [60].

2.2.2.2 Binary zirconium alloys

In binary zirconium alloys with small additions of the alloying elements Fe, Cr and Ni, the
following intermetallic compounds have been reported: Zr,Fe [58, 59, 61, 62] (body centred
tetragonal [63]) and ZrsFe [10, 61, 62, 64-66] (orthorhombic [63]), Zr,Ni [10, 58, 59, 64]
(tetragonal [10]) and ZrCr, [10, 59] (cubic). In the case of Zr-Ni and Zr-Cr only one
precipitate type is observed for low alloying element contents. For the Zr-Fe system there are
two possible precipitate types, of which according to Aubertin et al. [63] and Stein et al. [67]
only ZrsFe should be stable at room temperature, as Zr,Fe is a high temperature phase only
stabilised by oxygen impurities down to room temperature [67]. The phase Zr4Fe as given by
[68] is claimed by Stein et al. [67] not to exist.

2.3 Oxidation of zirconium and its alloys

The oxidation of zirconium alloys proceeds by the diffusion of oxygen species to the
metal-oxide interface, where the oxidation of the metal takes place [69]. In the water
containing atmospheres the oxidation process produces also two hydrogen atoms per
consumed oxygen atom (Zr + 2 H,O — ZrO, + 4 H), which can then form hydrides with
zirconium, being detrimental for the long-term mechanical integrity of the cladding.

The oxidation of the zirconium alloys in reactor limits the time the fuel can be safely used,
and therefore the burn-up achievable, as it reduces the thickness of the remaining cladding
and, thus, the mechanical strength. The reduction of the fuel costs by increased average burn-
up puts higher demands on the materials, due to the longer stay in the reactor. In addition for
achieving higher thermal cycle efficiency, higher coolant temperatures could be desirable,
which requires higher corrosion resistance, as at higher temperatures the oxidation Kinetics
accelerates.

Those requirements ask for reduced uniform corrosion and lower hydrogen uptake for the
existing alloys and the development of new materials meeting those requirements. The
corrosion of zirconium alloys has been studied now for more than 60 years, but still the
knowledge about the underlying mechanism is to be regarded as not complete. There is no
thorough understanding of the mechanism, since no direct mechanistical relationship between
corrosion properties, alloy composition and alloy properties has been established yet. Several
models have been proposed, both for zirconium alloy corrosion in water and steam [70-74],
which will probably turn out to be parts of a phenomenological description of the underlying
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mechanism. A general description of the problem has been given by Cox [75, 76] and several
years ago in technical reviews by the IAEA [20, 77].

The corrosion problems encountered with zirconium alloys are dependent on a humber of
parameters, which can be connected either to the alloy or the type of power plant and
sometimes both. Examples for alloy composition optimisation are the reduction of tin content
in the Zircaloys to the lower limit of the specification to increase the corrosion resistance [78,
79] and the development of Zircaloy-4 to avoid the increased hydrogen uptake, which has
been found for alloys containing nickel [1, 80], being therefore not added as alloying element
in other commercial alloys than Zircaloy-2.

The type of corrosion attack limiting the cladding lifetime under normal operation is
depending on the type of reactor. In boiling water reactors (BWR) localized corrosion attack
on the cladding material in form of oxide nodules is a limiting factor, this type of attack is
therefore called nodular corrosion. The nodule formation has been correlated in some studies
to the presence of large precipitates or clusters of precipitates [70], in materials with small
precipitates (<175nm [70]) nodule formation is virtually absent, however a sound
experimental proof of the nodule initiation sites is not available [20]. In a report by Cox [81] a
plot showing the corrosion rate and hydrogen uptake in-reactor versus the hydrogen to oxygen
ratio (H:O) is presented, indicating that below a H:O ratio of approximately 10 nodular
corrosion is enhanced with respect to higher H:O ratios. For the pressurized water reactors
(PWR) uniform corrosion attack was long time the lifetime limiting factor from the corrosion
point of view. In this type of reactor Zircaloy-4 with no Ni additions and increased Fe and Cr
content compared to Zircaloy-2 is used, as the high hydrogen pressure present would
otherwise cause increased hydrogen uptake.

However, there are examples in the literature, reporting results contradicting the general
findings mentioned above. For example Zircaloy-2 exhibited better corrosion properties than
Zircaloy-4 with a similar hydrogen uptake in a PWR simulation environment [82].

2.3.1 Testing conditions in water and steam

The test of materials at reactor conditions requires testing for several years, being not
practical for screening candidate alloys for nuclear applications. To simulate the long-term
corrosion behaviour to be expected in the reactor, higher temperatures and higher pressures
than encountered in the reactor are used in autoclave testing to compensate for the shorter
exposure time in order to be able to compare different materials for in reactor corrosion
results. The standard procedure for testing corrosion properties of Zirconium alloys in water
and steam is ASTM G2 [83]. This test procedure recommends different testing conditions in
autoclave for zirconium alloys to predict their in-reactor behaviour, being different for BWR
and PWR environments. The long-term test conditions for PWRs are 350-370°C in water and
400-420°C in steam at 10 MPa and for BWRs 450-520°C at pressures above 6 MPa. The
actual pressure and temperature in reactor are ca. 15 MPa and 284 to 294°C inlet temperature
and 310 to 330°C outlet temperature for PWR and 7 MPa and 288°C outlet temperature for
BWR [84] at a pH close to 7.
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For Nb-containing alloys similar testing conditions have been applied [78], being not a
standard listed in ASTM G2 [83]. Those testing parameters for zirconium alloys have been
found empirically to best predict the in-reactor behaviour. Corrosion tests with lithiated water
are conducted in some studies, as lithium used to control the coolant pH has been shown to
have a detrimental effect on the corrosion resistance. It has been claimed to cause pore
formation in the oxide layer [85].

The corrosion rate is commonly measured as weight gain and, for the usual procedure, the
samples have to be taken out, weighed, and put back to the autoclave again in regular
intervals (typically 14-30 days [22]), which results in thermal cycling of the samples each
time the samples are taken out for measurements. Typical in-reactor conditions do not result
in so many thermal cycles and more realistic testing would involve a temperature gradient
over the tube wall, as existent over the tube wall from fuel pellets to cooling water. A
hydrogen overpressure is suggested by Garde [86], to obtain an environment more similar to
the PWRs.

The determination of the oxidation kinetics by weight gain is problematic for several
reasons. The weight gain is only representative of the oxygen uptake of the sample if no
spalling has occurred, which should be confirmed by inspection of the sample surface. The
partition of the oxygen in the oxide and the subjacent metal should be known to be able to
convert the weight gain into average oxide thickness, as with increasing temperature more
oxygen is dissolved in the metal.

2.3.2 Testing conditions in air

Besides the standard ASTM G2 [83] test in water and steam, zirconium alloys have been
also oxidised in air [10, 87-91]. These testing conditions are not used to evaluate the
performance at normal operating conditions in reactor. The oxidation behaviour at those much
higher temperatures than typical for reactors has been investigated to learn about the
performance during loss of coolant accidents (LOCA) with air ingress [87-90]. The alloys
investigated under such conditions were commercial alloys, as the tests are part of safety
assurance tests. Depending on the study, the alloys have been pre-oxidised in steam before the
exposure to air at high temperatures. Under such conditions the formation of zirconium nitride
is a further factor influencing the formed oxide scale on zirconium alloys.

In more fundamental studies in oxygen at 750°C pure zirconium showed lower weight
gains than binary zirconium alloys [91], except for the binary zirconium-copper alloy,
performing similar to pure zirconium. Similar results were also obtained at 700°C [2]. Lower
temperatures for oxidation tests are mainly used to separate the influence of hydrogen on the
corrosion from the oxidising species present in the test environment.

2.3.3 Corrosion kinetics

The initial oxide formed on zirconium and its alloys is an adherent black oxide film
growing with a cubic [2] or parabolic [92] rate equation, see Equation 3. This initially
protective behaviour changes with oxidation time to an approximately linear behaviour (n=1),
see also weight gain curves in Figure 2.
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Figure 2: Corrosion kinetics encountered in zirconium alloys from Gohr et al. [93]. Kinetic
transitions marked with T on weight gain curves of Zircaloy-4 and Ozhenit (these markings
have been added in this thesis for clarification).

The two regimes in Kinetics are termed pre-transition and post-transition. The critical
thickness for the transition is reached with an oxide thickness exceeding 2-3 um and a colour
change from black to white, which is regarded as an indication for non-protective
stoichiometric ZrO; [94].

AWoc'[%

Equation 3: With weight gain being 4w and t the oxidation t and the exponential factor n
ranging from 3 to 2 for cubic to parabolic oxidation kinetics [95].

The average oxide thickness from weight gain data is usually calculated to be 15 mg/dm?
for 1 um of oxide, neglecting possible oxygen and hydrogen diffusion into the metal and sub-
stoichiometry of the formed oxide as well as oxide spallation. The main corrosion product of
zirconium alloys is zirconia, ZrO,, which is known to exist in seven crystallographic
polymorphs [96, 97], of which the monoclinic, tetragonal and cubic have been reported for the
oxide films [98].

Studies comparing the influence of the oxygen partial pressure on the oxidation kinetics of
zirconium and its alloys found a small influence for the initial oxidation with lower oxygen
pressures resulting in lower weight gains. This influence of oxygen partial pressure on
oxidation kinetics increased with decreasing oxidation temperature from 700 °C [71] (small)
over 500°C [99] (higher) to 375°C [92] (highest for reported studies).

For zirconium oxidation the oxide growth direction is inwards, as the mobile species has
been shown to be oxygen in marker studies [69, 100] and diffusion experiments with oxygen
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[101, 102]. The formation of the new oxide is therefore at the metal oxide interface (inwards),
and not at the inner and the outer surface of the oxide, as for example on stainless steels,
whose oxide grows inwards and outwards by cation and anion diffusion.

The oxygen taken up by zirconium is not fully converted into oxide, due to the high
affinity of zirconium for oxygen and the ability to dissolve up to 30 at.% of oxygen in the a-
matrix [103]. At high temperatures a considerable amount can be present in solution. To
accommodate the oxygen in the lattice, the c-axis length increases over the whole
concentration range, while the a-axis reaches its maximum length at ZrOo 5 [104]. A diffusion
zone is observed in the metal for high temperature oxidation in oxidizing environments with a
diffusion rate being significant when compared to the advance of the metal-oxide interface
above 300 °C [105]. As this dissolved oxygen leads to solution-hardening, micro-hardness
testing can provide information about the diffusion zone [106-108]. The inward oxygen
diffusion into zirconium is thought to be either interstitial lattice or grain boundary diffusion
[109]. At temperatures lower than 700°C a decrease in oxygen diffusion rate was measured,
grain boundary diffusion has been claimed to be the only mechanism active in this
temperature range [110, 111]. The weight gain due to oxygen dissolution in the metal was
measured to be 7.5% of the overall weight gain at 600°C, 17.5% at 750 °C [112] and 62% at
850°C [113], a similar increase is given on p. 37 in [20]. The oxidation of the metal could be
therefore assumed to compete with the diffusion of oxygen into the metal, so that zirconium
with a high corrosion rate will generally exhibit only a thin diffusion zone below the oxide
scale [112]. The opposite has been shown to be valid for materials oxidised in reactor [114],
for which the fastest corroding alloy also had the largest oxygen diffusion zone.

ZrgO [107] and Zr3O [107, 115, 116] (360°C up to 850°C) are compositions of ordered
sub-oxides formed at the metal-oxide interface; oxygen concentrations exceeding those
concentrations result in a partly ordered solution of Zr;Oi.,, which will saturate at
ZrOg .44 [103] before the metal is converted to zirconia (for oxidation at room temperature).

2.3.4 Matrix oxidation

Zirconium and its alloys always form a thin protective layer when exposed to air at room
temperature, preventing further oxidation under these conditions. However, at higher
temperatures the oxidation proceeds and a thicker protective oxide is formed with cubic to
parabolic kinetics until eventually the oxide becomes non-protective and the oxidation rate
increases. The oxidation up to the first kinetic transition is called pre-transition stage and
beyond this point post-transition. The oxide thickness before the first transition is in the range
of 2-3 um [117], depending mainly on the material. A barrier layer is reported at the metal-
oxide interface, being dense and containing no cracks; however, the thickness and the
structure of this layer are debated.

2.3.4.1 Low-temperature oxidation

The initial stage of the adsorption of oxygen on pure Zr has been studied in ultra high
vacuum using Auger electron spectroscopy, LEED, XPS and SIMS [101-103, 105, 118-124].
It is generally agreed that oxygen dissolves first in zirconium at low oxygen partial pressures
and high temperatures. The reaction of oxygen with zirconium is at high temperatures a
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competition of oxygen adsorption on the surface and absorption with dissolution in the bulk.
The absorption of oxygen was found to be hindered by adsorbed oxygen on the surface [125].
The oxide phase starts to nucleate, when a coverage of 0.6 to 1 monolayer is reached at room
temperature ([101, 126]. The type of oxide growth studied on Zr(0001) surfaces was found to
be temperature dependent, at 90 K a layer-by-layer growth was observed, at room temperature
a mixture of layer-by-layer and island growth and at 200°C only island growth [105].

The thickness of oxide layers formed at room temperature in oxygen was found to be 1.6-
2nm [119, 122, 127]. The initial sub-stoichiometric oxide (ZrO,.x) formed in air on all
zirconium alloys is an adherent 2-3 nm thick black and protective oxide, being an efficient
barrier against further oxidation in air at room temperature. The grain size of this
microcrystalline film is in the range of the oxide layer thickness, and therefore it was
previously thought to be at least partially amorphous [128]. XPS and soft x-ray absorption
spectroscopy showed the presence of sub-oxide layers during initial oxidation of Zircaloy
[129], which remained in the metal-oxide interface and transformed at some distance from the
interface to ZrO,, while at 2 nm distance from the interface still some sub-oxide could be
found.

2.3.4.2 Oxidation at pre-transition stage

The oxide thickness formed on zirconium saturated with oxygen increases with respect to
non-saturated zirconium [103]. Sub-oxides reported by some authors are usually present close
to the metal-oxide interface. Ordered layers of Zr;O were shown to be present at low oxygen
partial pressures [102, 119], which was also reported for the metal-oxide interface [107, 115]
on test specimens under typical test conditions. The presence of sub-oxides could not be
verified in all studies, for example Tanabe et al. [124] found no evidence of their presence
using AES as Abolhassani et al. [130] with TEM.

At 450°C exposure to water the oxidation reaction had an “induction period” [129], during
which the diffusion and dissolution in the metal were fast enough to delay further oxidation.
During the pre-transition stage the interface remains quite even and smooth. The oxide
thickness observed on the grains is lower than the one on the grain boundaries and sub-
boundaries [131]. Among the first studies of cross-sections of the metal-oxide interface
studied in TEM is the one by Urquart and Vermilyea [132] on Zircaloy-2 oxidized in oxygen
at 600°C. A fine grained columnar structure was observed at some distance from the metal-
oxide interface, being oriented parallel to the oxide growth direction. Motta et al. [8]
calculated the kinetic rate exponent n for the initial protective stage for corrosion at 500°C in
water and supercritical water for a series of alloys. It was in the range of n = 2.3-2.8 following
the definition of n in Equation 3 for all but the Nb containing alloys (1.4-2.3) with faster
oxidation kinetics (weight gain law was expressed as A-t" in [8], so that their n corresponds to
1/n in Equation 3, so 0.25-0.36 and 0.43-0.71).

2.3.4.3 Transition of oxidation kinetics

The transition from a parabolic/cubic to a linear or cyclic oxidation behaviour was shown
to be correlated to the formation of cracked layers in the oxide [133-136] and a variation of
the thickness of the dense innermost oxide layer [135, 137]. A cyclic variation of the
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tetragonal zirconia content [133] was observed in the oxide scale, which shows that beside
cracks also the oxide structure is changing with proceeding oxidation and the transitions. The
relationship between these observations of features in the oxide scale and the kinetic transition
is so far not understood, as the cause and the consequence cannot be named for the made
observations. So the relationship between the time to transition of different alloys and the
spacing between the cracked layers is clearly observed [117, 133, 138].

2.3.4.4 Post-transition oxidation

After the change to the post-transition kinetics, no smooth metal-oxide interface can be
observed any more. Post-transition oxides are usually composed of a layered structure,
reflecting the cyclic weight gain behaviour in the post-transition regime [133-136]. The
density of the formed oxide and the tetragonal content are among those parameters that have
been shown to correlate to the layered structure, being already visible in optical micrographs.
The average spacing of the layered structure is inversely proportional to the corrosion rate,
indicating a beneficial effect of a delayed transition [133].

The influence of the oxidation environment on the microstructure of the formed oxide is
illustrated by the difference in grain sizes for post-transition films reported for different water
containing environments; in water-formed oxide films large oxide grains sizes of up to 100-
500 nm were observed at the metal-oxide interface, while for oxides grown in steam the
maximum grain size observed was 50 nm [139, 140]. Sabol et al. [139, 140] concluded from
this an oxide growth initiated by many small nuclei having a preferential growth direction, in
which the growth continues upon increasing film thickness. When a critical oxide grain size is
reached, the film growth continues by re-nucleation of new oxide grains at the growth front at
the metal oxide interface. From the different grain sizes observed for the different oxidation
temperatures, it was assumed that lower temperatures favour continued grain growth, while
higher temperatures do so for re-nucleation [140]. However, for oxidation of pure zirconium
in air Lightstone and Pemsler [141] observed between 500-1000°C an increase of the oxide
grain size for higher oxidation temperatures using XRD.

On new Nb-containing alloys studied by Wadman et al. [142], an intermediate sub-oxide
could be found in some parts of the metal-oxide interface region, while in other regions it was
comparable to the interface type observed on Zry-4. The microstructure of Zry-2.5wt.%Nb
alloys, which are used in CANDU reactors, consist of elongated a-Zr grains with 1 at.% Nb
and thin intermediate layers of B-Zr, containing 20 at.% Nb and segregations of impurities
such as Fe. For the microstructure of the oxide formed on niobium containing alloys on a- Zr
grains containing with Nb larger grains (40-60 nm) and a higher porosity were found than on
B-Zr grains (15 nm) by several studies [143-145], while EImoselhi [146] reported a Nb-rich
oxide containing pores and no pores in the matrix oxide.

2.3.4.5 The barrier layer

A so called barrier layer concept has been proposed, as the protectiveness of the oxide is
retained even though the oxide film degrades with progressing oxidation time. The problem
that arises is, how to define the thickness of the barrier layer. Different investigations using
SEM [147], impedance measurements [148-150] indicated the presence of a dense layer at the
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metal-oxide interface. The thickness of this barrier layer is debated, as different measurements
gave thicknesses from 10 nm [150] up to 2 pum [148], alike Cox [151] claimed from mercury
intrusion measurements, that some pores extended right to the metal, so there would be no
barrier layer at all. In general it is accepted, that there is a protective layer close to the metal-
oxide interface restricting the access of the oxidising species to the interface e.g. [114].

However, it should be noted that transmission electron microscopy investigations of the
metal-oxide interface of uniform oxide layers did not reveal a specific structure at the metal
oxide interface being possible to relate to a barrier layer. There are reports of an amorphous
oxide at the metal-oxide interface [149, 152], but this has been especially present on samples
exhibiting accelerated corrosion [149]. For the Zircaloys a thinner barrier layer than for
Zr2.5%Nb-alloys is expected [51, 144, 152], however except for the amorphous layer
reported for Zr2.5%Nb [144], no other studies report such a layer at low uniform corrosion
rates. Wadman et al. [142] reported for the oxide studied for pre-transition stage a uniform
layer of 0.8 um thickness and for post-transition a 150 nm thick layer without cracks and
pores at the metal oxide interface. The tetragonal zirconia observed [72, 133, 153-158] has
been suggested by Godlewski [157, 158] to form the barrier layer, as the tetragonal content is
highest close to the metal-oxide interface. The tetragonal fraction was found to be highest
close to the interface and decrease towards the outer surface [159].

2.3.4.6 Metal-oxide interface

The disparity between metal and oxide lattice parameters induces stresses in the interface,
as the oxide is growing in compression and the metal is under tensile stress [159]. The
undulated interface shape has been suggested to minimize the compressive stresses [160] in
the interface, while the stress in the oxide close to the metal-oxide interface is also claimed to
be a parameter stabilizing the tetragonal phase [158].

Different techniques are used to study the metal-oxide interface, fracturing the oxide and
observing the different spalled layers [161] or the more frequently applied etching of the
metal to be able to study the remaining oxide side of the interface in the SEM [131]. The
study of the metal-oxide interface in TEM is a more recent technique due to the difficulties in
sample preparation caused by the different properties of the phases at the interface.

The cauli-flower like metal-oxide interface shape observed for later stages of oxidation by
Stehle et al. [147] seems to be a real feature and not an artefact, as TEM examinations of
cross-sections also exhibit similar interface shapes e.g. [162]. Two different types of solutions
have been reported in the literature for the removal of the metal to be able to study the metal-
oxide interface. One type of solution contains hydrofluoric acid, as in the study of Stehle et al.
[147] and others [131, 163] and the other bromine in methanol [163-165]. In the case of the
bromine in methanol solution small needle like features were observed additionally to the
general appearance observed after etching with the hydrofluoric acid solution. Cox [166]
claimed that these needles [163-165] might be hydrides, as the bromine containing methanol
solutions do not dissolve zirconium hydrides and therefore the small needles observed at the
metal-oxide interface might well be hydrides [166]. Dissolution of zirconia at the metal-oxide
interface and redeposition of oxide during stripping of the metal by preferential dissolution
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was deemed not likely, in case fresh hydrofluoric acid containing solutions are applied for less
than 15 minutes. Oskarsson et al. [163] also claimed after applying both types of solutions
that the needles were dissolved (or not present) in the case of hydrofluoric acid containing
etchants. The needles reported are usually not observed in TEM sections containing the metal-
oxide interface which agrees with the finding of both Oskarsson et al. [163] and Cox [166]
that these are artefacts from the etching process.

For thicker oxides ion-milling has been applied to study in-plane and cross-section samples
of the oxide and the metal-oxide interface e.g. [132, 162]. Abolhassani et al. [162, 167] have
been among the first applying the focused ion beam (FIB) technique to prepare cross-sections
of oxides grown on zirconium alloys to investigating the metal-oxide interface. The interface
shape is not analogous for different alloys, supporting a chemical influence of the alloying
elements on the oxide properties, see scanning electron microscope investigations of Bossis et
al. [168] and transmission electron microscope investigations of the metal oxide interface by
Abolhassani et al. [162].

The presence of columnar oxide grains at the metal oxide interface was shown to be
characteristic for uniform corrosion at low corrosion rates, while equiaxed oxide grains were
associated with accelerated or nodular corrosion [142, 149]. The reason for the higher crack
density in the latter might be that equiaxed oxide grain regions facilitate intergranular crack
propagation with their interlinked grain boundary network, while a columnar grain structure
provides more resistance. If the formation of equiaxed grains is a consequence of the
accelerated corrosion or the cause is not yet resolved.

A recrystallised metal grain region exhibiting much smaller grain sizes than the 10 pum in
the bulk metal was observed close to the metal-oxide interface by Urquart and Vermilyea
[132] on Zircaloy-2 oxidized in oxygen at 600°C and Anada et al. [169] at 400°C in steam.
This observation can be due to the high stresses at the metal-oxide interface.

Ding and Northwood [145] studied on Zr2.5wt.%NDb alloys the metal-oxide interface and
could show stabilized tetragonal zirconia in the oxide scale, suggested to be stabilized by the
small grain size, compressive stresses from the metal and dissolved Fe and Nb. On specimens
of the oxide prepared by stripping from the metal the transformation of some tetragonal oxide
to monoclinic oxide could be detected. From their observations they proposed a growth
model, where the oxide is initially amorphous and transforms with decreasing stresses over a
mosaic structure of crystallites to equiaxed tetragonal and finally to columnar monoclinic
grains oriented in growth direction.

2.3.4.7 Microstructure of oxide films formed

The growth of all oxides in the different atmospheres at high temperatures (air, oxygen,
water and steam) is dependent on the transport of oxygen through the oxide scale already
formed. Under the oxide layer formed in air present on all alloys, a new crystallite layer [170]
has to be formed. The oxide layer growth will proceed by nucleation of new oxide crystallites,
changing to a more columnar growth during the pre-transition regime with grain sizes of 10-
30 nm width and 50-200 nm length perpendicular to the metal-oxide interface [142]. These
first oxide layers remain parallel sided and uniform, with a crystallographic oxide grain
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orientation depending on the crystallographic orientation of the underlying metal grains [170-
174]. The thickness of the formed oxide scale, i.e. the oxidation rate also depends on the
orientation of the metal [170].

The orientation relationship between metal structure and formed oxide was investigated by
Ploc [172-175] on surfaces of oxidized sheets and single crystals. The initial oxide formed
was found to have a grain size of 5 nm with an orientation dependent on the orientation of the
underlying Zr grains. Ploc found different possible oxide orientations for one metal
orientation, however only for thin oxides an epitaxial growth was considered to be valid,
while for thicker oxides the internal stresses seem to be most influential on the orientation.

Sabol et al. [139, 140] found in the transmission electron microscope the oxide grain size
formed on Zry-4 in water at 360°C and steam at 427°C to increase from approximately 5 nm
near the outer surface to 20 nm in pre-transition oxide layers and to 100 nm in post-transition
close to the metal-oxide interface, changes in the oxidation kinetics are also reflected in the
oxide grain size.

The partial amorphous regions found in the metal oxide interface are believed to be caused
by the strain induced by the tensile stresses in the metal side of the interface. Those observed
close to the metal oxide interface using TEM were claimed to be due to the type of corroding
atmosphere present by Garzarolli et al. [149]. The extensive presence of amorphous oxide was
only observed in case of nodular oxide or accelerated corrosion, however not in case of
uniform oxide layers [149].

2.3.5 Precipitate oxidation

The oxidation behaviour of precipitates in zirconium alloys, containing the alloying
elements in intermetallics formed with zirconium, was studied with a variety of methods,
which can be divided in two categories: methods studying the average precipitate behaviour,
such as electrochemical methods applied to the surface [176-178], and methods studying
individual precipitates, such as transmission electron microscopy [179] and Auger
spectroscopy [64, 180-182]. Of these methods only transmission electron microscopy and the
latest scanning Auger microscopes have the spatial resolution capacity for chemical analysis,
which allow studying precipitates with a size of few tens of nanometres. Atom probe
tomography would also have the resolution, however the specimen preparation for
precipitates located at the probe tip would be very difficult and the number of precipitates
possible to study with reasonable effort would be limited. Of the presented methods only
transmission electron microscopy allows the characterisation of individual precipitates and
their microstructure with reasonable numbers of precipitates and time for sample preparation.

Therefore in the following the focus is on available TEM results on precipitate oxidation
behaviour, first on commercial alloys with ternary intermetallic precipitates and then on
binary model alloys with binary intermetallic precipitates. Results obtained by other methods
will be also presented if of interest for comparison, especially for those cases, for which no
TEM results have been found in the literature.

2.3.5.1 Characterisation of precipitate oxidation in commercial zirconium alloys
Although there are several studies reporting the precipitate oxidation during the oxidation
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process of zirconium alloys, no fundamental description of the precipitate oxidation behaviour
has been presented to our knowledge. Therefore a description of the precipitate oxidation as
presented in the literature will be provided to allow an overview of the known facts.

Zr(Fe,Cr), precipitates contained in Zircaloy-2 and Zircaloy-4 were found to be delayed in
comparison to the matrix oxidation [117, 169, 179, 183-189]. Most of these precipitates
oxidize only when surrounded by the oxidized matrix some hundred nanometres away from
the metal-oxide interface. The Zry(Fe,Ni) precipitates contained in Zircaloy-2 have been
reported by all authors to be oxidised when incorporated into the oxide, e.g. [186, 190, 191].

The microstructure of the oxidized precipitates was found to comprise some tetragonal
zirconia being most probably stabilized by the small grain size and additions of remaining
alloying elements in the precipitate site. Fe has been observed to form pure iron agglomerates
at the edge of the precipitates during oxidation in steam at 400°C [179] and between 350 and
500°C by Garzarolli et al. [149], while the other alloying elements were not reported to form
pure metal agglomerates. Also for Nb containing precipitates reports of unoxidized
precipitates in the oxide are found in the literature [54, 117, 138, 184, 192, 193], but also Nb
containing precipitates oxidizing directly when incorporated into the oxide [54, 55]. Oxidised
B-Nb precipitates were generally reported to be amorphous [54, 117, 138, 184, 192, 193]. For
vanadium and iron containing precipitates Pecheur [184] reported unoxidized precipitates in
the oxide. Mixed oxides of alloying element and zirconium were reported for Nb [144]. Also
other authors have studied precipitates in the oxide layer e.g. [194, 195].

The diffusion of the alloying elements out of oxidised precipitates into the surrounding
zirconia matrix was observed for both Zr(Fe,Cr), and Zr,(Fe,Ni) type precipitates in the
Zircaloys [149, 179, 187, 190, 196, 197]. The overall order being Fe > Ni >> Cr [187, 197],
with Fe being more mobile than Ni [190, 197] and both much more mobile than Cr [197].
From the comparison of the results of these different studies one can conclude that no special
difference was reported for the Zr(Fe,Cr); precipitate behaviour in Zircaloy-2 and Zircaloy-4.

Cox and Sheikh [197] showed that the dissolution of the alloying elements in the matrix
oxide formed on Zircaloy-2 is temperature and alloying element dependent. Iron segregates
already during oxidation at 400°C to the interface of the oxidised precipitates and the
surrounding matrix and forms local agglomerates of almost pure iron oxide (identified by
EDS measurements). At 500°C iron is observed to segregate further from the precipitates and
no pure iron oxide agglomerates are observed and Zr,(Fe,Ni)-precipitates show also the
segregation of nickel, for precipitates above 1 um diameter both also segregate within the
precipitates and form zirconia enriched in iron and nickel. Chromium is observed to remain
within the precipitates. After oxidation at 600°C iron, chromium and nickel are observed to
dissolve into the surrounding oxide matrix without forming agglomerates of pure alloying
element oxide.

On the surface of oxidised Zircaloys the presence of pure alloying element oxides was
reported [177, 198-200]. In the case of Zircaloy-4 [198, 200] a chromium oxide layer was
observed on the surface above an oxidised Zr(Fe,Cr), precipitate, in one case with an iron
oxide layer underneath the chromium oxide layer [198]. In the case of Zircaloy-2 [177, 199]
only iron oxide could be detected by potential reduction on Zircaloy-2. Tests in deoxygenated
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environments showed not such an iron oxide formation in these environments [177].
Interesting is that the iron oxide layer thickness increased with oxidation time in all studies
including different oxidation times [177, 199], while the chromium oxide layer thickness
remained constant [200].

For the presence of the alloying element oxide on the surface Hatano and Sugisaki [199,
200] presented an explanation based on the oxygen partial pressure in the oxide. The alloying
element with the highest oxygen partial pressure required for oxidation in the respective
precipitate forms the surface oxide, which in the case of the Zircaloys explains their
observations for the alloying elements Cr, Fe and Ni [199, 200]. At the beginning of the
oxidation process they [199, 200] suggest a thin zirconia layer to form on top of the
precipitates and the metallic alloying element atoms to be released into the precipitate. The
raising oxygen partial pressure reaches then during further oxidation the pressure necessary to
oxidise the alloying element with the higher oxygen affinity, which might be below the one
required to oxidise the massive alloying element, as Davison et al. [201] showed for iron in
ZrO, to be more difficult to be reduced than pure Fe,O3. Hatano and Sugisaki [199, 200]
suggested the metallic alloying element atoms to be dissolved into the surrounding zirconia,
however the concentration being higher than the solubility limit, leaving considerable
amounts of metallic alloying element atoms which then could segregate to the surface, where
the oxygen partial pressure required for oxidation would be exceeded, to form alloying
element oxide. The alloying element with the higher oxygen potential required for oxidation
diffuses into the zirconia matrix, leading to a depletion of the outer precipitate part in this
alloying element. This explains the observations for the precipitates in the Zircaloys, however,
for the binary zirconium alloys this explanation is not sufficient, which will be presented in
the next section.

Independent of the oxidation state of the whole precipitate, the oxidation state of the
alloying elements in the oxide is sometimes reported as metallic in a number of studies in the
oxide film [62, 190, 200], in the case of Zry(Fe,Ni)-precipitates they were reported to be
oxidized in one [199] and metallic in another one [190], which does not clarify the situation.

2.3.5.2 Characterisation of precipitate oxidation in binary zirconium alloys

Binary alloys containing only one alloying element besides the impurities have been
studied to investigate the specific influence of the alloying elements on the corrosion
properties [6, 10, 58, 59, 64, 80, 91, 176-178, 180-182, 184, 202-210]. However, beside the
study by Pecheur [184] on Zr1%Nb, no study could be found reporting the microstructural
investigation of precipitates in the oxide layer of a binary alloy.

Concerning the chemical analysis of precipitates in the oxide using scanning auger
microscopy, Ploc et al. [64, 180-182] claimed, that with respect to the Zr matrix Zr,Ni
precipitates exhibited a delayed oxidation and ZrsFe precipitates an accelerated oxidation.

On the surface of binary zirconium alloys containing iron the presence of pure iron oxide
has been reported by several authors [64, 177], they do not provide an explanation for the
formation of the iron oxide. Shirvington [177] showed that this formation of iron oxide
(magnetite) is only observable in not deoxygenated environments.
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In the case of binary zirconium alloys (with Cr, Fe, Ni and Sn) [177] only iron oxide could
be detected by potential reduction on the Zr0.7wt%Fe samples, chromium and nickel oxide
appeared to be present on the respective alloys, however, their quantities were much lower
than the ones observed for iron. The explanation presented by Hatano and Sugisaki [199, 200]
for the formation of alloying element oxide on the surface would rather indicate a formation
of alloying element oxides on the surface of every binary alloy, which so far was not
observed. For Ni in Auger no indications have been observed for a Ni rich oxide at the
surface, rather for a depletion in Ni [64].

In the case of Zr-Cr and Zr-Ni binary alloys, such oxides of alloying elements have also
been reported, however, to a much smaller extent [177]. The phenomenon of alloying element
oxide formation has been observed at different temperatures and pressures; the oxygen
concentration in the steam seems to have an effect as shown by [177].

2.4 Zirconium oxide and its properties

Zirconium dioxide (ZrO,), also referred to as zirconia, is the main corrosion product of
zirconium alloys and the naturally occurring oxide of zirconium with monoclinic crystalline
structure in a mineral called baddeleyite.

For the oxide layer formed on zirconium and its alloys, three different structures have been
observed, monoclinic, tetragonal [98, 154, 158, 211] and maybe cubic [98, 149] zirconia
(ZrOy), for their crystallographic data see Table 2. The monoclinic and tetragonal polymorphs
of zirconia were first described by Ruff and Ebert 1929 [212] and the cubic one by Smith and
Cline 1962 [213]. The temperature regions of stability for those three zirconia polymorphs are
at ambient pressure the following: cubic structure between 2680 °C and 2370 °C, tetragonal
below 2370 °C and above 950 °C (on cooling) and 1150 °C (on heating) and below those
temperatures monoclinic (Figure 3) [214-216]. This temperature dependence of the
polymorphs explains the presence of mainly monoclinic oxide in the temperature region of
interest to our studies. At room temperature, at which most observations have been made, and
at the typical oxidation temperatures, the monoclinic polymorph is the thermodynamically
stable form if no other factors such as alloying elements, small grain size or mechanical
stresses are present. The stabilisation of the tetragonal phase by pressure in the temperature
range of interest can be observed in the phase diagram in Figure 4.

Table 2: Crystallographic data of the cubic, tetragonal and monoclinic zirconia polymorphs
of pure zirconia extrapolated to room temperature [217] and references herein.

polymorph alA b/A c/A B/° V /A3 SE:SS
cubic 5.135 5.135 5.135 90.0 1354 Fm3m
tetragonal 5.099 5.099 5.179 90.0 134.7  P4,/nmc

monoclinic 5.148 5.200 5.322 99.2 140.6 P2./c




32 Literature

Fm3m P4,/nmc

2680°C 2370°C 950°C
melt — k —— = t — m
——————————————
1150°C

Figure 3: Zirconia polymorphs and their transformation temperatures from [216].
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Figure 4: Temperature-pressure phase diagram of zirconia showing the stability domains of
the monoclinic and tetragonal polymorphs from [218]. Solid lines data from [219], dash-
dotted lines [218], full circles fresh monoclinic crystal, diamonds represent transition on
increasing pressure/temperature during cycling and open circles represent transformation
upon decreasing pressure or temperature [218].
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When comparing the three polymorphs (Figure 3), it should be noted that the c-axis of the
monoclinic polymorph is parallel to the one of the tetragonal polymorph. The transformation
between both structures is a shear movement parallel to the a-b-plane. This martensitic
transformation from tetragonal to monoclinic results in a volume increase for the monoclinic
structure of 4.7% at room temperature [214].

The cubic and tetragonal structure can both be stabilized to room temperature by adding
nitrogen or different oxides containing Y, Mg or Ca [214, 215].
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Besides the pressure [218, 220] and the alloying elements e.g. [183, 221, 222] the
tetragonal zirconia phase is also stabilized by the grain size [156, 214]. In the oxide they have
to be below 30 nm in diameter to be stable [156] and in powder form zirconia grains have to
be smaller than 10 nm [156] to stabilize the tetragonal structure at room temperature. Due to
very large anisotropy in thermal expansion coefficient, in partially stabilized zirconia (PSZ)
the metastable tetragonal structure can be retained in particles with up to 90 nm diameter due
to compressive pressure from the surrounding matrix [220]. A pressure release can result in
the transformation of the tetragonal grains to the monoclinic structure, the associated volume
expansion was found to oppose crack propagation by generation of compressive stresses in
the matrix [223]. Of the two high temperature polymorphs the tetragonal has been frequently
shown to exist in oxide scales by different groups using Raman spectroscopy [154, 158] and
XRD [211]. The observation of cubic zirconia using Raman spectroscopy has been reported
by [98, 149]. The lower the symmetry of the polymorph, the higher is the anisotropy of
thermo-mechanical properties, one order of magnitude difference in the thermal expansion
coefficient for different lattice direction has been observed for the monoclinic polymorph and
only a factor of 1.5 for the two extremes in the tetragonal polymorph [224].

2.4.1 Mechanical aspects of the oxidation of zirconium alloys

Oxidation processes usually involve a stress build-up at the metal-oxide interface, as the
formed oxide has a different volume compared to the metal. The ratio of formed oxide
volume and the consumed metal volume has been first compared for different systems by
Pilling and Bedworth in 1923 and is called today Pilling-Bedworth ratio (P-B ratio or also
PBR) [225]. According to their classification a P-B ratio of less than 1 does lead to a
discontinuous oxide layer and a P-B ratio above 1 to a compact and continuous oxide layer,
which can be protective. Experiments have shown that for a P-B-ratio exceeding 2 the oxide
scale spalls and is not protective.

In the case of zirconium, the oxide formed (ZrO,) has approximately 150% of the volume
of the oxidised metal; therefore a protective oxide scale is expected according to the P-B ratio
of 1.52 [226], 1.55 [225] or 1.56 (for example [224])(own calculations resulted in a P-B ratio
of 1.51 with crystallographic data provided in Table 17 on page 137). Stresses are present, as
the expansion is not only perpendicular to the oxidising surface, which would result in no
stresses in the ideal case of an oxidising plate. In the case of real fuel cladding, which has tube
shape, already unidirectional expansion during oxidation will cause compressive stresses in
the oxide and tensile stresses in the metal.

Stresses occurring in the oxide scale of corroding zirconium alloys have been measured in
order to understand the correlation of stresses and corrosion resistance of the alloys. It has
been found that the compressive stresses in the oxide decrease from the metal-oxide interface
towards the surface [224, 227]. Parallel to the decrease of the compressive stresses in the
oxide scale is the decrease of the tetragonal zirconia content in the oxide ([228]).
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Table 3: Stress measured in oxide of oxidised zirconium alloys.

method compressive stress in oxide / MPa material conditions
pure Zr o .
x-ray [229] 180 to 1400 Zircaloy-4 400°C ;2mepa n
Zr-1NbO
. 350 °C 16.5 MPa in
x-ray [72] 1500-2200 Zircaloy-4 lithiated water
x-ray [157] up to 1200 Zircaloy-4 steam 400°C
x-ray [230] 1500-2000 Zr2.5%Nb 300 /400 °C in steam
pure Zr
x-ray [231] 140-4800 Zircaloy-2 550 /400 °C in steam
Zr0.5Nb1Cr
close to interface 200-500 Zircaloy-4, o
in situ x-ray [224] close to interface 1800 Zr1%NbO 4;? da;goegsil:]rgi at ;T
outer oxide 500-600 yg
Raman spectroscopy Zircaloy-4 360 °C pure and
[227] Up to 1500 Zr-INbO lithiated water
bend strip [149] up to 800 Zircaloy-4 400°C n steam
. 1100 pure Zr 500°C in oxygen at
bend strip [232] 1600 Zircaloy-2 40 /1013 mbar
. 1310 Zircaloy-2 500-700°C in dry
bend strip [233] 400 pure Zr oxygen

Taking the data provided in Table 3 into consideration, it must be said that the stress
variation between water/steam and oxygen containing oxidation atmospheres does not
indicate an influence of the environment on the determined stresses in the oxide. Comparing
the stresses for different alloys from the same study [224, 229, 232, 233], the oxide on pure Zr
seems to exhibit always lower stresses than on the Zr alloys, except for [231] who reported
pure Zr to exhibit the highest initial stresses.

The overall variation between different studies is quite large, reported stresses in the oxide
on Zircaloy-4 range from 200 MPa [224] to 2200 MPa [72], exceeding the generally reported
difference between pure Zr and Zr alloys. The highest reported stress was 4800 MPa for pure
Zr [231]. The high compressive stresses in the oxide scale at the initial stage should be seen
under the following aspects: the thin oxide is brittle and the metal thickness is sufficient to
counterbalance the expansion that would be necessary to obtain a stress free oxide. With
increasing oxide thickness the mean stresses in the oxide decrease e.g. [224, 229, 231], as the
stresses in the oxide relax in the outer part.

2.4.2 Mechanical properties of zirconia

So far the focus was on the mechanical properties of the metal-oxide interface, however,
during the oxidation process the oxide forms cracks and even spalls in some cases. Therefore,
the mechanical properties of zirconia, the stiffness (Young’s modulus) and the critical stress
are of interest, as these parameters can help to understand why the oxide fails. Due to lack of
such mechanical data for the oxide formed on zirconium alloys, the Young’s modulus found
in the literature for different types of zirconia with different preparation and testing techniques
are presented in Table 4.
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Table 4: Young’s modulus of different types of zirconia. The Young’s modulus corrected to
zero porosity was calculated for those data, for which the porosity was reported and less
than15% by using the following equation: EO = E(x) / (1 - kz) where E represents the
Young’s modulus, 7 the porosity and k is a scaling factor around 2.5 for spherical cavities
[234]. Abbreviations used: Yttria stabilized zirconia (YSZ). The thickness of a zirconia layer

is stated where reported in the case of coatings.

type of testing method , Thickness of
Zr02 preparation (as stated) Young’s modulus (GPa) zirconia
i metho . reporte
(if thod 1. reported
provided) 2. extrapolated to 0% porosity
Brillouin
monaclinic sinale crvstals scattering and 122-326 i
[235] glechy ultrasonic wave -
velocity
monoclinic pressed and impulse excitation 190-199 i
[236] sintered method 244-247
monoclinic pressed and . 80-100
[237] sintered Sonic resonance 188-233 -
monaclinic o bressin flexural bendin 108-197 -
[238] pressing g 216-225
monoclinic . . 240
[239] single crystals wave velocity K -
monaclinic atmospheng . . 140
[240] plasma-spraying  nanoindentation K 380 um
technique
mo[nzczcllinlc MOCVD nanoindentation 16_30 30-230 nm
tet[rgg;)]n al MOCVD nanoindentation 2?0 -
tetragonal | ic veloci 53-219
YSZ [242] ultrasonic velocity i -
tetragonal electron beam . . 230-250
YSZ [243] PV/D nanoindentation i 300 um
cubic YSZ . 170-223
[244] sonic resonance i -
cubic on _beam . . 223-239
[245] assisted nanoindentation i -
deposition
YSZ [246] top-coat microindentation 65'_180 250 um
YSZ 0- nanoindentation,
10 mol% e'e“gi;‘é’eam Brillouin light 85-150 2-4 um
[247] scattering
YSz .
8 mol% atmospherlt_: i 35-100 600 um
[248] plasma-spraying 145
electron beam . . 126
YSZ [249] PVD nanoindentation 252 -

Several points are obvious: the reported Young’s modulus for the polycrystalline zirconia
is correlated to the type of zirconia and its preparation method. Monoclinic zirconia exhibits a
lower Young’s modulus in the polycrystalline state than tetragonal or cubic zirconia. Studies
on single crystals of monoclinic zirconia showed that the crystal orientation with the highest
Young’s modulus is with 326 GPa [235] considerably above the highest reported Young’s
modulus of 250 GPa [243] for polycrystalline tetragonal zirconia. The second study on single
crystals of monoclinic zirconia reported an average Young’s modulus of 240 GPa [239].
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The influence of porosity on Young’s modulus of polycrystalline zirconia has been
investigated by two studies [238, 242], see for example [242] in Table 4 where the lowest
value of Young’s modulus corresponds to 38% porosity of YSZ and the highest to full
density. This demonstrates that only specimens with similar porosity and of the same zirconia
polymorph are really comparable, as otherwise too many parameters are influencing the
obtained Young’s modulus. This is illustrated by the overall spread of the average Young’s
modulus ranging from 30 to 250 GPa, almost one order of magnitude.

Crack formation leads to a reduction of the Young’s modulus [250]. The fracture
toughness has been shown to increase with the formation of microcracks in brittle materials
by energy dissipation and reduction of the local stress concentrations during crack
propagation [251].

2.5 Open questions concerning corrosion of (binary) zirconium
alloys

The overview provided on zirconium alloy corrosion illustrates that although many
phenomena are known and at least understood on a phenomenological basis, still some open
questions concerning the corrosion of the alloys remain. The open questions need to be
identified and answered to be able to develop a better understanding.

This list of open questions is not intended to be exhaustive and is limited to topics being
possible to address with the performed studies:

1. Is there a correlation between the oxidation behaviour of the precipitates in binary
alloys and their composition?

2. Can the results obtained for precipitates in binary alloys be extrapolated to
precipitates in more complex alloys?

Even though answers to these questions will help to understand more of the precipitate
behaviour, maybe also in more complex commercial alloys, much will be left to do to
understand all the parameters influencing the corrosion behaviour of zirconium alloys.
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3 Materials and methods

The materials studied in the course of this project were selected with the aim to study the
influence of different alloying elements on the oxidation of binary zirconium alloys for a
comparison with commercial alloys. The samples were chosen to reflect the initial stage and
the long-term corrosion behaviour. Different atmospheres such as water and air were used to
be able to observe the influence of the presence of hydrogen on the oxidation.

The experiments described in this chapter have been performed at two different
institutions: the Paul-Scherrer-Institut (PSI) and at the Swiss Centre for Electronics and
Microtechnology (CSEM) in Neuchatel. The respective institute where the experiments have
been conducted is stated for each instrument. Environmental scanning electron microscopy
was used to perform short time oxidation experiments with in situ observation of the surface.
Atomic force microscopy and scanning electron microscopy have been applied to characterise
the surface of the samples. Focused ion beam was used to prepare transverse sections and
samples for transmission electron microscopy. Thin oxide films were prepared from oxidised
samples by electrolytic polishing and by standard polishing to test their mechanical properties
with the bulge test and nanoindentation.

3.1 Materials

The autoclaved binary alloys and pure zirconium as Zircaloy-4 have been provided by
CEZUS, France. They were beta-quenched after forging, hot rolled and annealed at 640°C
and three times cold rolled and annealed at 600°C [10]. The studied Zircaloy-2 is a standard
commercial alloy within the specifications for this type of alloy. The results from the previous
studies including the weight gains, electrochemical impedance spectrometry and potential
sweeps and hydriding behaviour of these alloys are published in [10, 202] and used in this
study.

3.1.1 Binary alloys

The autoclaved binary alloys containing 0.2 wt.% Fe and 1 wt.% of Cr, Fe and Ni and pure
Zr investigated in this project have been provided by CEZUS, France. Experimental results
for the previous study on these materials have been published in an ASTM special technical
publication [10]. Their composition as provided by CEZUS is given in Table 5 together with
the maximum possible precipitate volume, assuming all alloying element content to be
present in the precipitates (also for B-Nb) and the precipitates having the stated composition.

The thermal treatment of the material used for the oxidation tests by CEZUS resulted in a
cumulative annealing parameter of about ZA = 1.3-10™° h with A = = t exp -40 000/T, where
T is temperature in K and t the time in h. This was followed by a stay in the autoclave at
415°C [10] for either 3 days in air or steam at 0.1 MPa or for 110 days in steam at 10.5 MPa
for the selected samples. Samples of a binary zirconium-niobium alloy containing 0.6 wt.%
Nb oxidized for 40 days in steam and 55 days in air, also provided by CEZUS from another
study, have been included to compare the oxidation behaviour of the binary Nb-containing
alloys with the other binary alloys.
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Table 5: Chemical analysis of the binary alloys (in ppm or wt.%) and precipitate data from
Barberis et al. [10] for Zr1%Fe, Zr1%Ni and Zr1%Cr. Volume fraction of £-Nb is from own
calculations.

average SPP

Cr Fe Ni o/ . . SPP volume
alloy type Nb metal grain ~ SPP type  density / . 0
/ppm  /ppm /ppm ppm size / um glem? fraction / %
0.22
0, -
Zr0.2%Fe 45 WE% 35 650 6.2 ZrsFe 6.81 1.13
0.99
Zr1%fFe 44 WL% 28 - 720 3.1 ZrgFe 6.81 5.71
Zr1%Ni 46 205 L.17 - 755 4.6 ZryNi 7.20 3.70
wt.%
znwer 204 o7 37 ~ 760 5.2 zicr,  6.98 1.76
wt.%
0.6 B-Nb
0, - - -
Zr0.6%Nb WL% (20%21) 8.49 0.57

The weight gain data from CEZUS [10] for the different oxidation tests performed were
transformed into oxide thickness using the generally used conversion factor of 1 um oxide
corresponding to 15 mg / dm?2.

The oxide scale on the samples obtained from the autoclave oxidation, containing 1 wt.%
of alloying element, has been examined by electrochemical impedance spectrometry [10,
252], metallography, AFM and SEM/EDS in previous studies [10, 252]. Their average oxide
thickness for the different testing conditions calculated from weight gain reported in [10] is
provided in Table 7.

3.1.2 Pure zirconium, Zircaloy-2 and Zircaloy-4

Pure zirconium and the commercial alloys Zircaloy-2 and Zircaloy-4 were included for
selected conditions to allow the comparison of their behaviour with the binary alloys. The
matrix oxidation of the binary alloys is to be compared with pure zirconium to evaluate if
there is an influence of the precipitates. The commercial Zircaloy-2 and -4 are included to
compare the oxidation of binary intermetallic precipitates in model alloys with those present
in the commercial alloys which contain two alloying elements (ternary intermetallics) and
also contain tin in the Zr matrix.

Table 6: Chemical analysis of pure Zr and Zircaloy-2 and -4 (in ppm or wt.%).

Alloy type Cr Fe Ni Sn ]
/ ppm / ppm / ppm / wt.% / ppm
pure Zr [202] 150 - 300
Zircaloy-2 within ASTM specifications, see Table 1 Chapter 1
Zircaloy-4 [202] 1040 2200 1.3 1150

3.1.3 Overview of available samples

In Table 7 an overview of the samples being studied in the course of this PhD research is
provided. The samples provided by CEZUS are presented in the first three columns, their
average oxide thickness was calculated from the provided weight gain. Samples oxidised for 1
hour at 415 and 700°C at 130 Pa in an environmental scanning electron microscope (ESEM)
are shown in column 4 and 5 and short time autoclave tests at PSI for 1 hour to 72 hours at
10.5 MPa to complement the time and pressure range are also presented, their average oxide
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thickness was determined from FIB sections, as their sample size did not allow precise oxide
thickness determination from weight gain data.

The conditions were selected in order to cover the following parameters having possibly an
influence on the oxidation of the alloys and the precipitates:

= oxidation atmosphere (air / steam)
= pressure of oxidation atmosphere
= oxidation time
Table 7: Overview of all available samples with their oxide thickness given in um. The oxide

thickness of samples provided by CEZUS [10] (column 1-3 shadowed) was determined from
weight gain, for all other samples oxidized during this PhD project, from FIB sections.

Average oxide thickness (um)

oxidation oxidation In situ ESEM at ste_am oxidation at PSI
Alloy CEZUS CEZUS CSEM, Neuchatel Limbo 350 autoclave

3 days 3 days 110 days 1 hour 1 hour 1 hour 1 day 3 days
415°C 415°C 415°C 415°C 700°C 415°C 415°C 415°C
0.1MPa 0.1MPa 105MPa 130Pa 130Pa  10.5MPa 10.5MPa 10.5 MPa

air steam

Z10.2%Fe 0,67 161 419 — — 0.42 1.08 _
Zri%Fe 101 1.37 5.00 0.32 3.2 0.62 1.14 153
Zri%Cr  0.79 1.08 423 0.35 2.7 0.52 0.94 1.28
Zri%Ni  0.93 1.26 415 0.41 2.8 0.49 _ _

710.6%Nb (556§§y5) : 4g'§a8ys) _ 0.34 3.2 0.40 _ _
Purezr 063 412 _ 0.27 2.4 0.62 0.88 _

Zry-2 _ _ _ _ _ 0.40 115 _
Zry-4 6.36

For oxidation in air at 415°C (Table 7) the low weight gain of pure zirconium in
comparison to alloys reported in the literature is also observed. Oxidation in steam at ambient
pressure and 415°C (Table 7) showed the lower resistance of pure zirconium to water
containing oxidation environments compared to the binary alloys.

3.2 Oxidation experiments

In the course of the PhD research additional oxidation experiments were carried out to
obtain samples with different oxidation conditions than those supplied by CEZUS. The
oxidation experiments were performed in (a) an ESEM, (b) an autoclave in water containing
environments and (c) in furnaces in air.

3.2.1 In situ oxidation campaigns

The in situ oxidation experiments were designed to provide as many details as possible
about the samples before and after in situ oxidation in the ESEM. The surface topography and
composition were analysed before and after the oxidation and TEM samples were prepared to
observe the changes taking place during oxidation from the metal-oxide interface to the outer
surface. Non-destructive methods were applied before destructive methods to minimize the
chances to create and observe artefacts.
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The characterisation procedures and the experimental steps applied to all samples were the
following:

1.

IR

7.

Atomic force microscopy (polished surface)

Scanning electron microscopy (polished surface)

ESEM in situ oxidation experiment at 415 / 700°C

SEM (oxidised surface)

AFM (oxidised surface)

further SEM/EDS and focused ion beam (FIB) characterisation of surface and
transverse sections (oxidised surface)

Transmission electron microscopy on specimens prepared by FIB

A gas secondary electron (GSE) detector was used for the high temperature observations.
At 415°C the energy dispersive x-ray spectrometer could not be used for chemical analysis
due to the high temperature and the cover of the heating stage (Figure 6) would have absorbed
most x-rays even if it would have been possible to use the detector. The chemical analysis of
the surface was therefore performed subsequent to the in situ oxidation experiment after
cooling the sample and changing to the normal specimen holder. The cover of the heating
stage for shielding the microscope from excessive heat from the stage required also a
somewhat larger working distance to avoid contact of the cover and the GSE detector.
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Figure 5: Temperature versus time curves for the in situ oxidation experiments performed at
415 and 700°C.

During the in situ oxidation the surface was continuously observed and images were
acquired every 5 minutes on each specific area of the sample.
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E electron gun & optics
GSE detector
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heat shielding cover
v

cruciblﬂ thermocouple
Figure 6: Schematic sketch of sample position in the heating stage used for in situ oxidation
experiments.

For the in situ oxidation the instrument was operated in ESEM mode and the water vapour
pressure was held at 1.3 mbar in the specimen chamber. The sample was heated on a water
cooled heating stage in a platinum crucible. The heating current of the stage was
automatically adjusted according to the temperature measured by the thermocouple and the
programmed target temperature. The maximum possible heating rate was 3.9 °C/s, allowing
to reach 415 °C in 2 minutes and 700 °C in just above 3 minutes. The observations started
when this temperature was reached (t=0). Before the oxidation temperature was reached, the
focus had to be adjusted due to the thermal expansion of the sample and the holder; also
adjustments of the electron optics were required to compensate for the changes in the electron
optics induced by the heat from the heating stage. The material was held for 60 minutes at
415/700 °C and subsequently cooled to ambient temperature. The initial cooling rate of the
specimen was about 0.8 °C/s from 415 °C and 1.2 °C/s from 700 °C.

3.2.2 Autoclave oxidation

The autoclave oxidation of small test specimens was performed in a Limbo 350 autoclave
from BuchiGlasUster [253] at PSI. The autoclave vessel made of stainless steel was fitted
with a hook holder enclosed in a zirconia tube for fixation of specimens (Figure 7), a
thermocouple for the automated temperature control via a “TC 450" type controller, a digital
manometer from WIKA (DG-10-S, 0-600 bar) and a pressure valve for manual pressure
release and a safety pressure valve. The heating of the autoclave vessel was achieved by an
electrical heating with a maximum power of 2000 W. The temperature range specified for

safe operation was -10 to +450°C and a maximum pressure of 350 bars at 350°C.
Z autoclave lid

stainless steel

7

1
|
|
|
|
: Zr02
|
|
|
L

DN

B Zircaloy-2 5

Figure 7: Specimen holder used for the autoclave oxidation experiments at PSI.
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The samples were fixed to the zirconia holder with hooks made of Zircaloy-2, which were
regularly replaced. Before closing the autoclave all sealing parts were cleaned and the
autoclave was filled with 50 ml of deionised water (0.05-0.1 uS). The temperature controller
was programmed to 450°C for the experiment start to allow heating at the maximum possible
heating rate close to the target temperature of 415°C. The pressure was regularly reduced
manually to 100 bars within the 100-110 bar range before exceeding 110 bars. At 400°C the
target temperature of the automated temperature control was set to 415°C and the pressure
regulated to be between 100 and 105 bars at 415°C. After the planned time at the oxidation
conditions (1 h, 24 h and 72 h) the heating was switched off and the autoclave left to cool
down to room temperature without external cooling (Figure 8).

450.0 120.0
400.0 -
1 100.0
350.0 -
300.0 1 1 80.0
O 250.0 - °
z 1600 o
— 200.0 - 2
150.0 - 1 40.0
100.0 -
1 20.0
50.0 -
0-0 v T T T T 0.0
00.00 h 01.12 h 02.24 h 03.36 h 04.48 h 06.00 h

t (hours)

Figure 8: Temperature and pressure profile for a typical autoclave run for 1 hour at 415°C
and 100 bar nominal pressure. The temperature readings are presented by squares (left y-
scale) and the pressure reading by diamonds (right y-scale).

3.2.3 Furnace oxidation in air

The additional furnace oxidation experiments were performed in air at ambient pressure
and ~415°C. This was done in order to be able to verify the presence of alloying element
oxide on the surface, in the absence of an external contamination on the surface such as those
possible in an autoclave with water. The furnace oxidation in air was performed in two
different furnaces: in the retort furnace CP 1050-3-P2 by Borel [254] the sample temperature
is quite well controlled within £5°C of the set temperature of 415°C (taking into account the T
gradients inside the furnace), while for the other furnace used for short time oxidation (MR
170 E by Heraeus) the sample temperature can only be estimated to be within a certain
temperature range around 415+25°C.
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3.3 Sample preparation

3.3.1 Sample cutting and surface polishing

The samples were cut from the oxidised coupons using a wire saw (wire diameter
0.17 mm) with lateral dimensions of up to 15x15 mm. For autoclave samples a 0.3 mm hole
for the sample fixation was drilled at one corner for suspension. Depending on the sample
size, the samples were fixed to the disk grinder from GATAN (max. 6x6 mm) or a larger
copper block for the grinding and polishing, the disk grinder has the advantage that flat
surfaces without excessive edge rounding can be obtained. All samples were ground with
1000, 2000 and 4000 SiC paper and then polished with diamond suspensions containing
diamonds of 6 um, 3 um and 1 pm size to remove the mechanical damage of the previous
grinding and polishing steps. Some samples were polished with a basic slurry (pH 9.5)
containing 60 nm Silica particles in the vibratory polisher (VibroMet 2 from Buehler [255]),
as this resulted in a smoother surface finish compared to the only diamond polished surface.

After the last polishing step glued samples were first rinsed in acetone to remove the
samples from the holder and remaining glue. All samples were ultrasonically cleaned in
ethanol to reduce the amount of surface contamination.

3.3.2 Mechanical preparation of transverse sections

The transverse sections for mechanical testing and SEM observations were prepared by
embedding the samples in epoxy resin in a 1 inch diameter cylindrical form, the sample
oriented perpendicular to the flat faces of the cylinder. For imaging in the SEM conductive
silver paint was applied after polishing to electrically connect the metallic part of the sample
to the SEM holder to reduce the charging.

3.3.3 In situ oxidation experiment samples

For each sample, a piece (3 mm x 3.5 mm) was cut from the material oxidised in air by
CEZUS, the dimensions were chosen to be close to the maximum size fitting in crucible of
the heating stage. One corner of the sample was removed by polishing to have a macroscopic
reference feature for orientation of the specimen. The surface was polished as described in
3.3.1 above with the 1 pm diamond polish as last step (two in addition with vibratory
polisher). Three micro-hardness indents were produced on the surface, in order to have
reference points for the accurate observation of the same region at different stages of the
study.

3.3.4 Electropolished TEM samples

To determine microstructural details of the alloys, auch as their precipitate size
distribution, metallic 3 mm discs with 200-300 um thickness were prepared from the oxidised
samples with the oxide being removed. These discs were jet electro-polished with a jet
electro-polishing instrument from Struers [256] (Tenupol-5) at PSI. The electro-polishing
solution used contained 10vol.% perchloric acid in methanol maintained at -20-25°C and the
flow rate was kept at 10 (internal standard) and the voltage at 20.5 V. The polishing voltage
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was determined by an automated procedure for each material by a voltage scan from 0-40 V,
suggesting used 20.5 V for optimal polishing conditions. The electrolyte temperature and flow
rate were adjusted to obtain well polished samples with sufficiently large electron-transparent
regions around the hole created by the polishing process.

3.3.5 Focused ion beam

Focused ion beam (FIB) instrument uses an ion source, from which a focused ion beam is
formed and accelerated to the surface of the sample [257] similar as in an SEM. The current
in @ modern FIB can reach several tens of nanoamperes, which can be used to sputter and
micro-machine the surface. Low ion currents are used to image the sample surface with a spot
size in the range of a few nanometres. The amount of sputtered material depends on the ion
current; it should be kept in mind, that sputtering takes always place, the extent being
dependent on the ion current. Beside the sputtering and imaging, the ion beam can also be
used to deposit (e.g. Pt or C) via ion beam induced chemical vapour deposition by
decomposing precursor gas on the sample.

The focused ion beam (FIB) used was the NVision 40 workstation at PSI from Zeiss
equipped with an INCA EDS system, a Kleindiek micromanipulator and a gas injection
system for platinum and carbon deposition. This FIB works with a liquid gallium source, from
which gallium ions are accelerated with an acceleration voltage of 30 kV and focused onto the
sample surface, where they sputter a small amount of material. The NVision 40 workstation
was used to prepare transverse sections of the oxide scale and TEM-samples with the lift-out
technique. The angle between the SEM column and the FIB column is 54° for the used
instrument. The sample orientation during milling is shown with respect to SEM and FIB
column in Figure 9. The x-axis of the images is undistorted, because the tilt axis of the sample
stage is along the x-axis. Distances in the y-direction on the images obtained are to be
multiplied by 1/sin(54°) to obtain the real length, which is due to the geometry of SEM, FIB
and sample to each other (Figure 9).

observed
surface

Figure 9: Geometry of SEM and FIB column in the NVision 40 workstation from Zeiss. The
sample orientation is shown for polishing of transverse sections.

Increasing the beam current to several nA increases the amount of material removed per
second, however the damage caused by the impinging ion beam is also increased [257].



Materials and methods 45

3.3.5.1 FIB transverse sections

The FIB technique allows preparing transverse sections of the oxide at specific sites. This
permits the direct correlation of features in the section with features on the surface. The
sections were made perpendicular to the oxide surface. From those transverse sections the
oxide thickness and variation of the oxide thickness were determined by milling sections at
different positions on the samples and polishing the studied face. The large size of the
sections obtained and their high number allows having a good statistics for the observations.

The FIB preparation method was used for the transverse sections instead of the standard
mechanical polishing procedure, which caused damage to the oxide scale and provided less
observable details in the sections compared to the FIB made sections. Sections were made
perpendicular to the sample surface (Figure 9) with a 6 nA beam current, decreasing the beam
current down to 150 pA for the final polish of the transverse sections.

3.3.5.2 TEM lamella preparation with the lift-out technique

TEM lamellas of oxidised samples were prepared using the lift-out technique. For this
preparation technique first a region of interest is selected in SEM mode to avoid damage of
the sample by ion irradiation and implantation. The preparation procedure is shown at several
stages in Figure 10, starting with the deposited protective layer and finishing with the
electron-transparent specimen.

The region of interest is protected with a strip of platinum by electron beam assisted
deposition of a precursor gas from a gas injection system. Then the sample is tilted with its
surface perpendicular to the ion beam. The protective strip is thickened to a total platinum
thickness of 1 um by ion beam assisted deposition, for which the ion current should not
exceed 4 pA/um? and a pixel fill factor of 50% (corresponding to a 50% coverage of the
sputtered area with Ga ions). The strip is then thickened to approximately 3 um by deposition
of carbon on top of the platinum (Figure 10a).

Figure 10: TEM lamella preparation by lift-out technique. Steps from platinum/carbon strip
deposition, milling trenches, welding to micromanipulator and TEM grid and thinning to
electron transparency are shown. M marks the micromanipulator and G the post on TEM
grid. Scale bars represent 5 pm.
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Trenches were milled on three sides of the TEM specimen, starting with 6.5 nA (only for
very large samples 13 nA for the coarse trenches were used) and reducing the current to
1.5 nA close to the deposited strip (remaining thickness 2-3 um) (Figure 10b). After tilting the
sample surface perpendicular to the electron beam, the bottom of the TEM specimen is milled
free with an approximately 0.5 pum wide rectangular pattern with an ion beam of 1.5 nA
(Figure 10c — milling position indicated by two white arrows). The trenches parallel to the
TEM specimen should be wide enough to allow good access to the bottom of the specimen for
the cut underneath the lift-out specimen. The removal of the material underneath should be
confirmed by tilting and observation before the lift-out procedure, otherwise the weld to the
micromanipulator can break and the specimen is irretrievable. The micromanipulator
(Kleindiek) is brought close to the specimen and welded to it by carbon deposition on the side
of the specimen and the touching micromanipulator (Figure 10d) (40/80 pA with a deposition
area of at least 2x3 um). The last side of the lift-out specimen connected to the sample is
milled free (1.5 nA ion beam current) and the specimen is transferred to a pole of the TEM-
grid, to which it is welded by carbon deposition. The specimen is milled free from the
micromanipulator (Figure 10e) and the opposite side is also welded to the TEM-grid to assure
good adhesion.

The TEM specimen is thinned from both sides to electron transparency (Figure 10f) by
milling with ion beam currents from 750 pA down to 80 pA with the specimen tilted up to 2°
off the ion beam direction to obtain as parallel sides as possible, and thus avoid a wedge
shaped specimen with a strong thickness increase from the top to the bottom of the TEM
lamella (Figure 11). Depending on the height of the final TEM lamella, its tilt off the ion
beam direction needs to be adjusted (for thick oxides 1.5° off can be already sufficient. It is
important to avoid milling holes in the sample, especially close to the metal-oxide interface,
as this region is of interest and the metal is milled faster than the oxide.

1-2°

- lamella

Figure 11: Sample orientation to 2° off the ion beam during thinning to electron transparency
to obtain parallel sides (angle is exaggerated!).

The final polish of TEM lamella was done by tilting the lamella 6° off the ion beam
direction and milling with a broad ion beam at 2 kV acceleration voltage and 60 pA beam
current on the thinned region to remove the amorphous layer formed by the higher energy ion
milling.
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e
1M1
Figure 12: Stages of FIB TEM sample preparation and characterization for Zr1%Fe oxidized
in situ: | Selection in SEM and protection with platinum (white frame marks region for
deposition), Il SEM image of FIB thinned TEM specimen and Il dark field contrast of
finished TEM lamella in TEM. The black frame marks the position of the inset.

The difference in information obtained by SEM and TEM is exemplified in Figure 12, in
which the SEM image of the surface, the TEM lamella in SEM and finally in TEM
micrograph are presented. Although the particles on the surface are visible in both
instruments, only the TEM is able to clearly show the microstructure, composition and height
of the iron oxide particles. The analysis of the structure by electron diffraction as well as EDS
for composition and EELS for oxidation state is also performed in TEM.

3.3.6 Preparation of freestanding oxide membranes

To test the mechanical bulk properties of the formed oxide scales with the so called bulge
test (see section 3.4.8 on page 52), the preparation of freestanding oxide membranes was
required. The freestanding zirconia membrane was prepared by electrolytic polishing from
one side to remove the metal in a circular region. The oxide side was protected by a
transparent paraffin film (Parafilm® “M” from American National Can™), which allowed the
use of the automated optical end point detection system. The electrolyte used was a
40%HNO3; 5%HF solution cooled to approximately -22 to -23°C. The light stop value of the
end point detection system was set to a high stop threshold (200 instead of 20 for TEM
sample preparation) to obtain large freestanding membranes. This was possible as the oxide
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films in the thickness range of not more than few microns are still transparent for the infrared
light used for the end point detection system.

However, this preparation technique has some drawbacks: the holes are not perfectly
circular, the metal support at the membrane fringe is thin, and so the mechanical boundary of
membrane is not well defined. A possible mechanical damage of the oxide by the electrolyte
jet cannot be excluded and the membrane does not have a homogeneous thickness, since the
oxide is thinner in the centre of the film.

U

metal paraffin film

ﬁ oxide

electrolyte jet

Figure 13: Sample preparation for bulge test by electrolytic polishing with oxide side
protected by transparent paraffin film.
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3.4 Characterisation methods

The applied experimental methods allow the characterisation of a variety of properties of
the studied oxidised alloys. The different employed experimental methods will be described
shortly together with the applied characterisation procedures. Details are provided for non-
standard techniques and parameters specific for the studied material system.

3.4.1 Atomic force microscopy

Atomic force microscopy (AFM) is applied for surface topography analysis [258]. A tip
with a radius of curvature in the order of nanometres is scanned over the surface and the
surface height is recorded, providing data about surface roughness and height differences.

Atomic force measurements of the surface were performed on a Digital Instrument
Nanoscope Illa at CSEM in Neuchéatel. For the surface topography scans a silicon tip was
used in tapping mode at ambient temperature. The scanning speed for recorded scans was
chosen to result in less than 1 nm deviation of the height profiles between forward and
backward scan. The scanning resolution of points of interest was 254x254 points, for
selecting regions of interest a scanning resolution of 128x128 pixels and a higher scan rate
were used. The size of the scanned area ranged from 700x700 nm to 80x80 um, covering the
local and general surface topography of the investigated samples.

3.4.2 Scanning electron microscopy

In the scanning electron microscope (SEM) a focused electron beam is scanned over the
surface of the sample [259]. The signals generated are recorded with respect to the beam
position and contain compositional and topographical information. The effective acceleration
voltage applied to the electrons can be tuned from few hundred Volts to 30 kV. Depending on
the acceleration voltage and the selected detector, the recorded signal is generated very close
to the surface (low acceleration voltage) or from a region in the range of up to some
micrometers in depth from the surface at 30 kV.

The SEM installed on the NVision 40 (Gemini column from Zeiss) at PSI equipped with
the INCA EDS system from Oxford Instruments was used for imaging the sample surface and
transverse sections and local chemical analysis. The applied acceleration voltage was usually
5kV for minimised charging and optimal surface sensitivity. For EDS analysis this
acceleration voltage is sufficient if no quantitative analysis is intended. The point analysis was
used to verify the presence of precipitates in areas intended to be examined in FIB transverse
sections and for TEM sample preparation.

3.4.3 Environmental scanning electron microscopy

The Environmental Scanning Electron Microscope (ESEM) is a specially adapted SEM
with pressure limiting apertures, which allow to vary the pressure in the specimen chamber
considerably above the vacuum levels required in normal SEMs [260, 261]. Using the ESEM
in combination with a heating stage allows the study of corrosion processes at higher
temperatures. The purged gas (e.g. water vapour) can together with heating stage be used to
study high temperature corrosion processes. The in situ oxidation experiments were
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performed in the Philips XL30 ESEM-FEG equipped with an EDAX micro-analyzer (energy
dispersive x-ray analysis system) at CSEM.

3.4.4 Transmission electron microscopy

In the transmission electron microscope (TEM) [262] information about the investigated
material is obtained from electrons transmitted through a thin specimen (less than ca. 150
nm), interacting with the specimen as they pass through. The transmitted electrons are used
for imaging, diffraction analysis and chemical analysis, EDS and electron energy loss
spectroscopy (EELS). The power of the TEM is in its resolution down to the sub-nanometre
level together with structural and chemical information.

The TEM characterisation was performed on the JEOL 2010 at PSI operated with an
acceleration voltage of 200 keV. The TEM is equipped with a LaBg filament, an INCA EDS
system by Oxford Instruments and a post column electron energy loss spectrometer (EELS).
Three different image recording devices are available: negatives, a STEM detector and a CCD
camera with 4008 x 2672 pixel resolution (Orius from GATAN [263]). The energy resolution
of the EDS detector is 132 eV. The tilt range along the specimen holder axis is + 30°. The
TEM specimen holders used were either single tilt or a low background Be double-tilt sample
holder in case EDS measurements were performed. Except the beryllium holder, all other
available sample holders resulted in a background signal containing iron and chromium, being
therefore not used when experiments for quantitative results of iron and chromium were
planned. In the following the characterisation procedures is described for precipitate analysis
on electro-polished samples and of oxide scales containing precipitates.

3.4.4.1 Precipitate analysis on electro-polished samples

For the precipitate size analysis of the different alloys a number of negatives was acquired
at 40k magnification. The scanned images were then analysed in the image treatment software
LINCE [264], with the precipitate diameter being measured in two orthogonal directions
(Figure 14). From these data the corresponding circular diameter was calculated and the
resulting size distributions plotted as histogram. The size range represented by one bar in the
histogram was chosen according to the overall precipitate size range for the material of
interest (e.g. 10 nm for Zr1%Cr and 50 nm for Zr1%Ni).

Figure 14: Example of Zr1%Ni for the precipitate size determination from TEM micrographs.
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3.4.4.2 Characterisation of oxide scale and precipitates

Detailed characterisation of precipitate structure and oxygen content was performed by
TEM using imaging, diffraction and chemical analysis (EDS). The location of the larger
precipitates in TEM specimens prepared with the FIB is already known from the preparation
(Figure 12), so that the features of interest (oxidised precipitates, precipitates at the metal-
oxide interface, etc.) can be directly located and investigated. For the large precipitates the
local microstructure in the precipitate and its surrounding is of interest, using electron
diffraction and EDS, the metal-oxide interface is localised and the precipitate analysed on
both sides of the interface.

Smaller precipitates in the oxide scale can be difficult to observe, as their size is similar to
the matrix oxide grain size. For these precipitates tilting can improve the contrast, their
presence needs to be validated by EDS point analysis, as the microstructural features observed
often cannot be unambiguously identified as precipitates without additional information and
electron diffraction on such small objects without matrix contribution is very difficult.

The change of the oxygen content of the material at the metal-oxide interface is
investigated by performing chemical point analyses from the oxide to the metal. To obtain
information about the lateral distribution of alloying elements for example at the metal-oxide
interface and at the surface, EDS mapping is carried out. Additional to qualitative and
quantitative information of points of interest EDS point analyses are also used to asses the
level of gallium contamination from the FIB milling process to judge the validity of the
findings. The milling direction in the FIB during sample preparation has to be considered to
differentiate between milling induced artefacts and features originally present in the
specimen.

3.4.5 Energy dispersive x-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDS) is applied in both SEM [259] and TEM [262]
for chemical analysis. Of interest for this analysis technique are the characteristic x-rays
which have a specific energy for the element from which they are emitted. The characteristic
x-ray lines can be used to map the distribution of different elements in the sample and to
quantify the elements present.

The INCA EDS system from Oxford Instruments was installed on both SEM and TEM at
PSI. On both microscopes point analysis, line scans and mapping of elemental distributions
are possible. On the TEM the EDS software requires the specimen thickness and density as
input for quantification. On the SEM measurements with known standards under the same
conditions are necessary to allow quantitative analysis.

3.4.6 Microhardness

Indentation hardness testing is the most often applied method for hardness measurements.
The basic principle of indentation hardness testing is the observation of the investigated
material's ability to resist plastic deformation from a standardised indenter. The Vickers test
can be used for all metals and many other materials and covers one the widest hardness range
of all hardness tests.
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For the microhardness test, performed with the MHT-4 microhardness tester mounted on
the optical microscope (Jenaphot 2000 by Zeiss) in the hotlab of PSI, the following procedure
was applied: the load was increased with 0.01 N/s until the final load of 0.1 N was reached
and then the load was hold for 10 s at this level and then released. The indent diagonals were
measured manually on a digital image recorded by the camera and converted into the
corresponding Vickers hardness (HV).

3.4.7 Nanoindentation

The nanoindenter (Nano G200 by MTS Nano Instruments) can determine the hardness and
other mechanical properties of samples such as Young’s modulus [265]. Different indenters
can be mounted, for the performed experiments a Vickers indenter was chosen. The Young’s
modulus is determined by the slope of the force versus indentation depth curve for the
retraction of the indenter. Continuous Young’s modulus versus indentation depth curves [266]
can be obtained by superposition of the general applied indentation force with a small force
oscillation, orders of magnitude below the indentation force. The experimental data were
automatically acquired and processed by the MTS software according to the chosen test
procedure.

3.4.8 Bulge test

The so-called bulge test is a method to determine the mechanical properties of a
freestanding circular thin film supported on a substrate [267, 268]. The test principle is the
following: on a freestanding circular thin film a uniform pressure is applied from the back
side and the corresponding bulge height is measured.

In the set-up used the bulge height is determined by scans of the freestanding circular thin
film and its surrounding with a laser interference microscope. Acquiring several pressure
bulge height pairs and applying Equation 4 to a least-squares fit of the resulting curve, the
modulus of elasticity (E) and the residual stress (oo) in the thin film can be obtained. The
requirements for this equation to be valid is a real circularity of the freestanding membrane
and that only the membrane deforms, otherwise the mechanical properties of the compound of
thin film and substrate are analyzed. In Equation 4 p stands for pressure, v for Poisson’s ratio,
E for modulus of elasticity, sO for the residual stress, tO for the initial membrane thickness, r
for membrane radius and z for bulge height.

_8(1-0.240)Et,2° | dot,r’z
1-ov)r2+2?)f (r2+2%f
Equation 4: Relationship between applied pressure and parameters of the tested membrane .
[269]

To obtain reliable data with this experimental method, the surface should be as smooth as
possible and the film should exhibit a well defined thickness beside the above mentioned
requirements.

For the bulge test the sample is clamped with the freestanding membrane centred in a
specimen holder with a pressure inlet on the bottom of the sample. The surface at the
freestanding membrane and around the membrane is scanned with an optical interferometer
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(Wyko NT1100 Optical Profiling System by Veeco [270]) using a tungsten halogen lamp.
The diameter of the circular freestanding membrane should be maximum 1 mm to have
coverage of a sufficiently large region around the membrane for the height measurement. The
height of the bulge on the surface is measured by tuning the focal depth and acquiring
interference images with the microscope mounted above the specimen (Figure 15).

interference
microscope

/ clamp
z

membrane
chip
seal

base plate

Pressure, p

Figure 15: Experimental set-up for bulge test with z being the bulge height — courtesy [269].

Those images are converted by the Wyko Vision software [270] into 3D height profiles of
the surface for each scan. The pressure supply is regulated by a pressure gauge, allowing the
application of a controlled overpressure, with respect to atmospheric pressure. Starting from
ambient pressure, the pressure is raised in steps of few millibars, after each pressure change a
height profile of the surface is acquired with the interference microscope, resulting in
overpressure versus bulge height data sets (Figure 16).
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Figure 16: Height profile as obtained from interference microscope and corresponding
section in x-direction as obtained by the Veeco Vision software [270].
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4 Characterisation of as received material and
oxidation experiments

4.1 Characterisation of precipitates in as received material

In this chapter the experimental results obtained using the different methods described in
the previous chapter will be presented. The results are classified into microstructural findings
concerning the precipitate oxidation and mechanical properties of the formed zirconia. The
microstructural information is presented for the oxidation conditions for the analysed
materials, to allow a better overview of the obtained results. Within each section the results
are presented for each alloy and then compared with each other, with a short discussion of the
reliability of the results for each section.

4.1.1 Precipitate size

Precipitate sizes for the investigated materials have been reported in the paper of Barberis
et al. [10]. A precipitate size analysis on electro-polished TEM samples was performed.
Materials oxidised in air were used for this analysis. In Table 8 the results for the precipitate
size distribution are presented.

Table 8: Precipitate size from electro-polished TEM samples. Metal grain size data except for
Zr0.6%Nb from [10].

Zri%Fe  Zri%Ni Zr1%Cr aZ”r”lf,Z'Ce? 210.6%Nb
average precipitate diameter / 261 959 35 89 47
nm

standard deviation / nm 229 120 17 40 24

median / nm 167 240 30 80 43

minimum diameter / nm 23 31 9 23 10

maximum diameter / nm 861 597 126 282 145

number of measured 111 109 624 293 286
precipitates

average metal grain size / um 3.1 4.6 5.2 - 44

standard deviation / pm 1.0 2.2 29 - 1.6

number of measured grains - - - - 55

Comparing them with the data provided by Barberis et al. [10], the data matched well for
Zr1%Ni, 252 nm from our analysis to 249 nm. For Zr1%Fe (261 nm / 395 nm) and Zr1%Cr
(35 nm / 56 nm) they deviated from the given values. For Zr1%Fe the results on the electro-
polished TEM sample showed a peak of the precipitate size around 100 nm diameter with an
asymmetric distribution exhibiting a tail towards large precipitate diameters (Figure 17),
while for Zr1%Ni with a similar average precipitate diameter the overall size range is not as
broad and the median diameter is close to the average diameter. For the precipitates in
Zr1%Cr the difference in average diameter of 56 nm (our value was 35 nm) is most probably
due to the different methods for their precipitate size analysis (SEM [10] and not TEM), the
detection limit (see [271]) was reported to be ~50 nm, which explains the reported average
diameter. For Zr0.6%Nb no information was provided by CEZUS for the precipitate size and
type, the analysis showed a peak of the precipitate size distribution around 40 nm with an
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asymmetric tail towards larger precipitate diameters.
Plots of the precipitate size distribution for Zr1%Fe and Zr1%Ni are provided in Figure 17,
showing the broader size range of the Zrs;Fe precipitates compared to the Zr,Ni precipitates.

25%

20% - ]
] O Zr1%Fe 111 SPPs
0O Zr1%Ni 109 SPPs

15% — -

10% + M

fraction of precipitates

5% -

ROl AT IR nARD -

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900

equivalent circular diameter / nm

Figure 17: Precipitate size distribution for Zr1%Fe and Zr1%Ni. Fraction of precipitate
falling in a certain size range (50 nm) is plotted against the equivalent circular diameter.

In Figure 18 the corresponding plots are shown for ZrCr, and B-Nb precipitates. The ZrCr;
precipitates exhibit a higher fraction of small precipitates than the B-Nb precipitates, whose
size distribution is also broader, being reflected by the larger standard deviation of the
precipitate size (Table 8).

To be able to study the oxidation behaviour of the precipitates in Zr1%Cr in the oxide and
at the surface, larger precipitates than those present in the provided material were required, as
the small precipitates could not be unambiguously identified at the surface and no distinction
of oxidised and unoxidized precipitate parts was possible. Therefore an annealing treatment at
730°C for 48 hours was performed under argon atmosphere in a retort furnace (CP 1050-3-P2
by Borel [254]), which led to a significant increase in precipitate size (Table 8), allowing the
study of precipitate oxidation close to the outer surface and the influence of precipitate size on
the oxidation behaviour.
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Figure 18: Precipitate size distribution for Zr1%Cr and Zr0.6%Nb. Fraction of precipitate
falling in a certain size range (10 nm) is plotted against the equivalent circular diameter.

4.1.2 Precipitate composition

The precipitate composition was evaluated on different types of TEM samples, as different
preparation methods can produce different artefacts. The preparation procedures used for
those samples on which precipitate composition was checked with EDS were electro-polished
samples and focussed ion beam milled samples.

The criteria by which precipitates were selected for this analysis were a) large size and
b) as far as possible in thin regions of the TEM thin foil sample. Only large precipitates were
selected for TEM studies to assure full presence of the precipitate in the TEM thin foil,
therefore in the case of Zr1%Cr the annealed sample was taken, for the other alloys the as
received material.

Table 9: Ratio of zirconium to alloying element content in precipitates, as determined by EDS
measurements on electro-polished and FIB samples. Quantification performed using default
line selection of the INCA software (Fe, Cr and Ni K-line and Zr and Nb L-line). Precipitate
type was identified by electron diffraction by Cezus [10]. In Table 10 the ratio of zirconium to
alloying element content in precipitates is shown for quantification with Zr-K and alloying
element K-line.

alloy precipitate type  crystal structure  alloying element  Zr at.% Zr/alloying
at% element ratio
Zr1%Fe ZrsFe orthorhombic 14.2 57.5 4.0
Zr1%Ni ZroNi tetragonal 23.8 57.8 2.4
Zr1%Cr ZrCry cubic 57.1 38.7 0.68
Zr0.6%Nb B-Nb bcc 50.2 12.7 0.25

The quantification with the Zr L-line and the K-lines of the alloying elements Fe, Cr and
Ni leads to considerably sub-stoichiometric precipitate compositions for these alloying
elements, when comparing the obtained precipitate compositions with the ones generally
assumed for the intermetallic phases. These alloying elements have considerably lower
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energies when their x-ray lines originating from the same shell are compared with the x-ray
lines of Zr.

Only for Nb the quantification yields results matching the expected Zr/Nb ratio. Zr and Nb
have similar line energies and therefore the default selection of x-ray lines for quantification
does not seem to cause problems, as the L-lines of both elements are used. Therefore only for
the Nb containing precipitates the quantitative information is reliable with the limitation
inferred by the precipitate size (excess Zr signal from surrounding matrix for small
precipitates. The presence of B-Nb precipitates can be assumed, although other precipitates
with lower Nb contents cannot be excluded due to the small size. The Zr/Nb ratio of 0.25
(Table 9) agrees quite well with B-Nb with approximately 80 at.%Nb and 20 at.%Zr. This was
the most Nb rich single measurement, other measurements gave considerably lower Nb
contents.

Table 10: Ratio of zirconium to alloying element content in precipitates as determined by

EDS measurements on electro-polished and FIB samples with quantification using Zr-K and
alloying element K-line (average of several precipitates).

alloy Precipitate type alloying element at% Zr at.% Zr/alloying element
Zr1%Fe ZrsFe 18.1 48.7 2.7
Zr1%Ni Zr,Ni 29.5 54.7 1.9
Zr1%Cr ZrCr, 65.3 30.1 0.46

Taking the obtained zirconium to alloying element ratios from EDS measurements with the
K-lines of both zirconium and the alloying elements (Fe, Cr and Ni) for quantification into
account, it can be stated that for electro-polished and FIB samples (Table 10):

= in the Fe containing alloy the precipitates have a zirconium to alloying element
ratio around 2.7, which corresponds quite well to the reported intermetallic ZrsFe,
also for this type of precipitates no interference of the matrix.

= in the Ni containing alloy the precipitates have a zirconium to alloying element
ratio around 1.9, which corresponds quite well to the reported Zr,Ni phase beside
pure Zr in the composition range of interest. As large precipitates were analysed,
the precipitate composition is considered to correspond to a signal purely from the
precipitate.

= in the Cr containing alloy the precipitates have a zirconium to alloying element
ratio around 0.46, which corresponds quite well to the reported intermetallic ZrCro,
also for this type of precipitates no contribution of the matrix to the measured
signal was expected (for annealed Zr1%Cr sample).
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4.2 Oxidation experiments

The samples supplied by CEZUS [10], see column 1-3 in Table 11, cover oxidation in air
and steam at 415°C and in the case of steam two different pressures. As the early stages of
oxidation were of interest and no data were available, the oxidation in the environmental
scanning electron microscope (ESEM) was selected for in situ experiments at low pressure
and for short times (column 4&5 in Table 11), because this type of experiments enables the
observation of the surface during the oxidation, so that the evolution of the surface with time
Is obtained. In addition to this oxidation experiments in steam at 10.5 MPa for times between
1 hour and 3 days (column 6-8 in Table 11) were performed in a small autoclave at PSI [272].

The in situ experiments in the ESEM enabled the observation of the surface during the
oxidation and with oxidation pressures much lower than those accessible under normal
autoclave conditions. The short time autoclave tests were performed in order to obtain data on
the oxide formation during early stages of oxidation at high pressures.

In addition to the binary alloys and pure zirconium additionally Zircaloy-2 was included
for some oxidation conditions so as to compare the precipitate oxidation behaviour of this
commercial alloy with that of the binary alloys.

Table 11: Overview of all available samples with their oxide thickness given in um. The oxide
thickness of samples provided by CEZUS [10] (column 1-3 in grey) was determined from
weight gain. The other samples were obtained from in situ experiments at CSEM (4-5) and
autoclave oxidation experiments at PSI (6-8) and their oxide thickness has been measured on
transverse sections (FIB or mechanically polished). This table is identical to Table 7 on page
39.

Average oxide thickness / um
air steam

oxidation oxidation

Alloy CEZUS CEZUS
3 days 3 days 110 days 1 hour 1 hour 1 hour 1 day 3 days
415°C 415°C 415°C 415°C 700°C 415°C 415°C 415°C

0.1MPa 0.1MPa 105MPa 130Pa 130Pa  105MPa 10.5MPa 10.5 MPa

In situ ESEM in steam oxidation at PSlI
Neuchatel Limbo 350 autoclave

Zr0.2%Fe 0.67 1.61 4.19 — — 0.42 1.08 —
Zr1%Fe 1.01 1.37 5.00 0.32 3.2 0.62 1.14 1.53
Zr1%Cr 0.79 1.08 4.23 0.35 2.7 0.52 0.94 1.28
Zr1%Ni 0.93 1.26 4.15 0.41 2.8 0.49 — —

Zr0.6%Nb 6.02 2.58 — 0.34 3.2 0.40 — —

(55 days) (40 days)
Pure Zr 0.63 412 — 0.27 2.4 0.62 0.88 —
Zry-2 — — — — — 0.40 1.15 —
Zry-4 6.36

4.2.1 In situ oxidation in ESEM

In the frame of the in situ oxidation experiments oxide thickness and the roughness of the
oxide surface were measured and features of interest on the surface characterised. The results
of the different characterisation techniques are presented in chapter 5, summarised in Table 12
on page 86.
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4.2.2 Autoclave oxidation

The autoclave oxidation of small test specimens was performed in a Limbo 350 autoclave
from BuchiGlasUster [253] at PSI. The temperature was raised as fast as possible to the
desired oxidation temperature, with the pressure being regulated to remain within the 100-
110 bar range. After the planned time at the oxidation conditions (1 h, 24 h and 72 h) the
heating was switched off and the autoclave left to cool down to room temperature without
external cooling, which took several hours (Figure 8). The results of these autoclave oxidation
experiments were reported in more details in the master thesis report of Bhadri N.L. Srinivas
[272]. Micrographs of Zr,(Fe,Ni) precipitates at the metal-oxide interface and in the oxide
from these experiments are presented in section 8.2.1.

4.2.3 Furnace oxidation in air

The furnace oxidation in air at 415°C was applied to Zr1%Cr (annealed) and Zr1%Ni for
1 hour and to Zr1%Cr (annealed) and Zrl%Fe for 24 hours. The aim of these oxidation
experiments was in the case of Zrl%Cr and Zr1%Ni to observe the different oxidation
behaviour of samples with neutral diamond slurry polish as last polishing step and samples
polished with a basic solution in the Vibratory polisher . The 24 hour oxidation experiments
were performed to judge if a formation of alloying element oxide at the surface takes place
without water vapour in the atmosphere and if the amount of alloying element oxide was
increased with respect to shorter oxidation times. The observations of the surface and the
microstructure for these samples are presented in section 8.1.2.
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5 Microstructure of in situ oxidised alloys

5.1 In situ oxidation at 415°C

The in situ oxidation experiments at 415°C were performed to obtain experimental insight
into the early stage of oxidation for the same temperature at which the autoclave experiments
were conducted and observe the surface evolution and possible crack formation. The
observation of the oxidation process in the ESEM allowed also determining the time scale of
processes taking place, which is otherwise impossible for corrosion experiments and very
short oxidation times. In the following the results will be presented for each type of alloy. The
images acquired during the in situ experiments are presented for all cases except for Zr1%Cr
as received.

5.1.1 Zr1%Fe

5.1.1.1 In situ oxidation

Before the oxidation some precipitates were already visible with the GSE detector (Figure
19a), showing that these precipitates are in contact with the outer surface. Those precipitates
being visible before the oxidation experiment exhibited a much brighter contrast and were
therefore well distinguishable on the oxidising sample (Figure 19b) during the first minutes of
the experiment. The evolution of the surface concerning these features is almost complete
after 14 minutes at 415°C (Figure 19b), with only few more precipitates appearing after that
time (Figure 19b-c). After this oxidation time the evolution of small particles showing a
bright contrast on the larger features can be observed to develop with oxidation time, which
can be confirmed by the comparison of images taken after 14 and 54 minutes of in situ
oxidation (Figure 19b-c); two such particles are marked on the inset of Figure 19c with
arrows. The subsequent cooling process does not lead to significant surface changes (Figure
19d). It should be noted that the size of the large features remained relatively constant
throughout the oxidation process and only their visibility increased with time. The size of the
small particles on top of the features increased with oxidation time and they were not
observed at the beginning of the experiment. The presence of cracks was not observed during
the in situ oxidation and during cooling to room temperature.
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Figure 19: The GSE images of Zr1%Fe oxidised at 415 °C show the surface (a) as observed
before oxidation, (b) in situ after 14 minutes, (c) in situ after 54 minutes, (d) after cooling
down to room temperature. Insets show regions imaged at higher magnification. All scale
bars correspond to 5 um.

5.1.1.2 Atomic force microscopy

To quantify the changes taking place on the surface, the surface roughness of the oxidised
surface was compared with the roughness of the polished surface as obtained by AFM surface
profiles. This comparison confirmed a surface roughening during the oxidation process, as the
roughness mean square of the surface increased from 3.9 nm before to 21.2 nm after oxidation
(Figure 20). The local change in surface topography before and after oxidation is presented in
Figure 20 for Zr1%Fe. The features observed in AFM before oxidation, two being marked
with arrows in Figure 20a, cannot be linked to the presence of precipitates (i.e. black arrows
in Figure 20a and same positions in Figure 20b). This can be concluded from the direct
comparison of AFM profiles acquired from the same region of the polished and oxidised
surface.

The sections of the surface profiles on Zrl%Fe presented in Figure 20c&d reveals the
drastical change in surface topography during the first hour of oxidation, the location of the
sections is indicated in Figure 20a&b. Before oxidation at 415°C, no protrusions higher than
4 nm are present in this section: after oxidation the two observed protrusions have been
measured to be 70 nm high. A saturation is assumed, as no disctincet change of the features is
observed in the ESEM after some time (Figure 20b&c). The average height of the protrusions
after oxidation for 1 hour has been measured on 10 AFM profiles to be ~68 nm (Table 12).
Sufficient statistics cannot be obtained from this number of profiles and the reported height is
to be compared to the results obtained for the other materials under similar conditions.



Microstructure of in situ oxidised alloys 63

“a

Figure 20: AFM surface profile on Zr1%Fe (a) polished surface at room temperature(lower
resolution than (b)), (b) same region after oxidation and cooling to room temperature. The
AFM line profiles (c) and (d) represent the sections marked on the surface profiles (a) and (b)
respectively.

5.1.1.3 SEM and EDS after oxidation

The mean diameter of the features on the surface was determined to be ~1 um, the largest
observed being 1.8 um. Beacuse the features observed are not perfectly circular, the given
diameters are average diameters for corresponding circular features.

In Figure 21 an example for the characterisation of the features developed during oxidation
on the surface of Zr1%pFe is shown. EDS point analyses after cooling confirmed the presence
of Fe at the positions of features on the surface, while beside them no Fe was detected. The
majority of protrusions exhibit only some small particles (Figure 21a and Figure 20b); while
some are densely covered with crystals of up to 100 nm in diameter (Figure 21b). The EDS
analysis of these crystals shows a higher Fe signal in comparison with protrusions without
crystals. The presence of features appearing during the in situ oxidation at the surface was
subsequently linked to precipitates for Zr1%Fe using EDS point analyses and EDS mapping.

Comparing Figure 20 and Figure 21 showing the same position on the sample surface, it
can be concluded that the features observed in SEM correspond to the protrusions observed in
AFM.
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Figure 21: SEM micrographs of features on the oxidised surface of Zr1%Fe as observed with
SE detector. The regions marked (a & b) are presented at higher magnification in (a) and (b)
respectively.

The regions with presence of iron on the EDS map (Figure 22) were well correlated to the
presence of features on the surface observed on the SEM image. However, some regions in
which the presence of iron was observed did not exhibit features visible on the surface. To
check the information depth of the EDS signal obtained at 20 kV acceleration voltage,
simulations of the electron trajectories in the material were made using CASINO V2.42 [273].
CASINO is a Monte Carlo simulation software for the electron trajectories and generated X-
rays in matter. The penetration depth of 20 keV electrons into Zr was calculated to be up to
1 um, electrons having 4% of the original energy in that depth, and the X-ray from the K-line
of Fe, Cr and Ni will escape from a maximum depth of 730 nm (90% of overall signal). The
oxide thickness on Zr1%Fe is ~ 320 nm (Table 12) and the oxide density (5.6 g/cm?) is lower
than the density of zirconium metal (6.5 g/cm?), so the escape depth is higher than the values
given above. The detected EDS signal can therefore originate from precipitates underneath the
oxide layer, which will not be observable at the outer surface but on the EDS map.

Figure 22: Zr1%Fe oxidised for 1 hour at 415 °C (a) SE image (b) EDS map of Fe K-edge.
Arrows indicate regions with iron signal with no feature at the surface.

5.1.1.4 FIB transverse sections

The protrusions on the surface correspond to the underlying precipitates as shown by EDS,
which can also be confirmed on FIB transverse sections, on which positions with protrusions
on the surface are always connected to regions underneath identified as precipitates, which is
shown in Figure 23 by the black arrow in the FIB transverse section (precipitate) and the
white arrow on the oxide surface (protrusion). The bright contrast of the edge is due to the
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FIB milling and the edge effect and can be minimised by the use of low milling currents. The
oxide thickness appears to be homogeneous throughout the whole sample, a similar oxide
thickness was observed at different locations on the oxide. The metal-oxide interface is
undulated and the amplitude of the undulation is often higher at the sites of oxidised
precipitates.

oxide surface

Ccross-section

Figure 23: FIB transverse section of Zr1%Fe sample. In this section features on the surface
(white arrows) can be directly linked to the underlying precipitates (black arrows).

5.1.1.5 Transmission electron microscopy

Further characterisation of the metal-oxide interface and the precipitates was performed by
TEM to obtain microstructural and chemical information at higher resolution than in the
SEM.

A TEM transverse section of oxidised Zr1%Fe is presented in Figure 24. The oxide layer
on the matrix and the thicker oxide at oxidised precipitates in contact with the outer surface
can be well distinguished in the dark field contrast of the oxide; arrows depict the metal-oxide
interface. A closer examination of the oxide microstructure at the oxidised precipitate
revealed a fine-grained, equiaxed oxide. The pure zirconia formed on the zirconium matrix
has a columnar grain structure.

The nature of crystals formed on the surface at the protrusions (as shown in Figure 20b and
Figure 21c) has been examined on a TEM sample prepared with special care to protect the
outer surface on the site of the crystals. Figure 24a shows this TEM sample and Figure 24b
the crystals with heights between 25 and 55 nm present at the surface above an oxidised
precipitate. The electron diffraction pattern of the iron oxide crystal (Figure 24 I) marked with
an D in Figure 24b exhibits a well defined pattern which could be identified as a [0-22] zone-
axis of a cubic structure (magnetite a = 0.83950 nm [274] / maghemite a = 0.8347 nm [275])
with 111, 200 and 113 spots present, quite different to the diffraction obtained from the
underlying oxidised precipitate (Figure 24 11).

For precipitates underneath the outer surface (Figure 25) the observed oxidation is similar
to the surrounding zirconium matrix, the oxidised part exhibits a similar small grained
equiaxed oxide microstructure as observed also for those precipitates in contact with the
original surface.
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Two types of oxidation behaviour can be observed for the precipitate oxidation in Zr1%Fe:

1. For precipitates in contact with the outer surface the oxide thickness is greater than
on the matrix and the precipitates are oxidised to a larger extent than the matrix
(Figure 24a).

2. For precipitates underneath the original surface observations show an oxidation
more or less similar to the zirconium matrix (Figure 25).

For the precipitates in category 1 iron diffusion to the outer surface and the formation of
iron oxide crystals can be observed for some precipitates. The extent of iron diffusion and
oxide formation is different from one precipitate to another; the parameters being responsible
for this could not be identified. For precipitates falling in category 2 it cannot be excluded that
in their case a certain amount of diffusion takes place also from the precipitates below the
outer surface. Observations clarifying this point have not been made, as all iron oxide crystals
were observed on the aforementioned protrusions, which are related to the precipitates in
contact with the surface. Metallic bcc iron in the oxide at the interface of oxidised precipitate
and zirconia, as reported e.g. by Pecheur et al. [179], has not been observed.

The two categories of precipitate oxidation are also confirmed by the FIB observation of
several tens of precipitates, which showed a thicker oxide if initially in contact with the outer
surface, leading to the formation of oxide undulations at the metal-oxide interface and similar
oxidation similar to the surrounding matrix if not in contact with the surface.

100 nm

Figure 24: (a) Dark field contrast of Zrl%Fe. Oxide interface undulations and surface
protrusions can be observed at the precipitate in contact with the surface (black line as
reference for flat surface). The white arrowheads mark the metal-oxide interface. (b) Bright
field contrast showing iron oxide crystals formed on the oxide surface. (c) EDS spectrum of
crystal in (Figure 24b) at position marked by E. The Cu signal is from the FIB-TEM grid and
the gallium signal from implantation during TEM sample preparation. At E the composition is
63.5 at% O, 34 at.% Fe and 2 at.% Zr and at P 69 at% O, 3.5 at.% Fe and 27 at.% Zr. The
two insets in (a) show the electron diffraction pattern of a iron oxide crystal (I) at position D
and the oxidized precipitate underneath (1) at position P.
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The height of protrusions on the surface caused by oxidised precipitates can be measured
on TEM micrographs, for example in Figure 24a the height of the protrusion is ~ 95 nm
measured on the precipitate with a black line inserted as reference for a flat surface. Height
measurements for precipitates in another region gave a height of ~ 60 nm for the protrusion
(Figure 24b) and additional 55 nm for the thickest iron oxide crystal. These results are in the
same range as the values obtained by AFM for the protrusions (Figure 20d). A comparison of
the two methods shows that in TEM a separation of the protrusion height and the iron oxide
layer above is possible, while in AFM only the total height can be measured and the lateral
extension of the surface oxide protrusions has to be estimated (half of maximum height was
chosen, as this is clearly observable).

The EDS analysis of the TEM samples provided the following information:

The crystals formed at the surface consist of almost pure iron oxide. Only small amounts of
zirconium and gallium have been detected (Figure 24c) for the crystal marked with E in
Figure 24b, the first being due to the width of the electron beam during EDS measurements
and the latter due to contamination from the TEM sample preparation process by FIB.

For precipitates in the oxide, iron and oxygen EDS signals indicated that the precipitates
are oxidised (Fe: 10-15 at.%, O: 60 at.%, Zr 25-30 at.%), electron diffraction confirmed this
observation. Therefore in the case of Zr1%Fe, no metallic precipitate was observed in the
oxide. The precipitate underneath the iron oxide crystals at the surface are depleted in iron,
3.5 at% Fe and 27 at% Zr were detected there.

Precipitates in the underlying metal near the metal-oxide interface showed an oxygen
concentration similar to the surrounding matrix (Fe: 20-30 at.%, O: 10-20 at.%, Zr 50-60 at.%
at precipitate and oxygen in matrix in a similar range at same distance to the metal-oxide
interface). In other words the EDS point line scans in the metallic precipitates showed no
oxygen enrichment with respect to the zirconium matrix.

Figure 25: (a) Dark field contrast and (b) bright field contrast of partially oxidized
precipitate at the metal-oxide interface of Zrl%Fe. Diffraction pattern from the metallic
precipitate shows a [6 2 -4] zone axis of orthorhombic ZrsFe part.

5.1.2 Zr1%Ni with diamond finish

For Zr1%Ni several in situ oxidation experiments were performed for 1 and 2 hours of
oxidation time and also with slightly modified surface preparation. The reason for the higher
number experiments compared to the other materials was the uncertainty about the behaviour
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of Ni in precipitates close to the surface, which was not as obvious as in the case of Zr1%Fe.
Two of the three experiments performed at 415°C were with the same surface preparation as
for Zr1%Fe for 1 and 2 hours oxidation time; the longer oxidation time was chosen in order to
allow more time in case the processes observed on Zr1%Fe were slower on Zr1%Ni.

The third experiment was performed on a sample with an additional finishing with
Vibratory polisher finishing with a slurry (pH 9.5), which resulted in a smoother surface
finish compared to the only diamond polished surface.

As the results of the three experiments are similar for those with similar surface
preparation, the results for the 2 hour oxidation are only presented for additional information
in the part with the results for the 1 hour oxidation with diamond polishing as finish.

5.1.2.1 In situ oxidation

For Zr1%Ni the features visible before oxidation in SEM are precipitates at the outer
surface (Figure 26a). Comparing the images acquired before (Figure 26a) and during the in
situ oxidation (Figure 26b-c), it can be concluded that these precipitates still remain visible,
but their contrast with respect to the matrix decreases and the changes of the surface during
oxidation are mainly due to the oxidising zirconium matrix. No evolution of the surface can
be observed after the first 13 minutes to 54 minutes of oxidation (Figure 26b-c). The cooling
process did not lead to significant changes on the surface and no crack formation was
observed (Figure 26d).

Figure 26: The images of Zr1%Ni (diamond polish) oxidised at 415 °C show the surface a) as
observed before oxidation (SE detector), after (b) 13 and (c) 54 minutes in situ oxidation and
(d) after cooling, as observed in SEM with the GSE detector. The scale bars correspond to
S5 pm.
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Most changes observed occurred during the first minutes after the start of the oxidation, on
the precipitates no specific changes could be detected. The size distribution of the observed
features remained relatively constant throughout the oxidation process.

A second oxidation experiment was performed for 2 hours to check if the protrusions
would show small crystals on the surface above oxidised precipitates. For protrusions, in
particular the larger ones, cracking of the surface could be observed, which was not the case
after 1 hour of oxidation in the ESEM.

5.1.2.2 Atomic force microscopy

AFM scans revealed protrusions on the oxidised surface of Zr1%Ni. The average height of
these protrusions is 20 nm (Table 12), as shown in Figure 27a. The height variation is
presented (Figure 27b) for a section of the surface topography marked by a line in Figure 27a.
The aspect of the surface oxide between the protrusions is rather flat with small undulations of
the surface. The surface roughness increased after oxidation to twice its original value on the
oxidised Zr1%Ni sample (Table 12), with the roughness mean square increasing from 5.2 nm
before to 10.3 nm after oxidation.
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Figure 27: AFM surface profile (a) of oxidised Zr1%Ni exhibiting protrusions on the surface
sticking out ~20 nm. (b) AFM line profile on Zr1%Ni with RMS of 14 nm, see black line for
the position.

5.1.2.3 SEM and EDS after oxidation

Comparison of SEM images with visible protrusions at the surface and EDS signals
showed for Zr1%Ni a correlation of the Ni rich points with the observed protrusions. Not all
Ni rich regions on the EDS map correspond to a clearly observable protrusion. This vould be
either because some protrusions might not be recognisable, or because the information depth
of the x-rays is deeper than the oxide thickness, showing the presence of precipitates not in
contact with the outer surface.
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Figure 28: Zr1%Ni oxidised for 1 hour at 415 °C (a) SE image (b) EDS map of Ni K-edge.
The scale bar corresponds to 3 pum.

On the protrusions above oxidised Ni-containing precipitates no nickel was observed after
1 and 2 hours of oxidation. The oxide on protrusions after oxidation for 2 hours showed in
some cases cracks, as shown in Figure 29. The protrusions exhibiting cracks at the oxide
surface are also the largest protrusions visible, smaller protrusions have been less frequently
observed to exhibit a cracked oxide surface.

Figure 29: SEM micrograph with cracked oxide on some protrusions on Zr1%Ni (marked
with white arrows) after oxidation in ESEM for 2 hours.

5.1.2.4 FIB transverse sections

For Zr1%Ni higher amplitude of undulation of the metal-oxide interface has been observed
at precipitates in contact with the outer surface. Precipitates not in contact with the outer
surface exhibit an oxide thickness similar to the surrounding matrix at the metal-oxide
interface, in other words, they are not preferentially oxidised. The contrast of the interface
implied a metallic nature on the metal side and an oxidised on the oxide side. For both
observations unambiguous proof can only be obtained in TEM. No specific features on the
surface were correlated to precipitates in contact with the surface on the FIB transverse
sections.
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Figure 30: FIB transverse sections of oxide scale formed on Zr1%Ni. Precipitates at the
metal-oxide interface (black arrow) were not found to be preferentially oxidised.

5.1.2.5 Transmission electron microscopy

A TEM transverse section of oxidised Zr1%Ni is presented in Figure 31. The precipitate at
the metal-oxide interface can be well distinguished in the dark field contrast (Figure 31a), as
well as the other precipitates present in the metal. A closer examination reveals that the
precipitate at the metal-oxide interface (Figure 31b) is not oxidised in those parts in contact
with the metal and the metal-oxide interface shape seems not to be influenced by the presence
of the precipitate. The oxide at the oxidised precipitate is coarse-grained and equiaxed and the
grain size is in the same range as the width of the columnar oxide grains on the matrix. The
oxide layer is columnar and exhibits an undulation of the metal-oxide interface.

The EDS analysis of the TEM samples provided the following information:

Precipitates in the oxide showed nickel and oxygen signals indicating that the precipitates
are oxidised (Ni: 10 at.%, O: 60 at.%, Zr 30 at.%). In the case of Zr1%Ni, no metallic
precipitate was observed in the oxide.

The precipitates in the underlying metal showed an oxygen concentration similar to the
surrounding matrix (Ni: 25 at.%, O: 10 at.%, Zr 65 at.%). In other words the EDS point line
scans in the metallic precipitates showed no oxygen enrichment with respect to the zirconium
matrix.

In the case of Zr1%Ni, no Ni diffusion to the outer surface and formation of pure nickel
oxide could be detected. This implies if any such phenomenon exists, that the diffusion is
much slower than in the case of the Zr-Fe alloy. Another reason could be that evidence for the
presence of Ni at the surface has been missed during the surface examination. The last point is
unlikely, as the TEM samples were prepared at a sufficient distance from the FIB transverse
sections and the surface was protected with platinum by electron assisted deposition.
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Figure 31: Dark field contrast (a) of Zr1%Ni. The precipitate at the metal-oxide interface is
partially oxidised. (b) Bright field contrast of oxide and matrix, showing the unoxidized part
of the Ni containing precipitate present at the metal-oxide interface in dark contrast.

5.1.3 Zr1%Ni with Vibratory polisher finish

The Vibratory polisher was used for the final polishing step of an additional test specimen,
as it results in a smoother surface finish in comparison with the standard polishing method.
However, the basic polishing solution of the Vibratory polisher was found to modify the
surface and attack the precipitates preferentially, in some cases. Thus a difference in
behaviour during oxidation can be observed and it exemplifies the influence of the final
surface treatment before oxidation on the oxidation behaviour of the precipitates close to the
surface.

5.1.3.1 In situ oxidation
For Zr1%Ni polished with the basic silica particles containing solution in the Vibratory
polisher the features visible before oxidation in SEM are precipitates at the outer surface
(Figure 32a). Comparing the images acquired before (Figure 32a) and during the in situ
oxidation (Figure 32b-c), it can be concluded that these precipitates still remain visible, but
their contrast with respect to the matrix decreases.

Figure 32: The images of Zr1%Ni (Vibratory polisher finish) oxidised at 415 °C show the
surface a) as observed before oxidation (Se detector), after (b) 5 and (c) 15 minutes in situ
oxidation (GSE detector) and (d) after cooling, as observed in SEM with the SE detector. The
scale bars correspond to 5 pum.
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As the oxidation time increases those precipitates become more prominent forming
protrusions on the surface. On some of these small oxide crystals appear in the first 15
minutes of oxidation. After 15 minutes no evolution can be observed changing the surface
appearance significantly, which was checked by comparing the images acquired up to
60 minutes and after cooling (Figure 32c-d). The image after oxidation (SE detector) does not
have the same contrast as the GSE detector. During the observation with GSE detector, the
surface did not show any change from high temperature to room temperature and during the
cooling. The cooling process did not lead to significant changes on the surface and no crack
formation was observed in situ due to cooling.

The significant changes were observed during the first minutes after the start of the
oxidation, the reason why some precipitates formed crystals on the surface and the
composition of these crystals could not be clarified during the in situ experiment.

5.1.3.2 Atomic force microscopy

AFM scans revealed protrusions on the oxidised surface of Zr1%Ni. For an example of
such protrusions see Figure 33a and Figure 33c for an overview scan. The height variation at a
protrusion is presented (Figure 33b) for a section of the surface topography marked by a line
in Figure 33a. The aspect of the surface oxide between the protrusions is rather flat with small
undulations of the surface. The vibratory polisher finishing reduces the surface roughness of
the polished surface from 5.2 to 3.0 nm, but the roughness of the oxidised surface is with
12.2 nm higher than for the diamond polished surface (10.2 nm) (Table 12)
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Figure 33: AFM surface profile (a) of oxidised Zr1%Ni (vibratory polisher finish) exhibiting
protrusions on the surface sticking out ~40 nm from the surface. (b) AFM line profile on
Zr1%Ni with RMS of 13 nm, see black line for the position. (c) Overview scan showing a
microindent and the position of the presented scan.
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5.1.3.3 SEM and EDS after oxidation

The surface of the sample polished with the basic silica solution in the Vibratory polisher
exhibited small crystals on protrusions observed in SEM (Figure 34) and cracks in the vicinity
of the protrusions. The small crystals are observed on many but not all protrusions.

Figure 34: SEM micrograph of Zr1%Ni (Vibratory polisher finish) with small crystals
observable on the protrusions and cracks in the vicinity and on protrusions.

5.1.3.4 FIB transverse sections

For Zrl%Ni with the last polishing with Vibratory polisher a higher amplitude of
undulation of the metal-oxide interface has been observed at precipitates in contact with the
outer surface (Figure 35). Precipitates not in contact with the outer surface exhibit an oxide
thickness similar to the surrounding matrix at the metal-oxide interface, they are not
preferentially oxidised.
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Figure 35: FIB transverse sections of oxide scale formed on Zr1%Ni polished with Vibratory
polisher. Precipitates in contact with the surface (white arrows) were found to be
preferentially oxidised.

5.1.3.5 Transmission electron microscopy

A TEM transverse section of oxidised Zr1%Ni (Vibratory polisher finished surface) is
presented in Figure 38a. Thicker oxide than in the surrounding can be observed at the
precipitate in contact with the outer surface. On the surface of the precipitates small crystals
are visible (Figure 38b), consisting of iron oxide as shown by EDS analysis (spectrum in
Figure 38). This iron oxide formation could be caused by a sensitisation to iron diffusion to
the surface from the basic Vibratory polisher finishing. A typical Zr,Ni precipitate exhibits an
average Ni to Fe ratio of 40, corresponding to approximately 0.8 at% Fe in the precipitates
(for a oxygen free precipitate).
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Figure 36: (a) Dark field contrast of oxidized transverse section of Zr1%Ni polished with the
Vibratory polisher. The thicker oxide at the oxidized precipitate can be observed. (b) Bright
field contrast of the iron oxide crystals on the surface of the oxidized precipitate, shown to
consist of iron oxide. The position of (b) is marked in (a). EDS spectrum of crystals shows
small Zr and Ni signals.

5.1.4 Zr1%Cr — as received

5.1.4.1 In situ oxidation

For Zr1%Cr precipitates were not observed on the surface before oxidation. During the in
situ oxidation no changes on the surface other than those typical for the oxidation of the
matrix also observed for the other binary alloys could be observed. In the ESEM the surface
oxide exhibited a coarse-grained aspect with no specific protrusions or cracks, which could be
linked to the presence of precipitates.

5.1.4.2 Atomic force microscopy

The surface of oxidised Zr1%Cr analysed by AFM exhibits no large protrusions, only
many small grains are observed (Figure 37a). The small grains which show a higher height at
the surface could be oxidised precipitates (Figure 37b). One of these is marked by arrows in
the section and on the height profile. However, as no analytical method is available in AFM to
prove this and also in SEM no verification is possible, this has to be checked on a sample with
larger precipitates, which allows the correlation of protrusions and the presence of chromium,
The height differences between surface oxide grains are not larger than those for Zr1%Fe and
Zr1%Ni, although in the absence of larger protrusions this gives the impression of a rough
surface. In numbers the roughness of the surface was doubled after oxidation (Table 12),
increasing from 3.8 nm before to 8.3 nm after oxidation (Table 12).
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Figure 37: AFM surface profile (a) of oxidised Zr1%Cr. A coarse-grained surface is observed
on Zr1%Cr without protrusions. (b) AFM line profile Zr1%Cr with a RMS of 7 nm for the
oxidised surface, for the positions see the black line in (a). A small protrusion and its position
on the height profile are marked by arrows.

5.1.4.3 SEM and EDS after oxidation

For Zr1%Cr the precipitate size is a problem for EDS analysis in SEM after oxidation, as
shown for example by the size of the features on the surface in Figure 38. On Secondary
electron detector and Inlens detector, features probably corresponding to precipitates can be
observed on the outer surface (some marked with white arrows for clarity) using low
acceleration voltage (700 V) to increase the surface sensitivity. In the first case due to a
topographical contrast and in the second due to a different composition contrast. Also for
backscattered electron images the same features can be observed with a different composition
contrast (not shown). However, due to the large volume probed with the electron beam no
analysis of only those small spots of interest is possible, as the volume from which the
information originates will always be significantly larger than the precipitates even at low
acceleration voltages so that the information of interest is too diluted to be useful.

Figure 38: SE (a) and Inlens (b) micrograph of same position on Zr1%Cr after 1 hour in situ
oxidation at 415°C. White arrows mark protrusions at the surface showing also composition
contrast not related to contamination (dark). Images were acquired at very low acceleration
voltage (700 V).
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5.1.4.4 Transmission electron microscopy

The TEM transverse section of oxidised Zr1%Cr is presented in Figure 39. In the case of
this material in an area of approximately 0.15 um? four unoxidized precipitates (marked with
white arrows) can be observed in the oxide. They exhibit crescent shaped cracks at the
precipitate-oxide interface towards the outer surface (marked with black arrows). The size of
the crescent shaped cracks increases with increasing precipitate size. The matrix oxide has a
columnar grain structure. The undulated metal-oxide interface can be seen in Figure 39a.
Figure 39b presents an oxidised precipitate close to the outer surface, exhibiting a fine grained
microstructure.

Using the integrated EDS signal from EDS spectra, it could be shown that at the position
of the crescents the signal dropped significantly, indicating that the crescents are real cracks in
the oxide.

The EDS analysis of the precipitates in the oxide provided the following information,
taking the correction method explained in Appendix | on page 183 into account:

1. Many precipitates in the oxide exhibit too low oxygen contents to be fully oxidised
(0-20 at.% oxygen with Zr L-line and Cr K-line), while the surrounding matrix was
found to be fully oxidised. Precipitates within ~150 nm distance of the metal-oxide
interface were usually low in oxygen; see for example precipitate most distant to
interface in Figure 39.

2. Close to the outer surface the precipitate oxygen content was observed to be around
60 at.% oxygen, indicating fully oxidised precipitates, e.g. Figure 39b.
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Figure 39: Bright field contrast of Zr1%Cr showing unoxidized precipitates in the oxide
(white arrows) and the cracks associated with them (black arrows). Inset | presents an
overview of the undulated metal-oxide interface. Inset Il provides an example for oxidised
precipitates.
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5.1.5 Zr1%Cr — annealed 48 hours at 730°C

Some of the Zr1%Cr material was heat treated for 48 hours at 730°C to obtain larger
precipitates in order to be able to study the precipitate oxidation behaviour in the oxide and at
the outer surface in more detail.

5.1.5.1 In situ oxidation

Before oxidation some precipitates were already visible with the SE detector (not shown).
Those precipitates visible at the surface became darker in their appearance during the first
minutes of the experiment and therefore well observable on the oxidising sample (Figure
40a&b). The evolution of the surface concerning the appearance of the precipitates is almost
complete after 6 minutes at 415°C (Figure 40a), as no real changes are observable after that
time (Figure 40b-c), one feature on the surface identified as precipitate has been marked at
each stage in Figure 40 with a circle. The subsequent cooling process does not lead to
significant surface changes (not shown). It should be noted that the large features identified as
precipitates changed their contrast somewhat with oxidation time, but remained the same in
size and shape. At the interface of precipitate and oxide cracks were observed at the surface
after cooling. During oxidation the topography around the precipitates at the surface was
similar, the cracks were not possible to distinguish in situ (micrographs are blurred and no
further adjustment was successful and therefore reduced visibility of small features like
cracks), so the time of formation cannot be determined.

C d
Figure 40: The images of Zr1%Cr oxidised at 415 °C show the surface in situ (a) after 6
minutes, (b) 29 minutes and (c) 58 minutes of oxidation as observed in ESEM with the GSE

detector and (d) with BSE detector after cooling. The same precipitate is marked with a circle
at all stages.

5.1.5.2 Atomic force microscopy

The AFM surface scans of Zr1%Cr with large precipitates showed shallow recesses at
precipitates before oxidation (Figure 41a), being 5-10 nm deep. After oxidation the analysis of
the same regions as before oxidation showed the precipitates to protrude with respect to their
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surroundings (Figure 41b), their height being between 10 and 60 nm. In numbers the
roughness of the surface after oxidation was four times higher than the roughness before
oxidation, increasing from 3.0 nm before to 12.3 nm after oxidation (Table 12). The AFM
scans before oxidation revealed a preferential attack of the precipitates from the polishing
with recesses at precipitate positions (see P in Figure 41a). The height of the protrusions
might therefore not be directly comparable to those protrusions detected on Zrl%Fe and
Zr1%Ni. The presence of recesses at precipitate sites was not observed for diamond polished
samples. The likely cause is the basic silica solution used for Vibratory polisher finishing.
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Figure 41: AFM surface profiles of (a) polished and (b) oxidised Zr1%Cr. Before oxidation
shallow recesses are observed at precipitates, after oxidation protrusions are observed at the
same positions. The AFM line profiles ¢ and d represent the sections marked on the surface
profiles in (a) and (b) respectively. The P in (a) marks the recession at a precipitate site, see
(b) for comparison.

5.1.5.3 SEM and EDS after oxidation

The observation of the outer surface revealed a smooth surface at precipitates in contact
with the outer surface, surrounded by cracks in the oxide scale at the precipitate-oxide
interface (Figure 42). The matrix oxide is also flat; however, the small scale roughness is
considerably higher than on the precipitates in contact with the outer surface. EDS
measurements showed around 55 at.% of oxygen in the matrix oxide and around 40 at.%
oxygen at precipitate sites, which is an indication for delayed oxidation of the precipitates
with some oxide on the precipitate surface.
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Figure 42: SEM micrograph of surface of Zr1%Cr with large precipitates showing the
precipitates at the surface and the cracks at the precipitate-oxide interface.

5.1.5.4 FIB transverse sections

Transverse sections of the precipitates reveal a different contrast at the precipitates than on
the oxidized matrix on micrographs acquired with the Inlens detector (Figure 43a&b). The
comparison with the contrast of precipitates in the oxide of the other alloys leads to the
conclusion that also the large precipitates in Zr1%Cr remain unoxidized. At the small surface
of the precipitates a layer with a different contrast can be observed but not analysed with EDS
due to the interaction volume. Cracks at the precipitate-oxide interface can be observed at the
precipitates and the crescent shaped crack on precipitates in the oxide, not in contact with the
outer surface can be observed in (Figure 43a marked with black arrow). EDS point analysis
(at 5kV) on the precipitate in top view and on the cross-sections shows lower oxygen
contents than in the surrounding matrix (numbers similar to those mentioned in the section
before), which is also an indication of delayed oxidation with respect to the matrix. The
oxidation induced changes at the surface of the precipitates cannot be investigated on FIB
transverse sections, as the resolution of EDS point analysis is not sufficient.
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Figure 43: SEM micrographs of FIB sections of Zrl%Cr oxidized in situ with large
precipitates. (a) Inlens micrograph of section and surface, showing a precipitate on the
surface and in the section. (b) Inlens micrograph of other precipitate at the surface
surrounded by oxide and covered with platinum.
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5.1.5.5 Transmission electron microscopy

The bright field TEM contrast presented in Figure 44 shows a large precipitate in annealed
Zr1%Cr oxidized in situ. The precipitate is partially oxidized and the respective parts (o -
oxide and m - metallic) are marked for clarity on the micrograph. The precipitate is
completely surrounded by oxide, which is partly cracked. EDS measurements at the
precipitate showed, that the oxidized part exhibits oxygen contents around 55 at.% and the
metallic part only 9 at.%. The Cr to Zr ratio was very close to 2 in the metal and in the oxide.
Only at the very surface Cr to Zr ratios up to 5 were obtained, which could indicate a starting
segregation of Cr to the surface and formation of pure chromia.
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Figure 44: Bright field contrast of Zr1%Cr with large precipitates. A partially oxidized
precipitate in contact with the outer surface is presented, being surrounded by oxide. The
oxidized (0) and metallic (m) precipitate parts are marked for clarity.

5.1.6 Zr0.6%Nb

5.1.6.1 In situ oxidation

For Zr0.6%Nb precipitates were not observed on the surface before oxidation. During the
in situ oxidation no changes were observed on the surface other than those typical for the
oxidation of the matrix also observed for the other binary alloys. In the ESEM the surface
oxide exhibited a coarse-grained aspect with no specific protrusions or cracks, which could be
linked to the presence of precipitates.

5.1.6.2 Atomic force microscopy

The surface of Zr0.6%Nb analysed by AFM exhibits no large protrusions: only many small
grains are observed (Figure 45a). Some of these could be oxidised precipitates, but, as
mentioned before no analytical method is available to prove this. The surface roughness and
aspect are similar to Zr1%Cr. The increase in surface roughness of the oxidised Zr0.6%Nb
sample leads to a change from 5.3 nm before to 9.3 nm after oxidation (Table 12).
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Figure 45: AFM surface profile (a) of oxidised Zr0.6%Nb. A coarse-grained surface is
observed without protrusions. (b) AFM line profile with a RMS of 8.8 nm for the oxidised
surface, for the position refer to the black line in (a).

5.1.6.3 Transmission electron microscopy

TEM analysis of Zr0.6%Nb showed precipitates in the oxide exhibiting crescent shaped
cracks at the precipitate-oxide interface towards the outer surface (Figure 46b-d). The metal-
oxide interface is undulated (Figure 46) and the matrix oxide has a columnar grain structure.
The size of the crescent shaped cracks at the precipitates is correlated to the precipitate size
(Figure 46b-d). In Figure 46b&c the small grained oxide microstructure of precipitates further
away from the metal-oxide interface can be observed.

For niobium containing precipitates several possible compositions exist (e.g. B-Zr and p-
Nb) and thicker TEM samples will always result in lower measured niobium contents due to
the increasing matrix contribution and the precipitate size, as more zirconium will be present
in the analysed volume. From the EDS measurements it could be concluded that the measured
Zr to Nb ratio was around 1:1 for large precipitates (80-100 nm) in the metal, which indicates
B-Nb precipitates with a contribution of the matrix to the Zr signal. The overall oxygen
concentration measured at precipitate positions ranged between 55-60 at.% oxygen. Applying
the estimation for the oxygen content of the precipitates described in Appendix | on page 183
and using an Nb to Zr ratio of 4 for B-Nb (20% Zr), the oxygen content of the precipitates was
higher with increasing distance from the metal-oxide interface (~33 at.% O in precipitate
40 nm from the outer surface).
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Figure 46: Micrographs of oxidised Zr0.6%Nb. (a) Dark Field contrast of oxide, showing the
undulated metal-oxide interface. (b-d) Bright field contrast of precipitates in the oxide
marked with white arrows.

5.1.7 Pure zirconium

The surface of pure zirconium has been investigated to observe the oxidation of the matrix
to be able to evaluate the influence of the alloying elements on the oxidation behaviour of
zirconium.

5.1.7.1 In situ oxidation

For pure zirconium no changes on the surface were observed during the in situ oxidation
other than those also observed for the other binary alloys typical for the oxidation of the
matrix (Figure 47). The surface oxide exhibited after 1 hour of oxidation a coarse-grained
aspect with no specific protrusions or cracks (Figure 47d).
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Figure 47: The micrographs of pure zirconium oxidised at 415 °C show (a) the polished
surface, (b) in situ after 5 minutes, (c) 58 minutes (all GSE detector) and (d) after cooling

with the SE detector. The micro indent is presented for orientation and the scale bars
correspond to 5 pm.

5.1.7.2 Atomic force microscopy

The surface of pure zirconium analysed by AFM exhibits no large protrusions but many
small grains (Figure 48a). The increase in surface roughness of the oxidised pure zirconium
sample led to increase in surface roughness from 3.8 nm before to 11.2 nm after oxidation
(Table 12).
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Figure 48: AFM surface profile (a) of oxidised pure Zr. A coarse-grained surface is observed
without protrusions. (b) AFM line profile with a RMS of 8.8 nm for the oxidised surface, for
the positions see the black line in (a).



Microstructure of in situ oxidised alloys 85

5.1.7.3 Transmission electron microscopy

In TEM the metal-oxide interface was observed to be undulated for pure zirconium (Figure
49), which contains only very few Fe bearing precipitates due to the iron impurity present
(one was observed on this TEM sample). The oxide structure consists mainly of columnar
grains (inset of Figure 49). Some hydrides can be observed in the metal.

100 nm

Figure 49: TEM dark field contrast of oxidised pure Zr. Overview of oxide scale, showing the
undulated metal-oxide interface and hydrides in the metal. Inset at higher magnification
showing the columnar oxide in more details.

5.2 Summary of in situ oxidation results at 415°C

For the in situ oxidation at 415°C the observations allow to make the following distinctions
between the different tested materials.

AFM results showed the formation of protrusions on the surface on precipitates in contact
with the original surface for Zr1%Fe and Zr1%Ni, their diameter was in the range of several
hundred nanometres. Beside these protrusions the matrix was covered by small oxide grains,
which were found to exhibit height differences in the nanometre range. The correlation of the
large protrusions with precipitates was confirmed by EDS maps of the surface, FIB transverse
sections and in the case of Zrl%Fe also on TEM samples. The average height of the
protrusions as measured in AFM is ~70 nm on Zr1%Fe and ~20 nm on Zr1%Ni. In the case of
Zr1%Fe small iron oxide crystals of different size were observed on the surface of several
precipitates (Figure 21b&c and Figure 24b). Cracking of the oxide surface is observed on
some protrusions for Zr1%Ni after 2 hours of oxidation. The influence of these oxide crystals
on the overall protrusion height was not evaluated, as in AFM only the total height of
protrusions can be measured and no separation is possible as in TEM samples, on which the
height of both can be quantified.

On Zr1%Cr and Zr0.6%Nb the size of the oxide grains at the surface is similar to those
observed on Zrl%Fe and Zr1%Ni and no large protrusions could be observed in AFM and
SEM. On Zr1%Cr some grains at the surface protrude and protrusions observed in SEM
exhibit a different z contrast being not similar to carbon containing contamination. However,
due to the small precipitate size no correlation of these features to the presence of precipitates
is possible with EDS measurements in SEM. Analysis of larger precipitates containing Cr is
required to confirm a correlation between protrusions and precipitates. Therefore Zr1%Cr was
annealed for 48 hours at 730°C and a sample with larger precipitates tested, for comparison



86 Microstructure of in situ oxidised alloys

the acquired data are presented for information in a separate line at the bottom of Table 12.
The precipitates Zr1%Cr also form protrusions on the surface, however, only a thin layer in
contact with the surface oxidises and the rest of the precipitates remains metallic at this stage.
As no thicker oxide scales were investigated, it cannot be concluded from these results about
the distance from the metal-oxide interface required for oxidation of these precipitates.

Table 12: parameters of the samples oxidised in situ at 415°C for 1 hour

Average oxide RMS polished RMS oxidised Average height  Average diameter

Alloy thickness / um g (5%5 pm) / nm (5%5 pm) / nm of p/r?]tr:?ilons of prc:ltrr#s;lons/
Zrl%Fe 032 + 0.11 3.9 21.2 1 68 + 15 1.1 + 03
Zr1%Ni 041 <+ 011 5.2 10.3 t 19 = 6 07 £ 05
Zr1%Cr 035 0.07 3.8 8.3 Not detectable
Zr0.6%Nb 034 + 0.09 5.3 9.3

Pure Zr 027 + 0.05 3.8 11.2 Not detectable
Zrl%Ni° 024 £+ 017 3.0 12.2 80 38
Zrl%Cr° 028 +  0.17 2.7 16.2 53 16

annealed

g average from FIB transverse sections, T including specific protrusions, RMS: root mean
square of roughness, * from 10 sections in AFM profiles, ° Vibratory polisher finishing

A summary of the average oxide thickness, the surface roughness before and after
oxidation and the height of protrusions on the surface is summarised in Table 12. In the case
of Zr1%Fe and Zr1%Ni alloys the average surface roughness after oxidation is in fact the
average roughness of surface protrusions and matrix oxide. To separate these two factors,
smaller areas (700x700 nm) were scanned on the matrix oxide only and resulted in the data
presented in Table 13. The overall roughness decreased (influence of scanned surface area),
the roughness of the matrix oxide on Zr1%Fe and Zr1%Ni is similar to Zr1%Cr and lower
than on Zr0.6%Nb, pure zirconium exhibits the roughest surface. All alloys form an oxide
scale with an average thickness in the range of 200-410 nm, as measured on FIB transverse
sections. Zr1%Ni exhibited the thickest and pure Zr the thinnest average oxide thickness. For
Zrl%Fe and Zr1%Ni a thicker oxide was observed at the precipitates and in their direct
vicinity in case they were in contact with the outer surface (undulation of the metal-oxide
interface). A first impression of the oxidation behaviour of the precipitate at the metal-oxide
interface can be obtained on the FIB transverse sections for Zrl%Fe and Zr1%Ni. For
Zr1%Cr and Zr0.6%Nb this is not possible due to the small average precipitate size.

Table 13: surface roughness for matrix oxide of in situ samples oxidised at 415°C

Alloy RMS matrix oxide
(700x700 nm) / nm

Zr1%Fe 4.5%
Zr1%Ni 45
Zr1%Cr 45
Zr0.6%Nb 5.1
Pure Zr 5.8

* From zoomed 5x5 pum scans
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To be able to study the precipitate oxidation behaviour in detail, TEM is required for
sufficient resolution for imaging and analysis of oxygen content and crystal structure. In the
TEM the oxidation behaviour observed for the precipitates in different alloys differed for the
different alloying elements:

Precipitates in Zr1%Fe and Zr1%Ni oxidised similar to the Zr-matrix, if not in contact with
the outer surface. Those precipitates that were in contact with the outer surface exhibited
higher oxide thickness than the surrounding matrix. In the case of Zr1%Fe the formation of
iron oxide crystals was observed above precipitates being oxidised at or close to the outer
surface.

A delayed precipitate oxidation was observed with respect to the surrounding matrix for
precipitates in Zr1%Cr and Zr06%Nb with oxygen levels being much lower than in oxidised
precipitates. Precipitates in both alloys showed crescent shaped cracks on the precipitate side
facing the outer surface in the oxide scale. The observability of the cracks depends on the
local sample thickness, the thinner the sample, the better they can be observed. The overall
oxygen content measured depends on the local sample thickness, as at thin positions the
contribution of the oxidised matrix is lower than in thicker regions.

The matrix oxide was observed to be columnar for all materials, with the oxide grains
oriented in the oxide growth direction. No distinct difference between the columnar grains
was observed for the different materials. The oxide structure was small grained and equiaxed
for oxidised precipitates in Zrl%Fe, Zr1%Cr and Zr0.6%Nb, as can be observed on the
respective micrographs. For Zr1%Ni due to the lack of clear observations of fully oxidised
precipitates in the oxide, it cannot be stated what the oxide microstructure looks like for this
material at the initial stage. A comparison of the oxygen profiles for the different materials
showed a change from the oxidised state to metal within approximately 150 nm. The oxygen
level in the metal has been measured to be usually above 10 at.%, which can be due to the
oxidation of the TEM sample surface after preparation, as no storage is possible at oxygen
partial pressures being low enough to avoid oxidation of zirconium.

Some differences in the observations are clearly connected to the average precipitate size,
which is ~250 nm for Zr1%Fe and Zr1%Ni and 35 and 47 nm for Zr1%Cr and Zr0.6%NDb.
The precipitate volume is much smaller and also the change of volume per precipitate is much
lower for alloys with small precipitates. Estimation of the volume change and the associated
height of protrusions using typical Pilling-Bedworth ratio for small precipitates revealed, that
the possible height is in a similar range as the observed surface roughness.

The observation of alloying element oxide formation at the outer surface is also dependent
on precipitate size. Small precipitates will result in small oxide quantities which cannot be
easily observed and analysed. A targeted preparation of TEM samples is much more difficult
for features being below 100 nm in size and the chances of having such features by chance
within a prepared TEM sample are not high.
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6 Microstructure of alloys oxidised in autoclave

The samples which were oxidised in autoclave were obtained from CEZUS/Areva. The
sample surface was pickled before oxidation, as described in the ASTM G2 procedure [83],
resulting in an increased surface roughness. The samples were tested in air and steam at
ambient pressure for 3 days and at 10.5 MPa for 110 days. These selected environments show
the influence of air and steam as well as pressure and oxidation time; however, for the
available samples several parameters are changed simultaneously, so that they cannot be used
to identify the particular influence of a certain parameter.

6.1 Oxidation for 3 days in air at ambient pressure

6.1.1 Zr1%Fe

6.1.1.1 SEM of surface and FIB sections

The SEM and EDS investigation of the surface of Zr1%Fe revealed for this environment
the presence of iron oxide in form of agglomerates of small crystals on the surface (Figure
50). The surface density of the observed iron agglomerates is less than 1 per 100 um2. The
agglomerate size is in the range of several hundred nanometres to 1 um in diameter with the
individual particles being in the range of up to 100 nm. The observations showed many cracks
on the surface with a length of up to several micrometers. These cracks on the surface are
often present at pickling craters.

agglomerate at the surface and cracks in the oxide scale. The observed topography is caused
by the pickling process prior to oxidation. The SE micrograph in (a) shows the topography of
the surface together with cracks penetrating the surface, while the Inlens micrograph in (b)
shows the topography and the chemical contrast between zirconia and iron oxide
superimposed.

The roughness of the surface due to the pickling craters can be also observed on FIB
transverse sections (Figure 51). The metal-oxide interface is undulated and the oxide
thickness varies between 0.5 and 1.5 um in the presented section. A large crack oriented
parallel to the surface can be observed on the transverse section (white arrow).
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Figure 51: FIB transverse section of Zr1%Fe oxidized 3 days in air. The undulated metal-
oxide interface and the rough surface can be observed on the section.

6.1.1.2 Transmission electron microscopy

The presented TEM micrographs were acquired on a sample which was prepared at the
position of iron oxide agglomerates at the surface. The micrograph in Figure 52 shows the
whole formed oxide scale with the metal-oxide interface, the agglomerate of iron oxide
crystals at the surface (white arrow) and the hole under the oxide crystal. A partially oxidised
precipitate at the metal-oxide interface can be seen in Figure 53.

metal
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Figure 52: Dark field contrast of the oxide formed on Zr1%Fe oxidised for 3 days in air with
iron oxide particles on the surface (white arrow). Large cracks in the oxide are marked with
black arrows.

Cracks can be observed oriented parallel to the surface in the dark field contrast (black
arrows) and the undulated metal-oxide interface is visible (Figure 52). The oxide thickness
varies between 1 and 2 um. Precipitates at the metal-oxide interface are found to exhibit a
similar oxidation front as the surrounding matrix (Figure 53b); the oxidised part exhibits a
small grained oxide in contrast to the surrounding columnar matrix and a crack has formed at
the interface between the oxidised matrix and the oxidised precipitate. The small iron oxide
particles present at the outer surface are 50-100 nm in diameter and the total height of the
agglomerate is locally more than 500 nm (Figure 53a). The oxidised precipitates show an
equiaxed oxide, while the matrix oxide is columnar and oriented parallel to the oxide growth
direction. The cracks at the surface have not been observed to propagate deeper than 200 nm
into the oxide - see for example the small crack in Figure 53a (white arrow). Underneath the
iron oxide particles, the oxide shows cracks parallel to the outer surface.

EDS point analysis of the particles at the surface showed pure iron oxide with the copper
signal originating from the TEM grid. In the EDS maps presented (Figure 53), it is clearly
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observable that no significant amount of zirconium is present in these particles. The
precipitates in the oxide showed oxygen signals indicating that the precipitates are oxidised.
Therefore it can be concluded that for Zrl%Fe oxidised for 3 days in air, no metallic
precipitate was observed in the oxide.

oxide

Figure 53: (a) Bright field contrast of the iron oxide particles at the surface of sample
presented also in Figure 52, The corresponding EDS maps demonstrate that the particles at
the surface are pure iron oxide (the map has a slight rotation with respect to the BF
micrograph). The EDS point analysis showed pure iron oxide with only copper from the TEM
grid being present beside iron and oxygen. (b) Bright field contrast presenting a partially
oxidised precipitate at the metal-oxide interface, oxidised part (white arrow) and metallic
part (black arrow).

6.1.2 Zr1%Ni

6.1.2.1 SEM of surface

The SEM and EDS investigation of the surface of Zr1%Ni revealed for this environment
no presence of nickel oxide on the surface (Figure 54). On the surface precipitates and matrix
can be distinguished from the topography caused by the pickling process in SE and BSE
micrographs, which is correlated to the presence of precipitates and metal grain boundaries.
Other features beside contamination (e.g. black spot at bottom left in b) which could be linked
to the presence of nickel oxide were not observed.
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Figure 54: SEM micrograph (SE image) of surface of Zr1%Ni oxidized in air for 3 days

showing the oxide formed on matrix and precipitates with mainly topographical contrast .

6.1.2.2 Transmission electron microscopy

The presented TEM micrographs show the whole oxide scale from the metal-oxide
interface to the outer surface and a precipitate at the metal-oxide interface (Figure 55). The
precipitate at the metal-oxide interface exhibits a similar oxidation front as the surrounding
matrix. Cracks can be observed oriented parallel to the surface in the outer 200 nm of the
oxide scale. The metal-oxide interface is undulated and the matrix oxide structure is mainly
columnar. The oxide thickness ranges from 750 to 900 nm in the presented micrograph.

oXide

E
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Figure 55: Bright field contrast of metal oxide interface of Zr1%Ni oxidized in air for 3 days.
The inset shows a precipitate at the metal-oxide interface.
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6.1.3 Zr1%Cr

6.1.3.1 SEM of surface

The SEM observations did not reveal an observable influence of chromium containing
precipitates on the surface of Zr1%Cr oxidized for 3 days in air. The metal-oxide interface
and the oxidation behaviour of the precipitates were therefore studied on a TEM sample.

6.1.3.2 Transmission electron microscopy

The dark field contrast (Figure 56) shows an oxide scale with a columnar matrix and an
undulated metal-oxide interface. The oxide thickness is quite homogeneous between 0.7 and
0.9 um. The chromium bearing precipitates (marked by white arrows in the inset of Figure
56) show delayed oxidation with low oxygen contents in the precipitates. The cracks typical
for unoxidized precipitates can be observed at the precipitate-oxide interface towards the
outer surface (marked by black arrows in the inset of Figure 56). The oxygen content
measured at the precipitates was between 44 and 55 at.% oxygen without applying the
correction procedure (Appendix | on page 183), which corresponded after subtracting the
contribution from the oxidised matrix to 0-30 at.% oxygen within the precipitates.

metal

Figure 56: TEM dark field contrast of the oxide formed on Zr1%Cr after oxidation for 3 days
in air. In the inset two unoxidised precipitates (white arrows) in the oxide are visible together
with the typical cracks (black arrows).

6.1.4 Zr0.6%Nb oxidised for 55 days in air

For Zr0.6%Nb CEZUS could not supply a sample oxidised for 3 days under the same
conditions as for the other binary alloys, therefore the available sample with 55 days oxidation
time was chosen.

6.1.4.1 SEM of surface and FIB sections

The SEM observations did not reveal an observable influence of the niobium containing
precipitates on the surface of Zr0.6%Nb oxidized for 55 days in air. FIB transverse sections
showed an oxide with larger cracks oriented parallel to the surface and an undulated metal-
oxide interface (Figure 57). The outer surface was not completely flat, the surface on different
metal grains exhibited different heights, which could be either due to different etching during
pickling or different oxidation kinetics of the metal grains with different orientation. More
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details could not be extracted from the FIB transverse sections and the oxidation behaviour of
the precipitates was therefore studied on a TEM sample.
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Figure 57: FIB transverse section of Zr0.6%Nb oxidized for 55 days in air. The metal-oxide
interface, the cracks in the oxide and the outer surface can be observed.

6.1.4.2 Transmission electron microscopy

The dark field contrast (Figure 58) shows an oxide scale with a columnar matrix and an
undulated metal-oxide interface. The oxide thickness in this sample is between 4.6 and
6.0 um, differing between the two metal grains. At the step on the outer surface a crack in the
oxide can be observed, extending about 1 um down into the oxide. The niobium bearing
precipitates (marked by white arrows in Figure 58a&b) show delayed oxidation with low
oxygen contents in the precipitates. The crack typical for unoxidized precipitates can be
observed at the precipitate-oxide interface towards the outer surface, marked by a black arrow
in Figure 58a. One of the observed precipitates was present at a larger crack. The oxygen
content measured at the precipitates was between 35 and 45 at.% oxygen without applying the
correction procedure (Appendix | on page 183), which corresponded after subtracting the
oxidised matrix contribution to 0-20 at.% oxygen within the precipitates. Inset | in Figure 58
shows an oxidised precipitate on the surface. This observation can be explained by the
pickling treatment before oxidation, which obviously did not attack the precipitates. As
several small particles were observed in SEM in this very region on the surface, being most
probably identical with such precipitates, it is possible that a locally insufficient rinsing after
pickling could cause the high number of precipitates on the surface. This type of precipitates
on the surface was observed only on this sample. In inset Il in Figure 58 an oxidised
precipitate is presented without the typical crack of unoxidized precipitates.
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Figure 58: TEM dark field contrast of the oxide formed on Zr0.6%Nb after oxidation for
55 days in air. The oxide thickness variation and the resulting surface topography can be
observed. In (a) an unoxidised precipitate in the oxide is visible, in (b) a similar precipitate
situated at a larger crack. Inset | shows a precipitate on the surface and inset Il an oxidised
precipitate.

6.1.5 Pure zirconium

6.1.5.1 SEM of surface and FIB sections
The metal grains influence the surface topography of pure zirconium oxidised in air for
3 days (Figure 59).

Figure 59: SEM micrograph of pure zirconium oxidised for 3 days in air. Cracks formed
along steps at the surface above metal-grain boundaries can be observed (white arrows). The
inset shows a FIB transverse section of a metal grain boundary and the formed oxide.
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Different metal grain orientations lead to different oxide thickness and steps can be
observed at the surface at grain boundaries of the underlying metal grains (white arrows in
Figure 59). The orientation relationship of the metal grains and the formed oxide has not been
investigated in this project, information about this can be found in the paper by David et al.
[276]. It is not possible to judge the influence of different etching rates during the pickling
process on the surface topography before oxidation, as the samples were only available in the
oxidised form. In FIB transverse sections the oxide thickness variation between different
metal grains can be observed (inset in Figure 59). The crack extending from the outer surface
into the oxide can be observed as well.

6.1.5.2 Transmission electron microscopy

Figure 60 presents a TEM dark field contrast, showing the oxide scale and the metal-oxide
interface of pure zirconium oxidised for 3 days in air. The oxide thickness varies between the
two metal-grains, in the left grain the oxide thickness is around 0.7 um and in the right
between 0.7 and 1 um with the maximum thickness close to the metal-grain boundary. The
columnar oxide is oriented parallel to the oxide growth direction and the cracks in the oxide
are oriented parallel to the surface. A crack perpendicular to the outer surface is presented in
the inset of Figure 60, penetrating the oxide from the surface 400 nm deep into the oxide scale
above the metal-grain boundary. The contrast of metal and oxide is different on both sides of
the grain boundary, showing that the oxide texture is related to the oxidised metal grains, as
can be seen in the dark field contrast in Figure 60. The metal-oxide interface exhibits some
undulation of up to 300 nm.
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Figure 60: TEM dark field contrast of the oxide formed on pure zirconium in air. The
different oxide thickness on different metal grains and the resulting steps on the surface can
be observed. The bright field contrast in the inset shows the crack at the step on the surface.

6.2 Oxidation for 3 days in steam at ambient pressure

6.2.1 Zr1%Fe

6.2.1.1 SEM of surface
The surface was investigated with SEM and EDS, which revealed the presence of iron
oxide in form of agglomerates of small crystals on the surface (Figure 61) on the surface of
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Zr1%Fe oxidised for 3 days in steam. The surface density of these agglomerates is
approximately 1.5 in an area of 100 um? ranging from 1-2 observable agglomerates on
average for different regions on the surface. The size of the agglomerates is in the range of
several hundred nanometres to one micrometer. The small oxide crystals are visible using the
secondary electron (SE) detector, which is, however, only possible at higher magnification.
On backscatter electron (BSE) images the contrast of the agglomerates to the matrix oxide is
dark grey, being an indication for the lower average z of the crystals in the agglomerates
compared to zirconia. In few cases also larger crystals with iron oxide can be found with a
size of some hundred nanometres.

Figure 61: Surface of Zrl%Fe showing the crystals on the surface. (a) SE image, (b) BSE
image of the same region. The dark grey regions in b) are iron oxide crystals and the black
regions contaminations (some marked by white arrows for clarity) from handling and
storage. The insets show an iron oxide crystal agglomerate at higher magnification. Cracks
can be observed on the surface.

6.2.1.2 FIB transverse sections

FIB transverse sections show a varying oxide thickness and larger cracks in the oxide
oriented parallel to the surface (Figure 62). Precipitates located at the metal-oxide interface
did not show preferential oxidation. Two precipitates are present in the oxide scale just above
the large cracks being indicated by the white arrows. The oxide thickness varies in the
presented section between 0.5 and 1.5 um.
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Figure 62: FIB transverse section of Zr1%Fe oxidized for 3 days in steam. Large cracks in
the oxide scale are marked by white arrows.
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6.2.1.3 Transmission electron microscopy

A TEM micrograph showing the oxide crystals at the surface and the metal-oxide interface
of oxidised Zr1%Fe is presented in Figure 63. An approximately 200 nm thick layer of small
iron oxide crystals is present above an oxidised precipitate, visible in the EDS map of Fe
(indicated with a black arrow). Cracks can be observed within the oxidised precipitate (white
arrow). The precipitate at the metal-oxide interface (Figure 63b) exhibited a similar oxidation
behaviour as the surrounding zirconium matrix. The matrix oxide is columnar and oriented
parallel to the oxide growth direction. In the oxidised precipitate a small crack oriented
perpendicular to the oxide growth direction can be observed. The oxide grains underneath the
oxidised precipitate are not oriented perpendicular to the outer surface and they are oriented
towards the oxidised precipitate and not perpendicular to the outer surface. The outer surface
Is very rough as a consequence of the pickling treatment.
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Figure 63: (a) TEM bright field contrast of Zr1%Fe oxidised for 3 days in steam showing
pure iron oxide particles at the surface and the columnar matrix. (b) Bright field contrast
showing the pure iron oxide particles on the surface. (c) Bright field contrast of a partially
oxidised precipitate at the metal-oxide interface, the position is indicated with a white frame
in (a). EDS spectrum is from iron oxide particles at the surface.

The EDS analysis in the TEM provided the following information: The crystals at the
surface (Figure 63b) consist of almost pure iron oxide (EDS spectrum in Figure 63). EDS
mapping (Figure 64 and Figure 65) and point analysis showed the depletion in iron of the
precipitate underneath the iron oxide particles on the surface. The precipitates far from the
outer surface did not show any Fe depletion; see the oxidised and metallic part of the
precipitate at the metal-oxide interface (Figure 63b). Precipitates in the oxide showed oxygen
signals indicating that the precipitates are oxidised. Therefore in the case of Zr1%Fe oxidised
for 3 days in steam, no metallic precipitate was observed in the oxide.
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Figure 64: Dark field contrast and corresponding EDS maps showing the pure iron oxide at
the surface (white arrow) and the in iron depleted precipitate underneath.

In the case of crystals present at the outer surface (Figure 65), the situation is similar. The
oxide of the oxidised precipitate is equiaxed and the columnar matrix oxide oriented parallel
to the oxide growth direction. An oxidised precipitate is found in the oxide directly
underneath the iron oxide crystal at the surface, being visible in the micrograph as region with
equiaxed oxide. The oxide exhibits a small crack oriented perpendicular to the oxide growth
direction close to the oxidised precipitate.

4 - Rt i i

Figure 65: TEM Bright Field contrast of Zr1%Fe oxidised for 3 days in steam showing a pure
iron oxide crystal at the surface and the columnar matrix. At the oxidised precipitate the
oxide is equiaxed (white broken line). The EDS maps to the right show the Fe, O and Zr
distribution (20° tilt with respect to presented micrograph!). A crack can be observed in the
oxide scale (black arrowhead).
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6.2.2 Zr1%Ni

6.2.2.1 SEM of surface

The surface was investigated with SEM and EDS. On most precipitates in contact with the
outer surface, cracks can be observed in the oxide scale (Figure 66). On some precipitates
small particles approximately 50 nm in size can be observed on the surface (Figure 66), EDS
point analysis revealed the presence of nickel oxide at these positions with a weak Zr signal
from the underlying precipitate or the matrix being detected beside the carbon being a
contamination. There are usually less than 5 particles on one precipitate. The small oxide
particles are visible on secondary electron (SE) images, however, they cannot be
distinguished from contamination. Only on backscattered electron (BSE) images the contrast
of the agglomerates to the matrix oxide helps to distinguish these from other features on the
surface, as they exhibit a dark grey colour (and not black as carbon containing
contamination), being an indication for the lower average Z of the crystals in the agglomerates
compared to zirconia. EDS point analysis shows a high Ni signal, but an identification of the
oxidation state of Ni is not possible in SEM from those spectra, but in the prepared TEM
sample (Figure 68).

1 ]
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Figure 66: SEM micrographs of surface of Zr1%Ni oxidized for 3 days in steam. a) The oxide
on precipitates at the surface is often observed to be cracked. The small insets show an
oxidized precipitate with small particles (b) SE and (c) BSE signal. The small particles
resulted in a high Ni signal with EDS point analysis at 5 kV as shown in the presented EDS
spectrum.

6.2.2.2 Transmission electron microscopy

A TEM sample revealed that on Zr1%Ni the oxide thickness is significantly increased at
positions of precipitates close to or at the outer surface (Figure 67). The matrix oxide is
columnar and at oxidised precipitates it is equiaxed. The small crystals (marked with C) can
be observed in the region of the oxidised precipitate.
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Figure 67: TEM dark field contrast of oxide scale on Zr1%Ni oxidised for 3 days in steam.
The oxide is thicker in the part containing oxidized Ni containing precipitates on which the Ni
rich crystals (C) can be found.

A more detailed study of the crystals at the outer surface revealed that they are single
crystals, with the diffraction pattern being identified as [100]-zone axis (Figure 68) of nickel
with 200 (0.172 nm) and 220 (0.120 nm) reflections (unit cell parameter metallic nickel a=
0.35238 nm [277]). The chemical analysis with EDS point analysis showed almost pure
nickel (94 at.%) with a very small oxygen and small zirconium and copper peaks. Oxygen and
zirconium could be a contribution from the underlying zirconia, due to the small size of the
crystals it is not possible to avoid contributions from either the underlying zirconia or the
deposited platinum. The copper signal originates from the TEM grid.
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Figure 68: a) Bright field (BF) and dark field (DF) contrast of pure nickel found at the
surface together with electron diffraction pattern of [100] zone axis and EDS spectrum of the
crystal.

6.2.3 Pure zirconium

6.2.3.1 SEM of surface and FIB sections

The surface of pure zirconium oxidised in steam for 3 days exhibits a clear influence of the
underlying metal grains on the formed oxide scale (Figure 69a). Different metal grains exhibit
different surface aspects and at grain boundaries of the underlying metal steps can be
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observed at the surface (inset (b) in Figure 69). The size of the metal grains is in the range of
tens of micrometers for pure zirconium. In the oxide scale cracks parallel to the metal-oxide
interface are present (inset (c) in Figure 69) being mainly in the sub-micrometer range.

Figure 69: a) SEM micrograph of surface of pure zirconium oxidised for 3 days in steam. The
inset (b) shows cracks formed along steps at the surface above metal-grain boundaries and
inset (c) the cracks in the oxide scale on a FIB transverse section.

6.2.3.2 Transmission electron microscopy

A TEM dark field contrast showing the oxide scale and the metal-oxide interface of
oxidised pure zirconium is presented in Figure 70a. The oxide thickness varies between the
two metal-grains, in the left grain the oxide thickness is around 2.3 um and in the right around
3 um and up to 3.2 um at the grain metal boundary.

Figure 70: (a) TEM dark field contrast of pure zirconium oxidised for 3 days in steam. The
step on the surface caused by different oxidation kinetics of neighbouring metal grains can be
observed. (b) Bright field contrast of the crack at the step with same orientation as (a), but
higher magnification.
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The oxide is columnar and oriented parallel to the oxide growth direction while the cracks
in the oxide are oriented parallel to the metal-oxide interface. An 800 nm deep crack
perpendicular to the outer surface is present (Figure 70a&b white arrows) in the step at the
surface above the metal-grain boundary, at some distance to the position of the metal-grain
boundary at the outer surface. The dark field contrast in Figure 70a shows, that the oxide
texture is related to the oxidised metal grains, the position of the metal-grain boundary can be
traced from the metal to the outer surface, with the contrast of metal and oxide being different
on both sides of the interface.

6.3 Oxidation for 110 days in steam at 10.5 MPa

6.3.1 Zr1%Fe

6.3.1.1 SEM of surface and FIB transverse sections

On the surface of Zr1%Fe oxidised for 110 days in autoclave the presence of the iron oxide
in form of crystals on the surface has been confirmed with SEM (Figure 71) and EDS. Their
surface density is approximately 2-3 crystals per 100 um2. The larger crystals, being more
than 1 um in diameter, show usually well defined facets, which are clearly visible also on
secondary electron (SE) images. The smaller crystals can be only clearly observed on
backscattered electron (BSE) images, as their dark grey contrast makes it possible to separate
them from other features on the surface like carbon containing contamination, which appears
black. The cracks present at the surface have a length of up to several micrometers on the
surface are often present at pickling craters.

Figure 71: Surface of Zr1%Fe oxidised for 110 days in steam showing iron oxide crystals on
the surface. (a) SE image, (b) BSE image of the same region. The dark grey regions in (b) are
iron oxide crystals and the black regions contaminations from handling and storage. The
insets show a larger iron oxide crystal at higher magnification. Cracks can be observed on
the surface.

The oxide thickness, the undulation of the metal-oxide interface, the roughness of the outer
surface and cracks in the oxide scale can be observed on the FIB section (Figure 72). To
reduce the curtaining effect from the surface roughness, carbon was deposited on the surface
to smoothen the surface topography; however, some curtaining is still observed.
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Iron oxide crystals can be observed on the surface of the section in Figure 72, being clearly
situated on the surface. Oxidised precipitates are visible in the oxide due to their brighter
contrast compared to the oxide matrix (inset of Figure 72). The cracks in the oxide are
oriented perpendicular to the oxide growth direction and are present in the whole oxide scale.
The undulation of the metal-oxide interface is correlated to the presence of large cracks in the
oxide, the oxide thickness is often reduced with respect to regions without large cracks close
to the metal-oxide interface.

Figure 72: FIB section of Zr1%Fe oxidised for 110 days in steam showing the thick oxide and
the undulated metal-oxide interface. Two Fe-oxide crystals on the surface (white arrowheads)
can be observed. Precipitates in the oxide have a brighter contrast than the zirconia matrix
(inset), the columnar structure of the matrix oxide being also observable.

6.3.1.2 X-ray diffraction of surface

The Zr1l%Fe sample oxidise for 110 days in autoclave was characterised with X-ray
diffraction of the surface to obtain more information about the iron oxide phase present at the
outer surface. The diffractogram was acquired in the range of 15° < 26 < 90° using a step size
of 0.019° and Cu, radiation (A=0.154 nm).
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Figure 73: X-ray diffractogram of the surface of Zr1%Fe oxidised for 110 days in steam. The
measured intensities are presented together with markers indicating possible phases
contributing to the observed reflection (O zirconia, M zirconium, + magnetite, - maghemite,
* hematite).
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Only textured monoclinic zirconia could be identified unambiguously beside the
underlying zirconium matrix, the possible reflections of iron oxide phases cannot be used to
exclude the possible phases hematite, maghemite or magnetite as also the reflection intensities
are low with some possible reflections of each phase not being observable at all and others not
exactly where they are expected (Figure 73).

6.3.1.3 Transmission electron microscopy

A TEM micrograph of the oxide showing complete oxide scale from the metal-oxide
interface to the outer surface of oxidised Zrl%Fe is presented in Figure 74. At the outer
surface a crystal is observed. The equiaxed oxide of oxidised precipitates is visible and the
columnar matrix oxide is oriented parallel to the oxide growth direction. The oxide exhibits
large cracks oriented perpendicular to the oxide growth direction, the largest crack extends for
more than 2 um. Just below the outer surface the oxide contains many small cracks in a band
of around 1 pm width.

Fe oxide,

Figure 74 Bright field contrast of Zr1%Fe oxidised for 110 days in steam, showing a pure
iron oxide crystal at the surface (black arrow), the thick columnar matrix oxide and the
undulated metal-oxide interface. The precipitates show an equiaxed oxide (white arrows mark
some for clarity). (a) Shows the dark field contrast of the single crystalline part of the iron
oxide at the surface. (b) A partially oxidised precipitate at the metal-oxide interface is marked
by the white frame. The EDS spectrum is from the iron oxide crystal at the surface.
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A part of the crystal at the surface is a large single crystal (Figure 74a), being 565 nm wide
and 450 nm high; the interface of the crystal and the matrix oxide is well defined. At the
metal-oxide interface precipitates are observed to exhibit a similar oxidation front as the
surrounding matrix, see also Figure 74b.

The EDS analysis of the TEM samples provided the following information: The EDS point
analyses of the crystal observed at the outer surface show that it consists of pure iron oxide,
EDS maps (Figure 75) confirm this; no zirconium can be observed in the region where iron
and oxygen are present. No distinguishable trace of iron can be observed in the precipitate in
the oxide underneath the crystal (Figure 74) visible as equiaxed oxide region marked with a
broken line in Figure 74, point analysis resulted in a measured iron concentration below
1 at.% but above the slight iron background from the holder used for that measurement.
Precipitates in the oxide showed iron and oxygen signals indicating that they are oxidised; so
no metallic precipitate was observed in the oxide in the case of Zr1%Fe. EDS point analysis
of oxidised precipitates resulted in iron concentrations which could be up to 8 at.%, which is
quite close to the expected value for ZrsFe precipitates (8-9 at.% for pure oxidised precipitate
signal without matrix oxide contribution).

&0004

FOO0 i
0

G000

= 5000

4000

30004 v
20001

1000 ] :
v

541 5 e 1666 7104 8V

o - e e g

L) 20 40 SED cen E00 Ex0 &40 BED EBED To0 70 740 TED 7BO 800

Figure 75: EDS maps are presented for iron oxide crystal formed at the surface, revealing no
considerable presence of Zr in the crystal. The extracted EELS signal shows the Fe-L,3 and
the O-K edge for the iron oxide crystal at the surface and the diffraction pattern a [100] zone
axis pattern of a cubic lattice (a ~ 0.82 nm).
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Electron energy loss spectra (EELS) acquired from the iron oxide showed a spacing of
168.6 eV of the oxygen K-edge and the iron L, 3-edge (Figure 75), which is closer to the edge
spacing of hematite and magnetite than that of wustite [278]. From the edge shape no
unambiguous identification of either hematite or magnetite can be made comparing the
extracted and smoothened signal with the spectra provided in [278]. The spectrum was
corrected for the energy shift by acquiring a zero loss spectrum directly before and after the
acquisition of the core loss spectrum. The peak positions (for oxygen K-edge 541.8 eV
instead of 540 eV as in hematite and magnetite [278]) are shifted to slightly higher energies
losses than in the reference, which is most probably due to the not exactly known energy shift
during acquisition. The total energy shift for the zero loss peak after the core loss spectrum
acquisition was -4.1 eV with respect to the zero loss peak before the core loss spectrum
acquisition. The electron diffraction pattern presented in Figure 75 shows a diffraction pattern
corresponding to the [100] zone axis of a cubic lattice with (200) and (220) directions present.
The measured diffraction spots correspond quite well to the 220 (0.2967 nm) and 400
(0.2098 nm) directions of either magnetite (a = 0.83950 nm [274]) or maghemite (a =
0.8347 nm [275]), which are difficult to distinguish in electron diffraction due to their small
difference in lattice spacing.

6.3.2 Zr1%Ni

6.3.2.1 SEM of surface and FIB transverse sections

On the surface of Zr1%Ni oxidised for 110 days in autoclave the grain boundaries of the
metal grains before oxidation and the oxidised precipitates in contact with the outer surface
can be observed in SEM. The precipitates show often cracks of the formed surface oxide.

On the FIB section in Figure 76 the oxide thickness, the undulation of the metal-oxide
interface and cracks in the oxide scale can be observed. Oxidised precipitates cannot be easily
distinguished from the matrix oxide on the transverse section shown. However, regions with a
brighter contrast, corresponding to a more equiaxed grain structure, can be correlated to the
presence of Ni in the oxide. The cracks in the oxide are oriented perpendicular to the oxide
growth direction, being present in the whole oxide scale.
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Figure 76: FIB section of Zr1%Ni showing the thick oxide and the undulated metal-oxide
interface. Precipitates at the metal-oxide interface are marked with white arrows and two in
the oxide with black arrows. The columnar matrix oxide structure can be observed locally.
The inset shows two features looking like oxidised precipitates at the surface.

6.3.2.2 Transmission electron microscopy

A TEM bright field contrast of the complete oxide scale of oxidised Zr1%Ni is presented
in Figure 77, the oxide can be observed from the metal-oxide interface to the outer surface. At
features having the appearance of precipitates at the outer, surface cracks can be found. As an
example for this, the feature at the surface in Figure 77 is the same as the right feature in the
inset of Figure 76. Precipitates have exhibited a similar oxidation front as the surrounding
matrix at the metal-oxide interface, as shown in Figure 77a. The zirconia matrix has a
columnar structure oriented parallel to the oxide growth direction; oxidised precipitates have
an equiaxed structure (Figure 77b). The cracks present in the oxide are oriented perpendicular
to the oxide growth direction.

EDS point analysis of oxidised precipitates well surrounded by oxide resulted usually in
nickel concentrations below 2 at.%, which is far below the expected value for Zr;Ni
precipitates (12-13at.% for pure oxidised precipitate signal without matrix oxide
contribution).
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Figure 77: TEM Bright field contrast of Zr1%Ni showing the thick oxide and the undulated
metal-oxide interface. In () at higher magnification details of a partially oxidised precipitate
at the metal-oxide interface are presented and in (b) an oxidized precipitate in the oxide.

6.3.3 Zr1%Cr

6.3.3.1 SEM of surface and FIB transverse sections

On the surface of Zr1%Cr oxidised for 110 days in autoclave the cracks have a length of
up to several micrometers (Figure 78). The surface is quite smooth, as the small precipitate
size does not result in preferential pickling leading to larger craters. The precipitates are not
observable at the oxide surface.

Figure 78: Surface of Zrl%Cr showing the cracks on the surface, some of them are
interconnected (BSE image). The black regions are contaminations from handling and
storage.
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On the FIB sections the oxide thickness, the undulation of the metal-oxide interface and
cracks in the oxide can be observed (Figure 79). The outer surface is almost flat. Precipitates
in the oxide can be observed because of their darker contrast compared to the oxide matrix.
However, due to their size no further characterisation is possible in SEM. The cracks in the
oxide are oriented perpendicular to the oxide growth direction and they are present over the
whole thickness of the oxide. The maximum size of the cracks observed in the oxide is
approximately 1 um in the presented section.

Figure 79: FIB cross-section of Zr1%Cr showing the thick oxide and the undulated metal-
oxide interface. The precipitates show a dark contrast in the oxide and in the metal (arrows).

6.3.3.2 Transmission electron microscopy

A TEM micrograph of oxidised Zr1%Cr is presented in Figure 80, showing the oxide from
the metal-oxide interface to the outer surface. The oxide crystals are columnar and exhibit
cracks oriented perpendicular to the oxide growth direction. The innermost oxide shows a
lower crack density compared to the rest of the oxide. Each precipitate observed in the oxide
had a crescent shaped crack positioned at the top of the precipitate looking from the outer
oxide surface (inset of Figure 80).

For the EDS measurements of the precipitate in the oxide, due to the small size of the
precipitates, a significant contribution of the matrix is included in the signal. Therefore the
oxygen content in the precipitate was determined by separating the contribution of the
zirconia matrix using the known stoichiometry of the precipitate and considering the matrix to
be fully oxidised, following the procedure described in Appendix | on page 183.

The EDS analysis of the precipitates in the oxide provided the following information:

1. Many precipitates in the oxide exhibit too low oxygen contents to be fully oxidised
with 45-60 at.% oxygen at the precipitate and compared to 66 at.% oxygen in the
surrounding oxide matrix. This corresponds to approximately 0-30 at.% oxygen in
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the precipitate using the previously described method for subtracting the matrix
contribution to the oxygen signal, using the Zr L-line and the Cr K-line for
quantification. Precipitates showed delayed oxidation near the metal-oxide
interface and up to a maximum distance of ~1.5 um from the metal-oxide interface.

2. Precipitates near the outer oxide surface were observed to have an oxygen content
of approximately 60 at.%, indicating fully oxidised precipitates.

interface (arrow heads) to the outer surface. Cracks caused by unoxidised precipitates are
visible in the oxide (white arrowheads). Inset at higher magnification shows unoxidized
precipitates with the crescent shaped cracks (black arrowheads) in detail.

6.3.4 Zr0.6%Nb (for 40 days)

6.3.4.1 SEM of surface and FIB transverse sections

Similar to the Zr1%Cr, this alloy contained small precipitates, the topography of the
surface was similar and the respective micrographs are therefore not shown. On Zr0.6%Nb
oxidised for 40 days in autoclave cracks on the surface having a length of up to several
micrometers were observed. They followed often the underlying metal grain boundaries.

On the FIB transverse sections precipitates in the metal and in the oxide (with maximum
1 um distance from the metal-oxide interface) could be observed; however, due to their size
no further characterisation is possible in SEM. On large precipitates in the oxide cracks could
be observed on the side facing the outer surface. The cracks in the oxide were oriented
perpendicular to the oxide growth direction and they were present in the whole oxide scale.
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On Zr0.6%Nb oxidised for 40 days in autoclave cracks on the surface having a length of
up to several micrometers can be observed (not shown here). They follow often the
underlying metal grain boundaries, as the different oxidation kinetics of the metal grain
orientations leads to steps at the surface, along which the oxide sometimes cracks close to the
surface.

On the FIB section precipitates in the metal and in the oxide (not more than 1 um apart
from the metal-oxide interface) can be observed (Figure 81); however, due to their size no
further characterisation is possible in SEM. On large precipitates in the oxide cracks can be
observed on the precipitate side facing the outer surface (inset of Figure 81), which can be
only resolved in the TEM for precipitates having the average precipitate size. The steps on the
outer surface mark also regions of locally different oxide thickness with a variation of several
hundred nanometres, which are also visible in the top view images in SEM. The cracks in the
oxide are oriented perpendicular to the oxide growth direction and they are present in the
whole oxide scale. The large cracks in the oxide close to the metal-oxide interface can be
correlated to regions with somewhat thinner oxide, or alternatively delayed oxidation of the
matrix.
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Figure 81: FIB sectlon of Zr0. 6%Nb Nb oxidised for 40 days in steam showing the thick
oxide, the undulated metal-oxide interface and the columnar matrix oxide. The precipitate can
be observed (two marked with white arrows for clarity), however, are too small to be further
characterised. The inset shows a Nb containing precipitate with a crack (black arrow).

6.3.4.2 Transmission electron microscopy

A dark field contrast of Zr0.6%Nb, showing the oxide from the metal-oxide interface to the
surface of oxidised Zr0.6%Nb is presented in Figure 82. The oxide layer is columnar and
exhibits large cracks oriented perpendicular to the oxide growth direction close to the metal-
oxide interface. The different oxide thickness on the two metal grains in Figure 82 can be
clearly observed together with the step on the outer surface. For Zr0.6%Nb the precipitates
observed in the oxide showed crescent shaped crack towards the outer surface (inset of Figure
82). The oxide grains of the matrix show a columnar structure.

The EDS analysis of the precipitates in the oxide provided the following information
(considering the correction with the subtraction of the matrix contribution in Appendix | on
page 183):
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1. Many precipitates in the oxide exhibit low oxygen contents; measured oxygen
signal being 35-50 at.%, thus oxygen in the precipitate will be between 25-50 at.%
using the same procedure described above, with an niobium to zirconium ratio of 4
(B-Nb precipitates). The Nb content of the precipitates in the metal was the
reference value for this calculation, the ratio of Nb to Zr in the metal being close to
4. The matrix surrounding the precipitates was found to be fully oxidised.

2. Precipitates in the oxide further away from the metal-oxide interface are found to
be oxidised

Figure 82: TEM dark field contrast of Zr0.6%Nb oxidised for 40 days in steam showing the
oxide layer from the metal-oxide interface to the outer surface. Inset at higher magnification
presents precipitates in the oxide (arrows) with the crescent shaped cracks.

6.4 Oxygen diffusion zone in the metal as a function of the
oxidation time

To be able to compare the oxygen diffusion zone below the oxide scale, EDS point line
scans were acquired at the metal-oxide interface in the oxide and the metal. The position of
the individual EDS points with respect to the metal-oxide interface was determined by short
exposures of the EDS spot on a negative which was exposed before the measurements to the
bright field contrast of the interface region, see the example for pure zirconium in air in
Figure 83. The position of the interface was determined on the micrograph in the region of the
spots closest to the interface. In case it was not possible to localise the interface without
doubt, a band is marked for the possible position. The same is done for STEM-EDS line
scans, for which the STEM image had not sufficiently good contrast to allow unambiguous
identification of the interface. The acquisition time used was 100 lifetime seconds (livetime =
(1 - percentage dead time of detector)), to minimise the impact of possible sample drift on the
position of the spots and contamination of the sample at the measured spots. For the
integrated zirconium signal more than 10000 counts were usually acquired in the metal and in
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the oxide (less than 1% error in detected x-ray signal), for oxygen this was only achieved for
thicker samples in the oxide, however not in the metal, inferring a considerably higher
possible error of the detected signal and therefore in the deduced oxygen content for the metal
part of the measurements. Data that were acquired too close to the metal-oxide interface and
did not contain information only from one of the phases were rejected and are not plotted.
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Figure 83: EDS point line scan over the metal-oxide interface on pure zirconium oxidized for
3 days in air. The bright field contrast shows the individual measurement points.

In the materials oxidised in the ESEM for 1 hour at 415°C the oxygen levels on the metal
side do not reach a similar level at some distance of the metal-oxide interface (Figure 84). A
diffusion zone and its upper limit cannot be extracted from the data, as no clear asymptotic
shape is observed for the oxygen profiles of those point line scans for which data up to 200-
300 nm into the metal are available. For pure zirconium and Zr1l%Fe a levelling can be
assumed around 150-200 nm, while for Zr1%Ni the oxygen level drops until 300 nm. For
Zr0.6%Nb no asymptotic level is reached, as the points have been not acquired far enough
into the metal and for Zr1%Cr very high oxygen levels have been measured in the metal with
the oxygen level still dropping after 300 nm. In the case of Zr1%Ni also the total metal
concentration curve is plotted to show that the overall metal concentration close to the metal-
oxide interface is similar to pure zirconium oxidised under the same conditions.

The zirconium and oxygen profiles for the binary alloys oxidised in air at ambient pressure
show a similar diffusion zone for all materials with the same oxidation time (Figure 84). After
3 days in air the diffusion zone is in the range of 200-300 nm and after 55 days in the case of
Zr0.6%Nb 500-600 nm.
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Figure 84: EDS point line scans for binary alloys and pure zirconium oxidised in 130 Pa
vapour pressure for 1 hour in the ESEM and at ambient pressure for 3 days in air with the
exception of Zr0.6%Nb, which was oxidised for 55 days in air at 415°C.
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Figure 85: EDS point line scans for binary alloys oxidised for 110 days in steam at 415°C
with the exception of Zr0.6%Nb, which was oxidised for 40 days in steam.
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The zirconium and oxygen profiles for the binary alloys oxidised for 110 days in steam at
10.5 MPa show a similar diffusion zone for all binary alloys with the same oxidation time
extending around 1500 nm from the metal-oxide interface (Figure 85). There is some scatter
in the acquired data, which can be due to local variation in oxygen concentration (compare
both profiles for Zr1%Fe) and the presence of alloying elements (small dip in Zr and O curve
for Zr1%Cr). The oxygen gradient at the metal-oxide interface in Zr0.6%Nb oxidised for
40 days in steam is steeper, indicating a smaller diffusion zone than for the 110 day samples,
due to the shorter oxidation time. Extrapolating to 110 days assuming a linear relationship of
the diffusion profile shows that the oxygen profile in Zr0.6%Nb is similar to the other binary
alloys.

In the plot presented in Figure 83 it can be observed that the gallium concentration
detected is highest in the metal (always below 1 at.%) and below the detection limit in the
oxide. This trend for higher gallium concentrations in the metal than in the oxide was
observed for all TEM samples, regardless of wether they were prepared with the oxide on top
or as transverse samples with the metal-oxide interface vertical in the sample. This
observation indicates that the higher gallium content in the metal cannot be ascribed only to
the preferential implantation in the lower part of the sample due to the milling geometry, as
otherwise the gallium concentration in metal and oxide should be similar for transverse TEM
samples.
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7 Comparison of oxidation behaviour of binary
alloys

A comparison of the SEM results on the different alloys showed the presence of iron oxide
crystals on the surface of all iron containing alloys. The amount of iron oxide increased with
oxidation time and the size of the crystals increased to more than 1 um after 110 days. On the
other alloys also some iron oxide could be observed, this was however much more rare than in
the case of the Zrl%Fe alloy. For the Zr1%Ni alloys only for the oxidation for 3 days in
steam small metallic nickel particles could be observed on oxidised precipitates in contact
with the outer surface. On Zr1%Ni the oxidised precipitates in contact with the outer surface
show after oxidation for at least 2 hours cracks of the oxide on the surface.

An influence of the precipitate oxidation on the surface topography could not be
investigated for the autoclaved samples. The roughness from the pickling process rendered
AFM scans of the surface not meaningful for evaluation of the influence of the precipitates on
the outer surface of autoclaved samples, as the topography before oxidation could not be
assumed to be flat.

The oxidation behaviour of the precipitates is for the binary alloys clearly linked to the
type of precipitate. The results obtained for the precipitate oxidation in the four binary alloys
can be differentiated into two categories: delayed oxidation and oxidation similar to the
surrounding matrix. These observations for the binary alloys were found to be independent of
the oxidation time and pressure (Table 14), but correlated to the alloying element, as two
alloying elements formed precipitates exhibiting the delayed oxidation and the two other
oxidation behaviour similar to the matrix. The behaviour observed did not show a distinct
difference between air and steam for the precipitate oxidation.

The delayed oxidation in the case of precipitates in Zr1%Cr and Zr0.6%Nb was for all
different environments concluded from the same criteria as mentioned in the section dealing
with the in situ results: lower oxygen contents than the surrounding oxide matrix and cracks at
the precipitate oxide interface towards the outer surface.

The FIB sections did not reveal a correlation of the metal-oxide interface undulation and
the presence of precipitates. For the presence of cracks and the metal-oxide interface
undulation it can be stated, that large cracks seem to go along with a retarded oxidation front,
however, this cannot be quantified further and also no conclusion is possible which of the two
is the cause and which the consequence of the other.

For Zr1%Fe and Zr1%Ni a precipitate oxidation similar to the surrounding matrix was
concluded from the observations of larger precipitates at the metal-oxide interface, which
were oxidised on the oxide side and metallic on the metal side. For the precipitates in Zr1%Fe
it could be shown with EELS that the oxidation state of Fe in the precipitates in the oxide and
of pure iron oxide is the same, so reports of unoxidized iron in the oxide are not valid for the
binary alloys investigated in this study. So from our results we have no proof for precipitates
exhibiting a different oxidation state than the alloying element contained in them. For Zr;Ni
this has not been shown (no EELS measurements).
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Table 14: Overview of precipitate oxidation behaviour at the metal-oxide interface showing
similar behaviour in all oxidation consitions.

Zr1%Fe Zr1%Ni Zr1%Cr Zr0.6%Nb

in situ (ESEM)
130 Pa
1 hour
vapour

autoclave
0.1 MPa
3 days
air

autoclave

0.1 MPa
3 days
steam

autoclave
10.5 MPa
110 days

o E, e |
steam : A fa - 3 ™ ,'r 50 11:1.1.

For all oxidation conditions the formation of iron oxide crystals was observed at the oxide
surface of Zrl%Fe (Table 15). After 1 hour the oxide crystals were small, present over some
oxidised precipitates in the oxide. For oxidation for 1 and 3 days the amount of iron oxide
crystals over oxidised precipitates was larger than after 1 h and after 110 days large iron oxide
crystals of up to few micrometers size had formed. Electron diffraction showed the presence
of a cubic phase with diffraction spots and symmetry fitting well to the cubic structure
reported for magnetite or maghemite. For the oxidised precipitates underneath the iron oxide
on the surface a gradual depletion in iron was observed, which increased with the oxidation
time. From the amount of iron oxide and the surface area covered by it, an effective diffusion
coefficient for the transport to the surface could be estimated. The in situ and air oxidation on
not pickled samples show that this phenomenon is not restricted to pickled surfaces or to
steam environments.

The matrix oxide was observed to be columnar for all materials with the oxide grains
oriented in the oxide growth direction. No distinct difference between the columnar grains
was observed for the different materials. The longer the oxidation time, the more frequent
cracks of large size were observed in the oxide scale. Small cracks were present especially in
the outer part of the oxide close to the outer surface. The oxide structure was small grained
and equiaxed for oxidised precipitates in Zr1%Fe, Zr1%Cr and Zr0.6%Nb, as can be observed
on the respective micrographs. For Zr1%Ni due to the lack of clear observations of the
oxidised part of precipitates it cannot be stated what the oxide microstructure looks.
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Table 15: Overview of iron oxide presence at the surface and the connection to underlying
Zr3Fe precipitates.

SE BSE TEM EDS

in situ (ESEM)
130 Pa
1 hour
vapour

autoclave

0.1 MPa
3 days
steam

autoclave

10.5 MPa

110 days
steam
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8 Other selected oxidations

8.1 Other selected oxidation conditions of the binary alloys

The oxidation behaviour in air of precipitates in contact with the outer surface was
investigated in furnace exposures of polished samples for 1 and 24 hours at 415°C for
selected alloys. This was done in order to have a flat surface, allowing the observation of
surface topography changes and the study of precipitate behaviour at the outer surface, which
is difficult on pickled samples, with the rough surface and preferential attack of the
precipitates. Especially of interest was the behaviour of Zr1%Cr, which received an additional
heat treatment at 730°C for 48 hours to increase the precipitate size considerably (average
diameter before heat treatment: ~35 nm and after ~90 nm).

Samples from Zr1%Ni and Zr1%Cr were tested for 1 hour (comparable with in situ
exposures) and from Zr1%Ni and Zr1%Cr for 24 hours.

8.1.1 Furnace oxidation for 1 hour in air

8.1.1.1 Zr1%Ni oxidized 1 hour in air

The surface of Zr1%Ni oxidised for 1 hour at 415°C is flat beside the protrusions (Figure
86a), which have formed on oxidised nickel containing precipitates in contact with the outer
surface. At these oxidised precipitates in contact with the outer surface cracks can be observed
in the oxide on the precipitates (Figure 86b). EDS analyses of the small crystals at 5 kV
acceleration voltage results in up to 20 at.% Ni with 18.5 at.% Zr, which indicates that a
migration of Ni to the surface (precipitate composition nominal Zr,Ni), however, no
confirmation with TEM was possible and no systematic observation of Ni rich regions was
obtained.

Figure 86: SEM micrographs of surface of Zr1%Ni oxidised for 1 hour at 415°C in air. The
SE micrograph (a) shows the protrusions with cracks within the protrusions and small
crystals on top, the also the inset at higher magnification, the BSE micrograph (b) shows
there are cracks at most precipitates (same surface as (a)).
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8.1.1.2 Zrl1%Cr (annealed) oxidised 1 hour in air

The surface of the annealed Zr1%Cr oxidised for 1 hour at 415°C is flat beside the
protrusions (Figure 87a&b), which have formed on chromium containing precipitates in
contact with the outer surface. At these precipitates in contact with the outer surface cracks
can be observed at the precipitate-oxide interface (Figure 87a-c). EDS analyses of the
precipitates at 5 kV acceleration voltage resulted in much lower oxygen concentrations at the
precipitates (<20 at.%) than on the oxide beside (>50 at.%) with the Cr to Zr ratio around 2
(ZrCr,). The FIB transverse section of the surface (Figure 87c) at the precipitate in Figure 87a
reveals, that the bulk of the precipitate (Figure 87c 1) has a metallic appearance and the
precipitate in contact with the metal-oxide interface (Figure 87c Il) exhibits the same type of
crack at the precipitate-oxide interface (black arrow) as for the smaller ZrCr, precipitates. In
other sample the EDS analysis of the precipitates in the transverse section confirms the low
oxygen content obtained from the surface measurements, the oxygen levels are below 5 at.%
and the Cr to Zr ratio 2 and even higher, which could be caused by segregation of Cr and Zr
close to the surface. This could be size dependent, as not observed for small precipitates;
however no systematic observation of such a phenomenon was obtained.

Figure 87: SEM micrographs of surface of Zr1%Cr oxidised for 1 hour at 415°C in air. The
SE micrograph (a) and Inlens micrograph (b) show a Cr bearing precipitate at the surface
with a cracked precipitate oxide interface. The Inlens micrograph of the FIB section (c) of the
precipitate at the surface in a&b shows two precipitates (I and Il marked with white arrows),
one in contact with the surface and the other with the metal-oxide interface, crack at
precipitate oxide interface marked with black arrow.

The TEM sample prepared from annealed Zr1%Cr oxidised for 1 hour in air shows a
delayed oxidation of the precipitate with respect to the zirconium matrix (Figure 88). A thin
region of oxidised precipitate with Cr to Zr ratios varying from 1 to 3 (ZrCr, precipitate) can
be observed, as the protective platinum layer was milled away, the original thickness of this
oxidised layer cannot be determined, on TEM micrographs an about 10 nm thick region with
a different contrast can be observed. At a distance of 50 nm from the precipitate surface and
more, maximum 5 at.% oxygen were detected; for the EDS spectrum at 50 nm distance from
the surface see Figure 88. The Cr to Zr ratio in the metallic precipitate was about 2, as
expected for ZrCr, precipitates and matched also with the composition obtained for a large
precipitate in the metal.
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Figure 88: Bright field contrast of precipitate at surface of Zr1%Cr oxidised for 1 hour at
415°C in air. The precipitate is only oxidized at the surface in a very thin region. The metal-
oxide interface beside the precipitate is marked by arrowheads. EDS spectrum from the
precipitate 50 nm below the surface is presented, showing the low oxygen content.

8.1.2 Furnace oxidation for 24 hours in air

8.1.2.1 Zrl%Fe oxidized 24 hours in air

The oxidised surface of Zrl%Fe is flat beside the protrusions (Figure 89), which have
formed on oxidised iron containing precipitates in contact with the outer surface. At the
oxidised precipitates in contact with the outer surface some cracks can be observed. FIB
transverse sections show the thicker oxide formed under these precipitates (inset in Figure
89). The cracks at the outer surface are not extending deep into the oxide with the width they
have at the surface.

Figure 89: SEM micrographs of surface of Zr1%Fe oxidised for 24 hours at 415°C in air. The
inset shows a FIB transverse section of a surface protrusion.
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8.1.2.2 Zrl1%Cr (annealed) oxidised 24 hours in air

The oxidised surface of the annealed Zr1%Cr sample exhibits some larger precipitates and
beside these smaller protrusions, which could be oxide grains (Figure 90a&b). At the
positions of the large precipitates (Figure 90b) chromium could be detected using an
acceleration voltage of 10 kV, at 5 kV no chromium signal could be identified at the surface.
Around the oxidised precipitates in contact with the outer surface some cracks can be
observed. On the FIB transverse section (Figure 90c) it can be observed, that the oxide
thickness is very much increased locally around the precipitate with cracks in the oxide. On
the precipitate the protrusion is lower than beside, which could be an indication, that no
expansion (as consequence of oxidation) has taken place. However, the question about the
oxidation state of the precipitate cannot be answered in SEM, as the volume analysed with
EDS contains always contributions from matrix and precipitate. No TEM sample has been
prepared.

Figure 90: SEM micrographs of surface of Zr1%Cr oxidised for 24 hours at 415°C in air.
(@) Overview micrograph showing the presence of few larger precipitates (P) being
observable at the surface and cracks in the oxide. (b) Micrograph of one large precipitate at
the surface at higher magnification. (c) FIB transverse section of a larger precipitate (P),
showing the thicker oxide scale at the precipitate and some cracks in the oxide.

8.2 Autoclave oxidation of Zircaloys in steam at 415°C

8.2.1 Zr,(Fe,Ni) precipitates

The oxidation behaviour of Zr,(Fe,Ni) precipitates was studied on a Zircaloy-2 sample
oxidised at 415°C for 1 day in steam at 10.5 MPa [272]. In Figure 91 TEM micrographs of
one Zry(Fe,Ni) precipitate at the metal-oxide interface (a) and one fully in the oxide about
300 nm from the outer surface (b) can be observed. Both micrographs show precipitates in the
range of 200-300 nm diameter. The precipitate at the metal-oxide interface (Figure 91a) is in
large parts metallic, only small parts in contact with the surrounding oxide are oxidised. The
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precipitate present in the oxide about 300 nm from the outer surface (Figure 91b) is fully
oxidised and some smaller cracks can be observed at the oxide-precipitate interface. The
oxide is equiaxed and small grained within the oxidised precipitate and for the oxidised
matrix. No detectable formation of alloying element oxide was found at the outer surface
above oxidised Zr,(Fe,Ni) precipitates.

200 nm

Figure 91: TEM micrographs of Zr,(Fe,Ni) precipitates (a) at the metal-oxide interface and
(b) fully in the oxide (white arrows) on Zircaloy-2.

8.2.2 Zr(Fe,Cr), precipitates

The oxidation behaviour of Zr(Fe,Cr), precipitates was studied on a Zircaloy-2 sample
oxidised at 415°C for 1 day in steam at 10.5 MPa [272] and a Zircaloy-4 sample oxidised for
110 days under similar conditions [10].

On the Zircaloy-2 sample Zr(Fe,Cr), precipitates in the oxide less than 300 nm from the
metal-oxide interface are found to be unoxidized in the oxide matrix (Figure 92a). The cracks
at the precipitate-matrix interface are situated on the precipitate side facing the outer surface.
At the surface a protrusion containing high contents of alloying elements was observed
(Figure 92b). In the protrusion the chromium content was almost double the zirconium
content and iron and nickel were also present at higher concentrations than found in the oxide
underneath.

B5 at.% O
13 at.% Cr
3 at.% Ir
dathFe e e
That% N |55

100 nm

Figure 92: TEM micrographs of Unoxidised Zr (Fe,Cr), precipitates in the oxide close to the
metal-oxide interface (a) and region high in alloying elements close to the outer surface (b)
on Zircaloy-2.
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On a Zircaloy-4 sample Zr(Fe,Cr), unoxidized precipitates could be observed in the oxide
(Figure 93). Due to the thickness of the foil precipitates were difficult to observe and
therefore no information is available up to which distance from the metal-oxide interface they
remain unoxidized.

a0 nm

Figure 93: TEM micrograph of unoxidised Zr (Fe,Cr), precipitate in the oxide formed on
Zircaloy-4 close to the metal-oxide interface.

8.2.3 Comparison of binary zirconium alloys and Zircaloys

For the commercial alloys also both precipitate oxidation behaviours were observed. The
precipitates containing more than two elements were found to exhibit delayed oxidation in the
case of Zr(Fe,Cr), and similar oxidation to the surrounding matrix in the case of Zr,(Fe,Ni).
Interesting here are two aspects, precipitate composition and crystal structure. The Zr,(Fe,Ni)
precipitates have the same structure as the Zr,Ni precipitates and contain Fe and Ni beside
zirconium, which both show in the binary alloys similar precipitate oxidation to the
surrounding matrix. The Zr(Fe,Cr), precipitates have the same structure as ZrCr, and contain
both Fe and Cr beside zirconium, of which one element shows delayed oxidation (Cr) in the
binary alloy and one similar oxidation as the surrounding matrix (Fe).

On oxidised Zr(Fe,Cr), precipitates iron and chromium oxide were observed on the outer
surface. The outer part of this oxide protrusion was rich in Cr and the overall thickness of this
region was around 30-40 nm, but no crystals as in the case of iron were observable.
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9 Mechanical properties of zirconia layers
formed on binary alloys

Nanoindentation was applied to determine Young’s modulus of formed oxide layers on
different materials. The elastic response of the sample upon retraction of the Vickers indenter
was used to determine the Young’s modulus of the oxide layer. The results are presented in
appendix Ill. The microhardness tests to dsetermine the hardnes of the material at the metal-
oxide interface are presented below.

The microhardness tests performed close to the metal-oxide interface were done with an
indentation force of 0.1 N, by loading the sample with 0.01 N/s until the preset load was
reached and holding this load for 10 s. The indent positions were taken to be at the crossing of
the diagonals, which was the point possible to determine with the highest accuracy.

A comparison of the measured hardness data for different binary alloys oxidised at 415°C
in air and steam showed a sharp decrease of the hardness at the metal-oxide interface towards
the metal (Figure 94). The average metal hardness for 0.1 N indentation force ranges between
150-180 HV and is reached for distances larger than 5 um into the metal. The hardness drops
from the oxide towards the metal and reaches around 5 pum from the interface into the metal
the average metal hardness. The maximum hardness obtained for the oxide was in the range
of 900-1000 HV. The precission in location with respect to the metal-oxide interface is 2-
3 um, being also due to the interface roughness.
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Figure 94: Hardness as determined with 0.1°N load at the metal-oxide interface and in the
metal of different binary alloys and pure zirconium oxidized at 415°C.

For comparison with 415°C the hardness was measured for two binary alloys oxidised at
700°C in the environmental SEM (Figure 95). The hardness data show a sharp decrease of the
hardness at the metal-oxide interface towards the metal. The hardness obtained for the metal
ranges between 160 and 220 HV and is reached for distances larger than 10-15 pm into the
metal. In the region between 0 and 15 pm the two hardness curves show a difference of about
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150 HV, but are both showing a steep decrease in hardness down to 300/400 HV and then a
less steep curve down to the metal hardness reached between 10 and 15 pm distance from the
metal-oxide interface.
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Figure 95: Hardness as determined with 0.1°N load at the metal-oxide interface and in the
metal of different binary alloys oxidized at 700°C. Insets show optical micrographs of (a)
Zr1%Cr and (b) Zr1%Ni with indents.

The scatter in hardness is quite large, which depends on several factors: inhomogeneities of
the material (precipitates etc) and errors in the determination of the diagonals are to be
mentioned. For the inhomogeneities the influence on the indents should decrease with indent
size, as more volume is tested, which means that the data from the oxide and close to the
oxide should exhibit more spread than in the metal at some distance to the oxide. The
determination of diagonals is to be expected to exhibit a similar trend, as the same absolute
error increases the deviation from the real hardness more for small indents than for large
indents. The indents obtained also show the influence of a hardness gradient, which can be
observed in the inset in Figure 95a for the asymmetric indents which are symmetric on the
axis perpendicular to the interface but not parallel to the interface. The indent side facing the
oxide is somewhat smaller than the side facing the metal, which results in a crossing of the
diagonals off centre for the indents close to the oxide. Hardness testing is ideally not to be
done in such a (steep) gradient; however, here it was intended to observe the gradient.
However, the impact of this non-ideal conditions on the correctness of the obtained hardness
should be not neglected. Problematic is the assignment of the indents being both in the metal
and the oxide, as these contain information from both which cannot be quantified. Also those
indents close to but not in contact with the oxide reflect already the influence of the
mechanical properties of the oxide and the oxygen rich diffusion zone which can be observed
as a band of brighter contrast at the metal-oxide interface (inset Figure 95a).
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10 Discussion

10.1 Introduction

In this chapter the experimental results obtained with the different methods described in
the previous chapter will be discussed with respect to their interpretation and their relevance
to the oxidation process.

First the influence of experimental parameters as surface preparation and sample geometry
is addressed. An influence of the surface preparation on the resulting oxide, especially at
precipitate sites, has been observed, as well as the influence of the precipitate-sample
geometry on EDS measurements and their reliability.

In the second part of the discussion chapter the experimental results obtained and their
interpretation are in the focus. The experimental results are compared with thermodynamic
calculations of the oxidation behaviour of different types of precipitates.

The origin of the surface protrusions observed with AFM is dealt with. The existence of
two general precipitate oxidation behaviours is shown and the influence of different possible
parameters on the precipitate oxidation behaviour is discussed. The two parameters being
most probable, a zirconium to alloying element ratio in the precipitates and the calculated free
energy of oxide formation of the different intermetallics, are compared with each other.
Possible experiments to determine the more adequate criterion of the two to predict the
precipitate oxidation behaviour are proposed.

10.2 Influence of surface preparation on results

The surface preparation has been observed to influence the precipitate oxidation behaviour
at the outer surface. In this project samples with three different types of surface finishing were
investigated:

1. Polished and pickled surface according to ASTM G2 [10] (as received samples).

2. Mechanically polished with last step being a neutral 1 pum diamond slurry
polishing.

3. Mechanically polished with last step being a vibratory polisher finish with 60 nm
large Silica particles at a pH of 9.5.

It was noticed that the polishing and pickling process removes all large precipitates in
contact with the outer surface. The oxidation behaviour of the precipitates for samples
prepared with this procedure can only be studied for precipitates not in contact with the
surface after the pickling process. The surface is rough in the case of alloys with large
precipitates, due to the preferential dissolution of larger precipitates, so that analysis of the
topography in AFM can only be performed on small features like oxide grain size at the
surface, as reported before in [252], and in this project this has not been done for samples with
this surface preparation.

Samples prepared with neutral 1 pm diamond slurry in the last polishing step resulted in a
smooth surface without a recognisable attack of precipitates at the surface.

Polishing with a solution containing 60 nm large Silica particles and a pH of 9.5 with the
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vibratory polisher resulted in an optically smooth surface, however, in AFM depressions were
observed at positions, which were identified in SEM to be the sites of precipitates. On the
samples oxidised in situ at 415°C surfaces treated with this type of finishing the precipitates
were exhibiting a thicker oxide than those on samples with diamond slurry polish. In SEM,
EDS measurements of the oxygen content of ZrCr, precipitates showed higher oxygen content
at precipitates at the surface compared to the only diamond slurry polished material (heat
treated Zr1%Cr with larger precipitates). In TEM a 150 nm thick oxide layer was observed for
the vibratory polisher finished material on ZrCr, precipitates, on the diamond slurry polished
surface the oxide layer was significantly thinner than this. For Zr1%Ni, rapid formation of
iron oxide on the surface was observed during in situ oxidation at 415°C for the vibratory
polisher finished surface. The iron originates from the precipitates, where it is present as
impurities and due to its low solubility in the Zr matrix. The Ni/Fe ratio is about 57 for the
Zr1%Ni alloy, assuming that all Ni and Fe are present in the precipitates. The average of the
measured Ni/Fe ratio was in this project around 42 in the Zr,Ni precipitates in the metal.
Thus, the Fe impurity content of the Zrl1%Ni alloy is therefore mainly present in the
precipitates. The basic polishing solution modifies Zr,Ni precipitates in such a way, that the
iron content rapidly forms iron oxide on the surface, which is not the case for the same
oxidation conditions in situ on the surface of samples polished with the diamond slurry. This
could be due to the removal of the mechanically deformed outer layer from polishing.

10.3 Quantitative EDS measurements

For quantitative EDS measurements in TEM some precautions have to be taken. The
interaction volume of the beam with the primary electron beam is much smaller, than in the
SEM, however, even here the analysed volume should be homogeneous in composition to
allow correct quantification. As the interest for quantitative EDS measurements is mainly at
precipitate sites, it is of interest how different precipitate-matrix geometries encountered in
TEM samples have to be dealt with, to obtain optimal data from the reliability point of view.
As there are different possible settings in EDS routines for quantification, suitable settings for
different questions of interest are addressed. The influence of different sample parameters, as
thickness and density, on the obtained quantification is discussed in this section with respect
to their possible range and introduced errors.

10.3.1 Precipitate-matrix geometries in TEM specimens

For EDS measurements it is advisable to know the impact of the possible geometries on
the results obtained. The possible precipitate-matrix geometries in TEM specimens can be
categorised into specimens with uniform thickness at the precipitate location and of the matrix
beside (1.1 to 1.3 in Figure 96) and specimens with different thickness at the precipitate
location and of the matrix beside (2.1 to 2.3 in Figure 96).

In the case of configuration 1.1 the precipitate is the only phase present in the volume
between both surfaces of the specimen, which is possible for precipitates exhibiting larger
diameters than the specimen thickness at this position. This is the case for Zr1%Fe and
Zr1%Ni from the materials studied and in the centre of the precipitates the contribution of the
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matrix to the signal obtained is negligible. In the case of configuration 1.2 and 1.3 there is the
precipitate and the matrix present in the analysed part of the specimen, either because the
precipitate is only partially within the sample, although it has a diameter larger than the
specimen thickness (1.2), or because it is smaller than the overall specimen thickness (1.3).
These cases are all possible regardless of the specimen preparation technique if no preferential
thinning takes place. In these two cases EDS measurements will always contain a contribution
of the matrix, which is difficult to correct for without further measurements and calculations,
as the exact extent of precipitate and matrix contribution to the signal obtained is not easily
separated.

1.1 1.2 1.3
% % O precipitate
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matrix

2.1 2.2 2.3
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Figure 96: Examples of possible precipitate matrix configurations encountered in TEM
samples. 1.1-1.3 present configurations with uniform and 2.1-2.3 configurations with non-
uniform thinning of matrix and precipitates. The interaction volume with the electron beam is
shown.

In case the sample thickness is not uniform on precipitates and the matrix, different
configurations are possible (2.1-2.3 in Figure 96). These configurations are especially
interesting in the case of large precipitates with a diameter larger than the sample thickness.
Configuration 2.1 can be the result of a preferential attack of the matrix in an etchant or a
higher resistance of the precipitate towards milling in the FIB. Configuration 2.2 and 2.3 can
be caused by preferential etching of the precipitate with respect to the surrounding matrix, in
configuration 2.3 the preferential attack of the precipitate is combined with configuration 1.2.

A good TEM specimen with optimal preparation should be represented by the
configuration 1.1-1.3; however, due to non-uniform thinning during the preparation process,
also configuration 2.1-2.3 are possible. Preferential attack of the matrix has not been observed
for the electro-polished TEM specimens, for FIB prepared TEM specimens at least for Ni
bearing precipitates a protrusion was detected at the precipitate site in an AFM scan of a TEM
specimen. Preferential attack of the precipitates has been observed for electro-polished TEM
samples, especially for Zr1%Fe and Zr1%Ni for the large precipitates.
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10.3.2 Influence of precipitate-sample geometry in TEM on obtained results

The different precipitate-matrix geometries presented in Figure 96 have all an impact on
the EDS signal obtained. Without any correction only configuration 1.1 allows the correct
determination of the precipitate composition if obtained in the centre of the precipitate. In
case of sufficiently large precipitates the signal originates from the precipitate only and results
therefore in the correct ratio of the elements constituting the precipitate, which is possible for
Zr1%Fe and Zr1%Ni from the studied materials. In this case the density of the intermetallic
should be used for quantification of metallic precipitates; as will be discussed in 0. For
configuration 1.2 with various degrees of matrix contribution, it is not possible to determine
correctly the alloying element content of the precipitate, which is especially important in the
oxide to evaluate the release of alloying elements from the oxidized precipitate into the
surrounding oxide. Configuration 1.1 and 1.2 cannot be distinguished by other means than
comparing the zirconium to alloying element ratio obtained for the precipitate with the
nominal one for this type of precipitates, therefore the release of alloying element content
from oxidised precipitates in the oxide is only unambiguously proven, if a corresponding
increase in alloying element content of the surrounding oxide matrix is observed, as a lower
alloying element to zirconium ratio is alone no unambiguous evidence.

In the case of small precipitates (configuration 1.3), as present in Zr1%Cr and Zr0.6%Nb, a
separation routine has been applied, described in more detail in the respective section in the
results chapter (5.1.4.4 on page 77). This routine allows an estimation of the precipitate
oxidation state in the oxide with some assumptions. However, in the case of precipitate
depletion this routine will not be applicable, as a fixed zirconium to alloying element ratio is
one of the essential assumptions on which the routine is based.

The configurations presented in 2.1 and 2.2 can also be used to determine the precipitate
composition, however, the local thickness at the measurement point is required for this. For
Zr1%Ni configuration 2.1 has been found when a precipitate at the metal-oxide interface in a
TEM sample was checked with AFM. The other configurations (1.2, 1.3 and 2.3) always
contain a matrix contribution, which cannot be quantified and therefore these do not allow the
correct determination of the precipitate composition. In TEM it is not straightforward to
distinguish between the different cases (except for configuration 1.3), only AFM on
precipitates for each preparation method can clarify if any preferential etching has taken place
(either configuration 2.1 or 2.2 and 2.3).

Therefore for small precipitates (configuration 1.3) and partially included large precipitates
(1.2 and 2.3) depletion of the precipitates in alloying elements is difficult to identify correctly
and even more difficult to quantify.

The local difference in sample thickness (configuration 2.1-3) can also affect the
quantification, if the sample thickness has been determined for the matrix, however, the
influence of the thickness on the determined zirconium to alloying element ratio is low, the
influence of a matrix contribution as in 2.3 is considerably higher.
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10.3.3 Quantitative EDS results

The INCA EDS software of Oxford Instruments was used with the standardless automatic
quantification unless stated otherwise. For this setting the software chooses the preset x-ray
lines for quantification. In case EDS analyses on the SEM, no further input is required (unless
the sample has been coated e.g. with carbon).

10.3.3.1 SEM/EDS

In SEM the provided quantitative information is only taken as indication of the
approximate composition, as important requirements as homogeneity of the investigated
volume and a sample surface perpendicular to the incoming electron beam are not fulfilled for
some setups. To obtain unambiguous results, the penetration volume of the electron beam has
to be smaller than the precipitate volume, for example at 5kV acceleration voltage the
generated zirconium signal originates from a maximum depth of 150 nm. This is small
enough for large precipitates in Zrl%Fe and Zr1%Ni if the precipitate is analysed in the
centre, otherwise some contribution of the surrounding zirconium matrix will contribute to the
zirconium signal and dilute the alloying element signal contribution. At 20 kV acceleration
voltage, as used for EDS mapping, the interaction volume is therefore more than 1 um
diameter larger than most precipitates and reaches deeper into the material than the oxide
thickness present on the in situ samples. The EDS results can therefore be only considered as
qualitative at this acceleration voltage in SEM. For FIB transverse sections also a tilt of the
analysed surface with respect to the electron beam, spurious x-rays from the surrounding of
the inclined surface and shadowing of the x-ray detector by the walls of the section are
additional factors affecting the reliability of the quantification.

10.3.3.2 TEM/EDS

For quantitative EDS results in TEM the user has to provide additional input in form of
sample thickness and density of the material to allow the quantification with the appropriate
parameters. In TEM the standardless automatic quantification requires only sample thickness
and density as user input. For TEM this procedure results in semi-quantitative results, unless
the thickness is determined carefully at the spots of interest for example with EELS. The
preset x-ray lines of the identified elements in the INCA software from Oxford Instruments
are the K-line for O, Cr, Fe and Ni and L-line for Zr and Nb. These standardless settings had
been found to provide the most accurate quantification results for zirconia standard samples
with known stoichiometry and thickness [114].

For the intermetallic precipitates present in the materials investigated the quantification
with L-line for Zr and K-Line for the alloying element resulted in too high Zr to alloying
element ratios with respect to their nominal composition (e.g. Zr to Ni ~3:1) compared to the
stated stoichiometry in the literature (Zr;Ni [10]). Only if both Zr and alloying element were
quantified using their respective K-lines, the nominal precipitate compositions (ZrsFe, Zr;Ni,
ZrCry) were obtained, see also Table 10 on page 58. With the sample thickness at a precipitate
determined using EELS for Zr1%Fe and the appropriate density being entered into the EDS
software, only the x-ray line chosen for quantification can be the cause for a different
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quantification result. Therefore is must be assumed that the studies reporting those precipitate
compositions used the Zr K-line and the alloying element K-line for quantification.

The EDAX-software on the TEM at CSEM had in their preset selection of x-ray lines for
quantification the setting using the same line family (K-line) for both Zr and the alloying
elements, which resulted in the nominal precipitate composition, proving that not a detection
problem but rather the quantification procedure using x-ray lines of two different families (K
and L) is at the origin of this quantification problem.

A problem arises therefore with the correct quantification of oxygen and the alloying
elements in oxidised precipitates. Either the Zr to alloying element ratio is correct (both
elements quantified with their K-lines), or the Zr to oxygen ratio is correct (zirconium L and
oxygen K-line used for quantification). The suggested solution is to quantify the oxygen
present using the Zr L-line and the alloying element with the Zr K-line and then correct the Zr
to alloying element ratio using the K-line quantification without changing the oxygen
quantification from the L-line quantification. The suggested procedure is:

1. Measure the point of interest

2. Set thickness and density

3. Quantify with L-line for Zr and keep oxygen content and fixed metal content (sum
of Zr and alloying element(s))

4. Quantify with K-line for Zr and adjust Zr to alloying element ratio obtained in 3
(same metal content but corrected Zr to alloying element ratio).

Application of this procedure increases the alloying element content, compared with the
quantification using only the Zr L-line (Table 16). To compare the impact of this change in
the quantification result one oxidised and one metallic precipitates of ZrCr, are treated with
both procedures, only Zr K-line, Zr L-line and Zr K and L-line, denoted as Zr K+L line in the
Table.

Table 16: Impact of Zr x-ray line selected for EDS quantification on precipitate composition

in the oxide for ZrCr, precipitates. Surplus Zr, O/surplus Zr and oxygen content in precipitate
calculated according to Appendix | on page 183.

Zr Iine_ gsed_ for Cr 7r surplus Zr at.% o/ oxygen content
quantification (c(Zr)-0.5-¢(Cr)) surplus Zr SPP / at.%

metallic K 246 459 28.0 5.1 4.8 17%
orecipitate L 228 40.7 35.2 14.8 15 0%
K+L 228 47.1 287 5.2 4.4 15%
. K 645 16.2 18.6 10.5 6.1 64%
p‘r’:c'?[;f;‘:e L 61.0 144 24.0 16.8 3.6 56%
K+L 61.0 179 20.6 11.6 5.3 58%

The increase of alloying element content can be as high as 6 at% in the case of ZrCr;
precipitates between L-line and K+L-line procedure (Table 16). This increase in Cr content
has an impact on the estimation of the oxygen content of the precipitates, for details of the
routine see 5.1.4.4 on page 77, which is with the correction higher, up to 19 at.% oxygen
more than with just the Zr L-line quantification, as the Zr/Cr ratio on which the estimation
depends is changed. The 0% oxygen result for the metallic precipitate is not reliable, as even
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for a large unoxidized ZrCr; precipitate, presented in Figure 88 (in contact with the outer
surface), around 5 at.% oxygen in its centre were detected. This oxygen concentration of
5 at.% is still low, considering that even in the metal not close to the metal-oxide interface
low but measurable oxygen content is detected, see for example Figure 84 to Figure 85 and
[114]. The absence of oxygen in small precipitates in the oxide is therefore not realistic, as it
Is suggested by the matrix subtraction routine in 5.1.4.4.

Considering also the uncertainty of about 10% in EDS quantification results, it is not
possible to judge, which of the two quantification procedures, Zr L-line or Zr K+L line,
provides the data representing the real concentrations best.

10.3.3.3 Influence of density and sample thickness on quantification in TEM

The density used for the quantification procedure in the INCA EDS software of Oxford
Instruments was usually set to be 5.8 g/cm? for the oxide or 6.5 g/cm?3 for the metal. These
densities can be assumed to be valid for pure zirconia and the zirconium matrix. For larger
precipitates in the metal the higher densities of the intermetallics should be used (6.8-
7.2 g/lcm3, see Table 5), for small precipitates the density of the surrounding matrix will be a
good estimate. For the B-Nb phase this should be even higher (8.57 g/cm3). In case of the as
received Zr1%Cr and Zr0.6%Nb material, this correction was not applied, as the precipitates
were generally smaller than the TEM specimen thickness.

In the oxide the correct density of the oxidised precipitates is more difficult to estimate, as
this depends on the oxidised phase formed and also the degree of oxidation. Therefore the
density chosen for quantification is the density of zirconia, as this is the best approximation
possible. The parameter mostly affected by a variation of the sample density was the oxygen
quantity. This variation of the oxygen concentration is due to the absorption correction, which
takes into account the attenuation of the oxygen signal by absorption from zirconium and the
other elements for the quantification.

The sample thickness, being provided by the user for the quantification procedure in the
INCA EDS software of Oxford Instruments, was estimated by assuming an oxygen to
zirconium ratio of 2 in the outer oxide, in case no thickness measurement (e.g. with EELS)
was performed. For Zr1%Fe oxidised for 110 days in steam the thickness calibration with
EELS was performed in the metal and the oxide, as there also the oxidation state of iron was
investigated in detail. The thickness determined with EELS was around 140 nm, higher than
first expected, which resulted in too low oxygen concentrations with the too small thickness
value entered into the quantification routine.

The limits of the thickness range usually encountered are 50 and 200 nm, as thicker
samples would not be suitable for TEM investigations. Varying the thickness in this ranges
showed that also for this parameter oxygen is the most sensitive element.

It is therefore acceptable to use the EDS data for semi-quantitative composition
information, however, information about the precipitate oxidation state cannot be directly
obtained and only via relative comparison with the oxygen content of the surrounding matrix,
assuming the same thickness, an estimation can be made for large deviations from the matrix
oxygen content (routine applied for small precipitates in Zr1%Cr and Zr0.6%NDb).
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10.4 Change of surface topography during oxidation

The AFM measurements of the surface topography before and after oxidation of polished
surfaces revealed the formation of protrusions on some of the binary alloys. Here the
observations will be discussed and possible explanations and a modelling approach of the
phenomenon with ANSYS will be presented.

10.4.1 Protrusions on the surface

The protrusion height observed with AFM on large precipitates at the surface after
oxidation of polished (not pickled) surfaces [279] can have different origins:

1. A higher Pilling-Bedworth ratio than the zirconium matrix,
2. Thicker oxide formed at precipitates in contact with the outer surface,
3. Diffusing species to the outer surface.

The height of the protrusions measured in AFM is therefore dependent on different
contributing phenomena, which cannot be separated in AFM, as only the topography, but no
chemical profile in depth can be acquired to provide an answer.

Factor 1 and 2 contribute for all precipitates which oxidise preferentially when in contact
with the outer surface and cannot be separated by the experimental results presented, as the
large precipitates of Zr1%Fe and Zr1%Ni both exhibit the behaviour described with metal-
oxide interface undulations observed in SEM and TEM.

In the case of all alloys with formation of an alloying element oxide on the surface of
oxidised precipitates, factor 3 contributes to the protrusions observed in AFM. The AFM will
provide the overall surface topography, which means for the protrusions observed, the
contribution from an alloying element oxide formation cannot be separated from the height of
the underlying surface protrusion, so the measurements in AFM will always give the sum of
both contributions. In case the alloying element oxide is present as small crystals with a
sufficient spacing between the crystals (so that the tip can reach the bottom of the gap
between the crystals); the AFM will be able to provide information about the actual protrusion
height and the alloying element crystal thickness. However in TEM the separation of the
different contributions can be done in all cases.

10.4.2 Pilling-Bedworth ratio of intermetallics

The protrusions observed on the surface of Zrl%Fe and Zr1%Ni were related to the
presence of large precipitate underneath the surface. The increase in height at these locations
could be due to the volume increase difference between the oxidised precipitate and oxidised
matrix, or due to migration of alloying elements to the free surface and their subsequent
oxidation [198]. Both aspects will be discussed below.

N Zr N M

e ( ) 'Voxide (Zr) + metel ( ) 'Voxide (M )

Noxide (Zr) Noxide(M )
VSPP (ZraMb)

Equation 5: M stands for the alloying element, Npetai(X) for the number of atoms of X in unit
cell of precipitate, Noxige(X) for the number of atoms of X in the unit cell of the oxide formed
by X and Vyige(X) for the volume of the unit cell of the respective oxide.

P-B ratio (ZraMb)(
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In order to quantify the effect of the expansion differences a hypothetical Pilling-Bedworth
(P-B) ratio [225] was calculated for the intermetallics with an equation (Equation 5) derived
from one proposed by Xu and Gao [280], assuming the formation of ZrO, and the respective
alloying element oxide (Fe,O3/ Fe304, NiO and Cr,O3 in Table 17). This assumption is judged
to be valid in the case of pure alloying element oxide formation, as the solubility of Fe,O3 and
Cry03 in ZrO, was found to be 2 mol% or less [281] and 5 mol% for NiO [282] and the
zirconia unit cell volume is decreased by addition of the transition elements of interest, as
explained in the following:

In case the ions of the alloying elements are dissolved in zirconia, their solubility is: 50
mol% for Fe** [282] (ion size 0.645 A for coordination number = 6 [283]) and 26 mol% for
Cr®* [282] (ion size 0.615 A for coordination number = 6 [283]) and 5 mol% for Ni** [282].
However, in this case no higher P-B ratio than for the surrounding zirconia matrix would be
observed, as the unit cell volume of zirconia containing for example the alloying element Ni
is smaller than for the pure zirconia unit cell [282].

The P-B ratio gives the ratio between the volume of the formed oxide and the volume of
metal consumed forming this oxide (Equation 5).

Table 17: Pilling-Bedworth ratio of the different metals in the binary zirconium alloys
calculated with presented data.

oxide OXid.e
oxide PBR Voxidgl Zoxide ! m/ m/ Vmetal / m/ density / density
nm \% Zoxide Voxide nm?3 Vmetal 3 (X'ray) /
g/cm
g/lcms3
m-ZrO, 1.51 0.1408 4 1 4 0.0466 2 5.68 5.8
t-ZrO, 1.44 0.0670 2 1 2 0.0466 2 6.10
c-ZrO, 1.45 0.1349 4 1 4 0.0466 2 6.1
Fe,0; 2.09 0.3019 6 2 12 0.0240 2 5.20 53
Fe;0, 2.05 0.5921 8 3 24 0.0240 2 5.17 52
Cr,03 2.00 0.2882 6 2 12 0.0240 2 5.23 5.0
NiO 1.65 0.0729 4 1 4 0.0442 4 6.60 6.8
NbO 1.37 0.0746 3 1 3 0.0363 2 7.26 7.3
NbO, 1.92 1.1129 32 1 32 0.0363 2 5.96 6.0
Nb,Os 2.67 1.3584 14 2 28 0.0363 2 4.66 4.5

V unit cell volume, Z / V formula units per unit cell, m / Z metal atoms per formula, m / V
metal atoms per unit cell.

It was considered, that the pure unconstrained oxide of each of the metals involved is
formed (ZrO,, Cr,03, Fe,03, NiO, NbO, NbO, and Nb,Os). In other words mixed oxides are
not considered in this calculation. With this assumption and the presented data for the
respective oxides (Table 17), the P-B ratio of the precipitates is calculated (Table 18). The
presented data are not a linear combination of the P-B ratios of the two metals involved.
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Table 18: Pilling-Bedworth ratio calculated for precipitate phases assuming the formation of
pure oxides of the alloying element and of zirconium (ZrO; & M,0,).

Vimetal / z/ al Zr/ M/ Zrl M/ P-B
phase nm?3 Vmetal Zmetal Zmetal Zmetal Vmetal Vmetal ratio
Zr 0.0465 2 1 1 0 2 0 151
ZrsFe 0.5580 8 4 3 1 24 8 1.87°
ZrsFe 0.5580 8 4 3 1 24 8 1.87°
Zr,Ni 0.2230 4 3 2 1 8 4 1.59
ZrCr, 0.3730 8 3 1 2 8 16 1.78
B-Nb (20%zr) 0.0363* 2 1 0.2 0.8 0.4 1.6 1.48°
B-Nb (20%Zr)  0.0363* 2 1 02 08 0.4 16  192¢

B-Nb (20%2Zr)  0.0363* 2 1 0.2 0.8 0.4 16  253°
V: unit cell volume intermetallic, Z/V formula units per unit cell, a/Z atoms per formula unit,
Zr/Z Zr atoms per formula unit, M/Z alloying atoms per formula unit, Zr/V atoms per unit
cell, M/V alloying element atoms per unit cell. ® Fe,0s, ® Fez04, ¢ NbO, ¢ NbOy, ¢ Nb,Os,
* unit cell of pure Nb was considered, consistent with [56, 284].

Of the different intermetallics ZrsFe has the highest P-B ratio with 1.87 for the identified
magnetite, ZrCr, a lower one with 1.75 and Zr,Ni the lowest with 1.59, compared to 1.51 for
pure Zr forming monoclinic zirconia. For the B-Nb precipitates (with 20%Zr) either a similar
(NbO) or much higher P-B ratio (NbO,, Nb,Os) than that of pure zirconium is calculated.
However, as several oxides are possible and the one formed is not known, Nb bearing
precipitates are not considered in the next section.

10.4.3 Cases modelled with ANSYS

The theoretical Pilling-Bedworth ratio values were used to calculate the average height of
protrusions for each material for precipitates with different diameters (Table 19). The
protrusion height was modelled in ANSYS for 3 different precipitate diameters (35, 250 and
500 nm) with the precipitates in contact with the outer surface and embedded in a 200 nm
thick metal layer to be transformed into zirconia. This is a good approximation of the
conditions present for the precipitates in the in situ samples, on which the AFM
measurements of the topography were conducted. The model had a width of 2 um and 3 um
thickness of the metal, the expansion was constricted in the x-direction (parallel to the
surface), to take the restricted in plane expansion of the sheet samples into account. The oxide
and the oxidised precipitates were modelled with a Young’s modulus of 136 GPa and
Poisson’s ratio of 0.25, the metal with a Young’s modulus of 71 GPa and Poisson’s ratio of
0.3 (at 415°C). The expansion due to oxidation was modelled by using the thermal expansion
and a linear thermal expansion coefficient for the precipitates and the zirconium matrix
transformed to zirconia being set equal to the cubic root of the Pilling-Bedworth ratio in Table
18. This implies an isotropic expansion during oxidation, which is an assumption; however, to
our knowledge no information about the actual expansion during oxidation in the direction of
the surface normal has been published for the oxide on zirconium or zirconium alloys. The
protrusion height on the oxidised surface was calculated by subtracting the matrix height
2 um from the precipitate position from the change in y-direction, to set the matrix oxide
surface as reference for the protrusion height, which is also done for the AFM profiles.

The height of protrusions caused by small precipitates (35 nm diameter) is in the same
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range as the roughness of the matrix oxide, as detected by AFM. Therefore protrusions caused
by small precipitates cannot be resolved at the surface by AFM, even if they are present.
Table 19: Maximum protrusion heights extracted from ANSYS models for different precipitate

diameters in a 249.6 nm thick oxide layer formed from 200 nm metal and fully oxidised
precipitates.

diameter / oxidised phase
nm ZriFe ZroNi ZrCr, pure Zr
35 25 0.6 1.9 0.0
250 27.1 7.9 21.6 2.4
500 79.7 42.0 68.9 31.2

The protrusion heights observed experimentally for the different binary alloys are in
accordance with the data in Table 19, taking into account their average precipitate size and the
observed formation of iron oxide crystals on Zr1%Fe. As the protrusions on the surface were
identified manually, a bias towards well distinguishable protrusions on precipitates with
above average diameters is expected and the Pilling-Bedworth ratio calculated is in any case
only truly valid under the assumptions mentioned above. Calculations with almost uniform
expansion during oxidation, the expansion coefficients &, syrface = 0.54 and g| surface = 0.05 as
used by [160, 285], do also explain together with thickness variation of the oxide the observed
protrusions. On the other hand the observed undulation at the metal oxide interface of pure Zr
does not result in well defined protrusions on the surface. In the binary alloys the large
protrusions are clearly linked to larger oxidised precipitates, the influence of precipitate size
on the observed protrusion heights is in agreement with this. On Zr1%Cr and on Zr0.6%Nb
no protrusions caused by precipitates can be observed, as the protrusions expected for
precipitates with an average diameter below 100 nm without formation of an additional
alloying element oxide layer of significant thickness, is not distinguishable from the surface
roughness. For Zr1%Ni the observed protrusion height of about 19 nm is between the heights
expected for precipitates between 250 nm and 500 nm diameter. For Zr1%Fe the observed
protrusions had an average height of 68 nm, this is somewhat below the height expected for a
ZrsFe precipitate of 500 nm, but considerably above the calculated height for 250 nm
precipitates. This deviation to higher protrusion heights of ZrsFe has to be seen in the context
of iron oxide crystal formation at the outer surface. The crystals observed in TEM have a
thickness of 30-50 nm. Some of the observed protrusions are densely covered by small
crystals, their individual height being not exactly measurable as they are too close to each
other. Considering that some smaller protrusions might have been neglected due to the
manual selection and the associated bias towards larger protrusions, the calculated protrusion
height is in agreement with precipitates with iron oxide crystals on a number of them,
increasing the measured precipitate height by few tens of nanometres. For pure Zr a
protrusion is only present in case of a locally thicker oxide, 50 nm thicker oxide (250 nm
diameter of Zr “precipitate”, Table 19) leads to a protrusion height of 2.4 nm. For the
calculated cases only the 500 nm Zr “precipitate” being completely oxidised would result in a
obvious protrusion on the surface of 31.2 nm height.

The contribution of the thicker oxide at precipitates will also contribute to the protrusion
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height beside the higher Pilling-Bedworth ratio of the intermetallics compared to pure
zirconium. To evaluate the influence of the thicker oxide at precipitate sites on the protrusion
height (faster oxidation), the Pilling-Bedworth ratio of the precipitate was set to the value of
Zr/ZrO, in the model and the protrusion formed for this case was compared to ZrsFe (highest
Pilling-Bedworth ratio of intermetallics). For the model of a 200 nm thick metal region
transformed to oxide with a precipitate with 500 nm diameter in contact with the outer surface
a protrusion of 79.7 nm height was obtained for ZrsFe and one of 26 nm protrusion height for
the intermetallic replaced by zirconium oxidised to zirconia (Figure 97). The influence of a
higher Pilling-Bedworth ratio becomes even more pronounced, in case the fully oxidised
region is reduced to a 250 nm diameter, which reduces the surface protrusion to 2.4 nm for
pure zirconia, while a ZrsFe precipitate still causes a protrusion height of 27.1 nm.

The protrusion width extents beyond the precipitate diameter and the height beside the
precipitate (in the model at 0.25 um for a precipitate with 500 nm diameter) is reduced to 63%
of the maximum height of the protrusion in the case of the oxidised ZrsFe precipitate, for pure
zirconia with an equivalent diameter the decrease is only about 5% of the maximum height at
the same distance from the maximum height of the protrusion. A higher Pilling-Bedworth
ratio does therefore not only causes a higher absolute protrusion height, but also a steeper
slope of the protrusion flanks.
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Figure 97: Comparison of the influence of a metal-oxide interface undulation of pure ZrO,
and of a corresponding precipitate of ZrsFe type on the surface topography for 500 and
250 nm diameter. On the right the model is presented for the ZrsFe precipitate with 500 nm
diameter.

10.5 Influence of oxidation conditions on precipitate oxidation

10.5.1 Influence of pressure

A comparison of the precipitate oxidation and microstructure formed during oxidation in
situ (130 Pa) and in autoclave (0.1 and 10.5 MPa) did not reveal significant differences
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between both environments. The precipitate oxidation as observed for samples oxidised in
situ did not significantly differ from the one observed for autoclave oxidation at 0.1 and
10.5 MPa (Table 20).

Table 20: Influence of pressure on oxidation

lowest pressure  highest pressure environment material influence
/ Pa / Pa
93 10132 oxygen 375°C zirconium 15% difference [92]
2 666 26 664 oxygen and water Zircaloy-2 20% difference [286]
vapour
350-400°C
4000 101 325 oxygen 500°C zirconium, Zircaloy-2 none [232]
1300 8 000 water vapour Zircaloy-4 none before
500-550°C transition [287]
133 53 329 oxygen 700°C zirconium none [288]
air / water vapour / binary zirconium no significant
130 10500000 steam 415°C alloys (this study)

The pressure dependence of the oxidation kinetics has been addressed in earlier studies and
in general no strong dependence of the oxidation kinetics on the pressure of the oxidation
environment has been reported for pressures above 130 Pa [287]. Below that pressure the
changes in oxidation kinetics become more pronounced [288]. It has been pointed out that the
pressure dependence of the oxidation kinetics is pronounced after the kinetic transition [287]

Concerning the precipitate oxidation no large influence of pressure within the pressure
range investigated has been observed for the conditions studied [92] and no study being
published in the open literature does report this to our knowledge.

10.5.2 Influence of temperature

The temperature dependence of the oxidation behaviour of zirconium alloys is known [92].
Here only selected examples for the reported temperature dependence of the dissolution
behaviour of the oxidised precipitates in the oxide will be discussed [197], the general
tendency for dissolution of alloying elements was for all temperatures: iron > nickel >
chromium, with iron already dissolving at 400°C (oxidised for 41 days), nickel at 500°C and
chromium at 600°C (details in Table 21).

Table 21: Alloying element behaviour during precipitate oxidation at different temperatures
[197]. Diffusion out of precipitates is marked by + and remaining in the precipitate by -.
Alloying element oxide formation denoted with O.

oxidation time reported alloying element behaviour

and temperature Fe Ni Cr

41 days/400°C  +, O at SPP oxide interface -

151 hours / 500°C +, Fe rich oxide further +/-, 0 i_n SI_DP / O at SPP
away from SPP oxide interface
+, almost uniform
10 hours / 600°C distribution in and around  +, O at SPP oxide interface
SPP

+, O at SPP oxide interface

+, 15 at.% remain in SPP,
rest distributed around

A change of precipitate oxidation as function of oxidation temperature has so far not been
reported, considering the experimental effort for microstructural observations required for
such a study, this is not surprising.
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10.6 Precipitate oxidation behaviour

10.6.1 Precipitate oxidation behaviour in the oxide of binary alloys

The observed oxidation tendency for precipitates not in contact with the outer surface is:
ZrsFe ~ ZrNi = Zr matrix > -Nb ~ ZrCr,, also shown schematically in Figure 98. Comparing
the observed phenomena and the different precipitate types, a classification of the precipitate
oxidation behaviour into the three following categories covers all microstructural observations
from this study:

1. For the alloys Zr1%Fe and Zr1%Ni, precipitates in contact with the outer surface
show an apparent faster oxidation rate with respect to the zirconium matrix
resulting in an oxide protrusion at the surface and an undulated metal-oxide
interface. This behaviour could be connected to the nucleation process of nodules.
Precipitates not in contact with the outer surface oxidise at approximately the same
rate as the surrounding zirconium matrix (ZrsFe & Zr;Ni).

2. Alloying elements diffuse to the outer surface and form pure oxides (Zr1%Fe).

3. For the alloys Zr1%Cr and Zr0.6%Nb, precipitates oxidise after the matrix and
once fully surrounded by the oxide at a distance from the interface (B-Nb & ZrCr,).
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Figure 98: Schematic view of the metal-oxide interface and the oxidation state of the
precipitate. (a) precipitate oxidation behaviour observed for ZrsFe & Zr,Ni precipitate,
(b) oxide crystal formation as observed for ZrsFe, (c) precipitate oxidation behaviour
observed for ZrCr, and S-Nb precipitates.

The precipitates in Zr1%Cr and Zr0.6%Nb exhibited lower oxygen concentrations than the
surrounding oxide matrix, owing to their small size, no confirmation of the metallic state of
the precipitates with electron diffraction was successful. Crescent shaped cracks above the
precipitate facing the outer surface are observed both in the Zr1%Cr and Zr0.6%Nb. It must
be noted that these cracks were not observed in the case of Zr1%Fe and Zr1%Ni. These
cracks are suggested to be the consequence of the delayed oxidation of the precipitates, as
they were only observed for precipitates with comparatively low oxygen content in the oxide.

The oxidation of the precipitates in contact with the outer surface (also in contact with the
metal-oxide interface for large precipitates for the in situ experiments) is faster than the
oxidation of the surrounding matrix, but they are not oxidized completely within a short time,
as a small part having remained metallic could be observed for most precipitates exhibiting
this behaviour in the in situ samples.
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Comparing the observed precipitate oxidation with results of previous authors, the
following differences are observed:

For Zr;Ni precipitate Ploc observed a delayed oxidation with respect to the Zr matrix [64]
and an accelerated oxidation behaviour with respect to the Zr matrix for ZrzFe precipitate
while we observed both to behave fairly similar; accelerated with respect to the matrix if in
contact with the outer surface and similar with respect to the matrix if not in contact with the
outer surface. From the presented results in the paper by Ploc [64] it cannot be concluded if
one of the two types of precipitates was in contact with the outer surface and the other one
not. For the ZrCr, precipitates no results are available in the paper by Ploc, as they were
suggested to be below required size for analysis.

10.6.2 Precipitate oxidation behaviour in the oxide of commercial alloys

The same categories are also applicable to the ternary or more complex alloys used in
reactors. Interesting in connection to the above categories shown schematically in Figure 98 is
the fact, that apart from Zircaloy-2 containing also Zr,(Fe,Ni) precipitates, currently used
alloys in nuclear power plants contain mainly precipitates exhibiting a delayed oxidation with
respect to the zirconium matrix [54, 117, 138, 142, 179, 183, 184, 187, 188], with the
exception of the Zr,(Fe,Ni) precipitates in Zircaloy-2, for which this behaviour has not been
reported [187, 190]. A possible correlation between delayed oxidation and improved
corrosion performance should be studied in detail, as all Zircaloys and the Nb containing
alloys contain precipitates showing delayed oxidation.

For alloys used in nuclear reactors, commercial and test alloys, TEM observations of
precipitates in the oxide of zirconium alloys and their oxidation state has been reported by
different groups. An overview of precipitates types and alloys is provided in (Table 22). The
criteria for including results in the presented list were apart from the precipitate type:

= Alloy type (different alloy, but same precipitate type),
= Precipitate size,
= Additional data regarding precipitates in oxide, e.g. EDS data.

For some of the precipitate types no crystal structure or nominal composition has been
reported, so that they cannot be judged with the earlier discussed criteria (e.g. HANA-6 [54]).
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Table 22: Overview of precipitate oxidation for different precipitates types and related
parameters reported by different authors and results from this study.

ratio of size (max. _— .
recipitate alloying reported or oxujatlon state in
alloy P . . oxide at metal- EDS
type elements in measured in S
SPPs paper) oxide interface
Zr1%Nb [184] B-Nb - 80 nm unoxidised spectra
Zirlo™ [117] B-Nb - 80 nm unoxidised -
Zr-1Nb-O [138] B-Nb - 50 nm unoxidised
Zr-1.5%Nb [193] B-Nb - 60 nm unoxidised -
Zircaloy-2 [187] Zr(Fe,Cr), Fe/Cr=0.7 800 nm unoxidised -
Zircaloy-2 [186] Zr(Fe,Cr), 100 nm unoxidised
NDA [191] (Zry-4 i -
with Ni and Nb) Zr(Fe,Cr); <80 nm unoxidised
Zircaloy-4 [184] Zr(Fe,Cr); Fe/Cr=1.7 - unoxidised spectra
Zircaloy-4 [179] Zr(Fe,Cr); Fe/Cr=1.7 350 nm unoxidised -
Zircaloy-4 [155] Zr(Fe,Cr), Fe/Cr=1.7 200 nm unoxidised -
Zircaloy-2 [186] Zr(Fe,Cr), - unoxidised
Zr-0.5%Sn-0.6%Fe- N -
0.3%V [184] Zr(Fe,V), Fe:'vV=19 200 nm unoxidised spectra
HANA-6 [54] Zr(NbCu); ~ Nb/Cu=5 50 nm unoxidised perta
HANA-4 [54] Zr(Nb,Fe), 100 nm unoxidised
NDA [191] (Zry-4 Zr(Fe,Cr), - 200 nm unoxidised i
with Ni and Nb) Zry(Fe,Ni) - > 100 nm oxidised
Zr-0.5Nb-0.3Fe and Zr(Nb,Fe), Nb/Fe = 1.3 300 nm not obvious spectra
Zr-0.7Nb-0.1Fe [55] * (Zr,Nb),Fe Fe/Nb~ 1.3 oxidised & data
Zircaloy-2 [186] Zr,(Fe,Ni) - - oxidised
ZrSnNbFeCrNi [190] Zr,(Fe,Ni) - - oxidised spectra
i Nhr i - spectra
HANA-6 [54] Zr-Nb-Cr-Fe £ 100 nm oxidised & data
Zr-2.5Nb[192] B-Zr - . oxidised Pt
Zr1%Fe ° ZrsFe > 1 um oxidised
Zr1%Ni ° Zr,Ni >1um oxidised
Zrl%Cr° ZrCr, 100 nm unoxidised
Zr0.6%Nb ° B-Nb 145 nm unoxidised

1 no further information about precipitate type and structure, * no information which type of
precipitate observed was before oxidation ((Zr,Nb),Fe or Zr(Nb, Fe),), ° this work

10.6.3 Cracks on precipitates exhibiting delayed oxidation

The presence of unoxidised [54, 142, 179, 187, 188] and partly oxidised [117] precipitates
with the hexagonal / face centred cubic ZrCr; structure has also been reported for oxides
formed on Zircaloy-4 and crescent shaped cracks at the precipitate-oxide interface facing the
free oxidised surface can be observed on the micrographs presented in these papers [54, 117,
138, 142, 179, 184]. As the applied preparation methods are different between our study and
the previous works, and the milling direction in FIB was perpendicular to the cracks, these
crescent shaped cracks are unlikely to be an artefact of the preparation process.

Considering the Pilling-Bedworth ratio suggested for the intermetallics in 10.4.2, the crack
height expected for a ZrCr, precipitate of a certain size has been calculated for three scenarios
under the following assumptions:

1. The metallic precipitate is not significantly deformed by the expanding matrix.
2. The precipitate remains fixed to the matrix part facing the metal oxide interface.
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The three scenarios are the following (situation is studied at 415°C and changes due to the
different thermal expansion with cooling are not considered):

1. The expansion of the matrix during oxidation is isotropic (Figure 99-1). On the
sides the expansion of the matrix closes the hypothetical crack, so that only on the
front side a crack is observed.

2. The expansion of the matrix during oxidation is uniform unidirectional (similar
crack height over the precipitate) (Figure 99-2.

3. The expansion of the matrix during oxidation is unidirectional (Figure 99-3) and
the precipitate expands isotropic upon oxidation.

1

1) ah=2-r, [P B ratiomatriXT -1

(2) Ah = g” : rsspp(P — B ratio _]J/(Z” : rszpp)

(3) Ah= :” : rS3PP(P ~B ratio, —1}/(27: 2 )=2- Ty - P—B ratios}éP

Equation 6: Calculation of the crack height for the different scenarios: (1) isotropic
expansion during oxidation, (2) uniform unidirectional expansion during oxidation (uniform
crack height) and (3) uniform unidirectional during oxidation and later isotropic expansion of
precipitate during oxidation. rspp designates the precipitate radius, and 4h the crack height.

Common to the different scenarios is that the crack height is approximated as the
difference between the precipitate diameter and the diameter an equivalent volume of
zirconium would occupy (assuming different expansion regimes and a P-B ratio of 1.51 for
zirconium/zirconia). Due to the expansion of the surrounding matrix the precipitate side
facing the surface a crack will form when the oxidation front passes the precipitate (dynamic
process), as the precipitate-oxide interface fails (top of precipitate) and the precipitate metal
interface does not fail (bottom of precipitate) (as observed for large ZrCr, precipitate in FIB
transverse sections of the annealed Zr1%Cr (Figure 43 on page 80), for illustration see Figure
99b. On the sides, the expansion of the surrounding matrix will close the possible small crack,
as the overall expansion in the horizontal direction is constrained. The crack height expected
under these conditions after the oxidation front has passed the precipitate completely, is
directly proportional to the original precipitate diameter.

foll- Mhoes

Figure 99: (a) The three sketches show the crack scenarios for different matrix expansion
behaviours during oxidation. (1) uniform matrix expansion during oxidation (definition of
crack height shown), (2) uniform unidirectional matrix expansion during oxidation and
(3) uniform unidirectional matrix expansion during oxidation with isotropic precipitate
expansion. (b) The crack height evolution upon incorporation of the precipitate in the oxide is
presented. Changes due to different thermal expansion coefficients are not considered.
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To test if the isotropic expansion of the oxide best explains the observed crack heights, the
experimentally observed crack heights are plotted versus the observed precipitate diameter for
Zr1%Cr (Figure 100) and Zr0.6Nb (Figure 101) and the theoretical lines for crack heights in
case of isotropic oxide expansion, uniform unidirectional oxide expansion (crack height is
uniform and oxide expands just towards the outer surface) and unidirectional expansion
(crack height is 0.51 x precipitate dimension at a given position).
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Figure 100: Crack heights on precipitates observed in TEM for Zr1%Cr with the calculated
crack heights for (1) isotropic, (2) uniform unidirectional and (3) uniform unidirectional
matrix expansion with isotropic precipitate expansion.

The observed crack heights fall between the two postulated models which assume isotropic
expansion during oxidation and uniform unidirectional expansion (Figure 100 and Figure
101). In the case of Zr1%Cr oxidised in air there is the tendency for smaller crack heights
than the two other oxidation environments (Figure 100).
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Figure 101: Crack heights on precipitates observed in TEM for Zr0.6%Nb with the calculated
crack heights for (1) isotropic, (2) uniform unidirectional and (3) uniform unidirectional
matrix expansion with isotropic precipitate expansion (assuming formation of NbO,).
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For larger precipitates also the relaxation of the surrounding zirconia should be taken into
account (which will also lead to some expansion towards the crack), which will lead to
smaller crack heights than could be expected even for the scenario predicting the smallest
crack heights. For isotropic expansion during oxidation for a 20 nm precipitate a crack height
of about 2.9 nm is expected and for a 300 nm precipitate one of 44 nm, such large crack
heights have not been observed experimentally for large precipitates and for the other
scenarios even larger crack heights would be expected. Pecheur et al. have observed a large
precipitate in the oxide with a crack in Figure 3a of reference (precipitate diameter ~350 nm
and crack height ~35 nm), which according to the model with isotropic expansion during
oxidation would exhibit a crack height of 51 nm, the difference is assumed to be caused by
the relaxation of the surrounding zirconia, reducing the crack height especially for large
precipitates. The scenario considering the unidirectional matrix expansion with consecutive
isotropic precipitate expansion leads also to crack heights not observed in experiments. The
drawback of this last scenario is that real isotropic expansion during precipitate oxidation is
not possible, as the matrix will fit the lateral dimension of the precipitate; only towards the
free surface an unconstraint isotropic expansion is possible.

The reason for the experimentally found crack height being mostly between the scenarios
with isotropic and uniform unidirectional expansion could be, that the expansion during
oxidation is between isotropic and unidirectional, which does not explain why for larger
precipitates the crack heights are found to be close or even below the values predicted for the
isotropic matrix expansion scenario. A possible further opening of the cracks by the FIB
milling during preparation is not accounted for in the scenarios, but cannot be excluded to
take place. Unfortunately no other data are available which could help to clarify this issue, the
guestion how the oxide expansion is distributed in the different directions has already been
raised by Petigny et al. [224], an answer is as far as we know not yet available.

The systematic presence of cracks at the interfaces of precipitate within the oxide, on the
free surface side, induced by the different P-B ratios and delayed oxidation, could be expected
to be one of the possible nucleation sites for the larger cracks reported often in TEM
observations [54, 117, 138].

In the case of oxidised B-Nb precipitates the absence of cracks is frequently observed [117,
184, 192]. This provides us with the information, that the oxidised precipitates exhibit a
Pilling-Bedworth ratio of at least 1.51 (zirconium/zirconia, see Table 17 on page 137).
Consequently only NbO, and Nb,Os beside ZrO, are possible, considering the formation of
the alloying element oxide and zirconia (Table 18 on page 138). From the EELS results by
Lin and Woo [192] it could be expected, that Nb,Os is the probable oxide phase formed at -
Nb precipitates. For the metastable B-Zr Lin and Woo [192] stated the oxide composition at
precipitates as Nb,Zry,O2x+1 Which was found to be structurally different from zirconia and
could accommodate varying Nb contents. This indicates NbO (for the Nb part of the oxide),
which is not in agreement with what could be concluded from the absence of the cracks.
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10.6.4 Possible parameters affecting precipitate oxidation behaviour

The only studies which to our knowledge address the issue of alloying elements and
oxidation of precipitates in the oxide to some extent are the ones by Pecheur et al. [179, 183]
and Cox and Sheikh [197]. Pecheur et al. [183] explained the presence of pure metallic iron in
the surrounding of oxidised Zr(Fe,Cr), precipitates by the different free energies of formation
of the oxides of Cr, Fe and Zr and the respective oxygen partial pressures required for their
oxidation at 400°C. They had studied this type of precipitates in Zircaloy-4 and found
metallic Fe at the precipitate-matrix interface. From the observations it was suggested that the
size of the precipitates is of importance for the precipitate oxidation state, as only precipitates
smaller than 350 nm were observed unoxidized in the oxide close to the metal-oxide interface.
Cox and Sheikh [197] studied Zircaloy-2. They did not report pure metallic iron, but almost
pure iron oxide at the precipitate-matrix interface and presented a similar scheme as Pecheur
et al. [183] and included also the oxidation pressures for the oxidation of Ni and of Fe;O,4 to
Fe O3 in their schematic diagram, as they were studying Zircaloy-2. However, none of them
provides an explanation for the precipitate oxidation behaviour and addresses the influence of
the precipitate composition and thermodynamic properties on the precipitate oxidation.
Following the scheme presented by Cox and Sheikh [197], it is clear that Ni and Fe have both
a lower oxidation tendency than Cr, however, all studies report the Zr(Fe,Cr), precipitates to
exhibit delayed oxidation and the Zr,(Fe,Ni) precipitates oxidise when incorporated into the
oxide. Also they [197] show only the Zr(Fe,Cr), precipitates to be metallic in the oxide close
to the metal-oxide interface.

Therefore possible parameters influencing the precipitate oxidation behaviour will be
discussed in the light of the own results for precipitates in binary alloys and those published
for more complex alloys. The parameters already suggested [55, 179] are presented together
with two which were developed in the course of this project:

1. Precipitate size determines oxidation behaviour as already suggested by Pecheur et
al. [179], the precipitates observed to exhibit delayed oxidation were never
exceeding 100 nm for the binary alloys studied in the as received condition,

2. Different crystal structure of the precipitate could be at the origin of the differences,
for example proposed by [55],

3. Also could be considered the ratio of zirconium to alloying element atoms in the
precipitate (this study),

4. Thermodynamics properties for oxidation of the elements constituting the
precipitates could lead to different oxidation tendency of the precipitates (this
study).

10.6.4.1 Precipitate size

In case the precipitate size is the main parameter influencing the oxidation behaviour, there
should be a limiting size above which no delayed oxidation should be observable. This
limiting size could be somewhat depending on the precipitate type, should however, in any
case be in a similar range. A possible influence of the precipitate size on the precipitate
oxidation behaviour was proposed by Pecheur [179] for Zr(Fe,Cr), precipitates in Zircaloy-4,
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precipitates in the whole size range were found oxidised and only precipitates up to 350 nm
were found unoxidized. The Zr(Fe,Cr), precipitates of the same type as studied by Pecheur
also in Zircaloy-4 have been found unoxidized up to 800 nm size by Kubo and Uno [187]. For
other precipitate types the maximum size of unoxidized precipitates presented in the literature
is up to 200 nm (Table 22). However, it should be noted that these are just the largest ones
presented and except for [179] in no other study a comment regarding a size dependence of
the precipitate oxidation state can be found. The different precipitate sizes for those alloys are
depended on the heat treatment the alloys received and it should be considered that for some
studies the precipitate size was on purpose increased for facilitating their study and others
used material as produced for application in the reactor with the requirement of a specific size
range.

For the precipitates from the binary alloys in this study it should be noted, that no small
precipitates of Zr,Ni and ZrsFe type (identified by electron diffraction by CEZUS and
confirmed by EDS in this project) were observed unoxidized and the larger ones were shown
to be oxidised upon incorporation into the oxide. The precipitates which had remained
unoxidised should have been observed due to the crack associated with them if they were
present, which was not the case during thorough scanning of the oxide in this study. From
these observations is concluded that the precipitate size is not a factor determining if delayed
precipitate oxidation can be observed. The test of Zr1%Cr with large precipitates (>500 nm)
confirmed this, as no change in precipitate oxidation behaviour could be observed.

10.6.4.2 Precipitate crystal structure

In case the crystal structure of the precipitates would be a parameter influencing the
oxidation behaviour (proposed by [55]), the precipitates exhibiting delayed oxidation should
all have a structural feature in common, being not present for the other precipitates. The
Zr(Fe,Cr), precipitates can already exhibit the hexagonal and the face centred cubic structure,
being both close packed structures. The ZrCr,, Zr(Fe,V), [54] and Zr(Fe,Nb), [289, 290]
exhibiting delayed oxidation all have also either the hexagonal or the face centred cubic
structure. Only the B-Nb precipitates have the body centred cubic structure. The fact that the
zirconium matrix exhibits a hexagonal close packed structure and (Zr,Nb),Fe with the face
centred cubic structure [55] oxidises similar to matrix renders the direct influence of the
crystal structure unlikely, as two different oxidation behaviours can be observed for two close
packed crystal structures.

10.6.4.3 Zirconium to alloying element atom ratio in precipitate

In case the atomic ratio of zirconium to alloying element atoms in the precipitate
determines the oxidation behaviour, all precipitates with the same zirconium to alloying
element atom ratio should exhibit the same oxidation behaviour. The more alloying element
content is present in the precipitate, the more the environment is changed from the pure
zirconium environment to an environment dominated by the properties of the alloying
elements (which all have a lower oxidation tendency than zirconium). For those precipitates
with the same atomic ratio of zirconium to the alloying elements, for which observations of
precipitates in the oxide are available, this reasoning is consistent with experimental
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observations available. ZrM, representative for ZrCr,, Zr(Fe,Cr),, Zr(Fe,V), and Zr(Fe,Nb),
exhibit all a ratio of 0.5 (the alloying element content is twice the zirconium content) and have
been observed unoxidized in the oxide close to the metal-oxide interface, and B-Nb (20%Zr)
with a ratio of 0.25 also has been observed unoxidized under these conditions. For Zr,M (ratio
is 2, for example the case for Zr,Ni, Zr,(Fe,Ni) and (Zr,Nb),Fe) and higher Zr contents in the
precipitates (ZrsFe) (the zirconium content is at least twice the alloying element content)
oxidation similar to the surrounding zirconium matrix has been observed.

10.6.4.4 Thermodynamic properties of the elements constituting the precipitates

In case the thermodynamic properties of the elements constituting the precipitates
determine the oxidation behaviour, it should be possible to predict the precipitate oxidation
behaviour when the limit for the change from delayed oxidation to similar oxidation is known
beside the precipitate composition. The free energy values used for the calculations are
provided in Table 23 and the dataset closest to 415°C was taken.

Table 23: Free energy of oxide formation of zirconium and selected alloying elements at ca.
415°C from different references [291-294]. Only data with more than 5 kJ/mol deviation are
stated separately. For the calculations the oxides marked with * were considered (highest
stated value). The column with the total free energy of oxidation up to the stated oxide has
been calculated taken the stoichiometry of the different reactions into account.

- free energy of oxide
oxidised O,/

free energy of oxide

oxide formation (from . . . p(02)
element (product) (233?:?) glgts]l metal to this oxide) fo/rrlr(?/t(lr(:]rz)l(t:fls(,);eac;]c;n) / Pa
/ kJ/(mol of oxygen) Y9

Cr Cr,05* Cr 0.75 -628 -628 [294] 2.10%
Ni NiO * Ni 0.5 -354 -354 [291-294] 1.10%
NbO Nb 0.5 -707 -707 [293] 210
Nb NbO, NbO 1.0 -688 -669 [293] 210
Nb,Os * NbO, 1.25 -678 -640 [293] 410
FeO Fe 0.5 -444 -444 291, 292] 1.10°%
Fe Fes0, FeO 0.67 -446 -452 [294] / -444 [293] 410%
FesO, * Fe 0.67 -444 -444 [292] 3102
Fe,0; Fes0, 0.75 -417 -305 [294] / -284 [293] 410
Zr Zr0, * Zr 1 -965 -965 [293, 294] 810
VO Vv 0.5 -739 -739 [293] 810"
\Y V,0; * VO 0.75 -724 -693 [293] 310
VO, V,05 1.0 -639 -599 [293] 310
cu Cu,0 * Cu 0.25 -239 -238 [292, 293] / -233[294]  6-10™°
CuO Cu,0 0.5 -214 -187 [293] / -137 [294] 7.10%°
Mo MoO, * Mo 1 -464 -464 [294] 8.10%
MoO, MoO, 15 -435 -380 [293] / -212 [294] 810"

The oxidation tendency of the intermetallic phases present in zirconium alloys, was
calculated from the value of the free energy of oxide formation of the constituting elements
from Table 23 using several assumptions:

1. same free energy of oxide formation for an alloying element atom in the
intermetallic and in the pure metal.

2. alinear dependence on the element properties according to the ratio of the elements
present in the intermetallic of interest (ideal solution),

3. al:1ratio of intermetallics containing two alloying elements
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For the calculation Hess' law (e.g. [295]) was applied to obtain the free energy of
formation of the oxide of the different intermetallic phases. This involves separating the
intermetallic into the pure isolated elements in their standard states (enthalpy of formation)
and then the formation of the respective oxide for the metals constituting the intermetallic.
This approach is illustrated for the example of Zr,Ni in Figure 102. As the enthalpy of
formation was reported in the literature, this was used to calculate the dissipation of the

intermetallic into its elemental constituents.
2 Zr + Ni

-31.2 kJ/mol

v Zeri

A 2 x - 965.3 kd/mol (Zr — ZrOy)
AG,=- 2107 kJ/mol 1x-176.9 kJ/mol (Ni — NiO)

A
AGox=--830 kJ /
(mol O,) 3 2710, + NiO |
Figure 102: Schematic presenting the application of Hess' law to the oxidation of the
intermetallic phases constituting the precipitates. The free energy of oxide formation is than
stated per metal atom in the intermetallic to allow a comparison between the different
intermetallics.

—-AH formation (er M y )+ X- AGox (Zr)+ y: AGox (M )

XNy, (Zr0,) +y-ny, (M,0,)

Equation 7: Calculation of free energy of oxide formation for intermetallics applying Hess'
law and normalisation per mol of oxygen in the oxidised intermetallic. AG. (A) refers to the
free energy of oxide formation of substance A. AHtormation IS the formation enthalpy of the

intermetallic compound from the elements. no; is the number of oxygen molecules required to
oxidise one metal atom to the stated oxide.

AG,(zrM, )=

The results of the calculation of the free energy of oxide formation using these assumptions
are presented in Table 24 for the intermetallics investigated in this project and reported in the
literature with microstructural information about their oxidation behaviour (Table 22). For
those binary intermetallics for which the formation enthalpy was known from experiments or
has been calculated, this had been taken into account for the calculation (Table 24). This will
of course render direct comparison of all intermetallics difficult, as some are corrected for the
formation enthalpy of the intermetallics and some not, however, as those of interest are in the
energy range in which the oxidation behaviour changes and those for which no correction has
been applied are more than 50 kJ/(mol oxygen) away from this energy range, so that the shift
to lower free energy of oxide formation will not change their order concerning their free
energy. The free energy of oxide formation was normalised with respect to the number of
metal atoms in the precipitate to be comparable for different precipitate stoichiometry. Some
studies reporting microstructural results of intermetallics in zirconium alloys after oxidation
are listed in Table 22.
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Table 24: Calculated free energy of oxide formation for phases encountered in zirconium
alloys normalised to number of metal atoms in intermetallic. For details concerning the
calculation see the text.

AG I kd/(mol AH formation/ KJ/mol

ratio Zr / o int alli precipitate
Phase alloying 2) © di ﬁer'gn(:rme azliﬁcobase oxidation state
element 1) 2 SOUTCES [296] observed in oxide
Zr-matrix 1 0 -965 -965 - - -
ZrsFe 3 1 -867 -869 -13.5[297] t -3.1 oxidised
Zr,Ni 2 1 -830 -833 -31.2[298] e -24.2 oxidised
ZrCr, 1 2 =757 -755 -14.5[299] e -18.7 delayed oxidation
-Nb N
(2%% 7n) 1 4 797 708 3-4[300] t 10.6 * delayed oxidation
B-Zr e
(20%Nb) 4 1 891 -891 3-4[300] t - oxidised
Zr(Fe,Cr), 1 2 =717 -704 - -31.6 delayed oxidation
Zry(Fe,Ni) 2 1 -839 -833 - -15.2 oxidised
Zr(Fe,V), 1 2 -746 -746 - - delayed oxidation
Zr(Fe,Nb), 1 2 -703 -702 - -3.4 delayed oxidation
(Zr,Nb),Fe 2 1 -826 -825 - -4.7 oxidised
zZrV, 1 2 -818 -824 -5.0 [300] t 9.1%* not available
Zr,Cu 2 1 -805 -815 -25.0 [300] t - not available
ZrMo, 1 2 -628 -630 -8.0 [300] t - not available

* denotes positive formation enthalpies for metastable phases from Zircobase [296], which
are present due to thermodynamic constraints. Formation enthalpy: e denotes experimental
values and t theoretical values. (1) denotes free energy of oxide formation values derived
using different sources for the formation enthalpy and (2) formation enthalpies at 415°C from
Zircobase [296]. o normalised per metal atom in formula unit of intermetallic.

The energy range in which the change from delayed precipitate oxidation to similar
oxidation as the zirconium matrix takes place is between -760 and -830 kJ/(mol oxygen)
(Figure 103). All intermetallics with a free energy of oxide formation above
-830 kJ/(mol oxygen) exhibit the oxidation similar to the zirconium matrix and all below
-730 kJ/(mol oxygen) the delayed oxidation with respect to the zirconium matrix. The
formation enthalpy of the compound leads to a small shift of the free energy of oxidation;
however, as the value is divided by the number of mols oxygen required for oxidation of one
mol of the compound, the change is usually below 10 kJ/mol. Therefore the values of the free
energy of oxide formation do not deviate strongly for the two different sets of formation
enthalpies used for the calculation. The different behaviour of precipitates containing the
same alloying element can also be explained with this approach. The Zr,(Fe,Ni) precipitates
contained in Zircaloy-2 not reported to be unoxidized in the oxide [187] have with ca.
-830 kJ/(mol oxygen) a distinctly higher oxidation tendency than the Zr(Fe,Cr), precipitates
present in Zircaloy-2 and Zircaloy-4 with -703 kJ/(mol oxygen), the formation enthalpy of the
respective ternary intermetallics has not been taken into account. As the oxidation tendency of
iron and nickel is lower than the one of chromium, this illustrates quite well the fact that there
is also a critical limit of alloying element content which needs to be exceeded to obtain
precipitates with a free energy of oxide formation below -760 kJ/(mol oxygen). The
zirconium to alloying element ratio is for the first precipitate type 0.5 and for the later 2. The
Fe/Cr ratio in the Zr(Fe,Cr), precipitates varies between 0.7 to 1.7, which corresponds to a
free energy of oxide formation of -713 and -687 kJ/(mol oxygen) respectively, indicating that
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the Zr(Fe,Cr), precipitates in typical Zircaloy-4 [155, 179, 184] should be slightly more
oxidation resistant than those in Zircaloy-2 [187] because of their higher Fe/Cr ratio.

For the Nb bearing precipitates Zr(Fe,Nb), and (Zr,Nb),Fe a similar trend is observed, the
Zr(Fe,Nb), has a free energy of oxide formation of -707 kJ/(mol oxygen) and (Zr,Nb),Fe one
of -838 kJ/(mol oxygen) and the same zirconium to alloying element ratio as in the case of the
two precipitate types in the Zircaloys.

10.6.4.5 Comparison of different probable parameters for precipitate oxidation

behaviour

With the precipitate size and crystal structure excluded as parameters influencing the
precipitate oxidation behaviour, the two other parameters remain for discussion. For all
precipitates for which microstructural observations are available, the calculation of the
thermodynamic driving force (free energy of oxidation) and the zirconium to alloying element
ratio in the precipitate are in agreement with each other.
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Figure 103: Free energy of oxide formation for the different phases encountered in
precipitates of zirconium alloys normalized to the number of mols of oxygen in the oxidised
precipitate from Table 24. The plotted data are from the left free energy column of Table 24.

All precipitates observed to exhibit delayed oxidation exhibit a free energy of oxide
formation of maximum -760 kJ/(mol oxygen) and a zirconium to alloying element ratio of 0.5
or below and all those with similar oxidation to the zirconium matrix a free energy of oxide
formation of minimum -830 kJ/(mol oxygen) and a zirconium to alloying element ratio of 2 or
above. The appropriate criterion of the two for prediction of the precipitate oxidation
behaviour cannot be decided with only the available results (Figure 103). At least one type of
precipitate falling into different groups for both criteria has to be analysed to determine the
correct criterion.
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10.6.4.6 Identification of probable parameters for precipitate oxidation behaviour

The two precipitates which do not fit into this scheme are the precipitates expected for
binary zirconium alloys containing Cu or V. The binary intermetallics with the highest
zirconium content formed by these two alloying elements (Zr,Cu and ZrV;) would be useful
to elucidate the question if either the alloying element to zirconium ratio or thermodynamics
are a factor that can be considered to determine the precipitate oxidation state in the oxide
close to the metal-oxide interface, as they fall for each criterion into a different group.

According to the calculations performed Zr,Cu and ZrV, should exhibit the same oxidation
behaviour (-800 kJ/(mol oxygen)) while the alloying element to zirconium ratio would be
once 0.5 (Zr,Cu ) and once 2 (ZrV,).

Testing either one or even both binary alloys would therefore allow to clarify, which of the
two criteria (ratio of zirconium to alloying element content in the precipitates or the
thermodynamic properties for oxidation of the constituents in their elemental state) is
responsible for the observed oxidation behaviour. The two binary alloys in question have
already been tested (Zr0.8%Cu [54], Zr1%Cu [301] and Zrl%V [184]), however, no
microstructural observations of precipitates in the oxide close to the metal-oxide interface are
available.

An indication for the influence of the oxidation tendency of the elements constituting the
precipitate on precipitate oxidation behaviour is a study, in which the intermetallics as
encountered in the Zircaloys were tested with Nb additions in autoclave [191]. For Zr(Fe,Cr),
with Nb substituting 1 out of 4 Zr atoms a lower oxidation tendency was observed for the
precipitates in the oxide [191] compared to pure Zr(Fe,Cr),. The observation of the reduced
oxidation tendency of the Zr(Fe,Cr), precipitates in the alloys with Nb additions agrees with
both proposed explanations for the oxidation tendency, the Nb additions reduce the zirconium
content of the precipitate (higher alloying element to zirconium ratio) and because of the
lower free energy of oxide formation of Nb also the free energy of oxide formation of the
intermetallic is reduced. They found however a contradicting oxidation behaviour for bulk
intermetallics, with higher oxidation tendency for the intermetallic with Nb additions (XRD
showed only oxide phases in case of the bulk intermetallics with Nb additions). The faster
oxidation behaviour of the intermetallic with Nb additions is also observed for the bulk
Zry(Fe,Ni) intermetallic with Nb additions compared to the bulk intermetallic without Nb. For
the precipitates in the oxide scale no information about a deviating oxidation tendency has
been provided. Unfortunately Anada et al. [191] did not present further data for the oxides
formed on the bulk intermetallics (e.g. weight gain), which renders it impossible to reach an
conclusive answer explaining the observed behaviour. Comparing the oxidation behaviour of
the two types of bulk intermetallics with Nb additions with each other, it was found that
Zr(Fe,Cr), with Nb additions oxidized faster than the respective Zr,(Fe,Ni) compound
containing Nb. As the precipitates in zirconium alloys are always in contact with the
zirconium or zirconia matrix, the oxidation behaviour of the bulk intermetallics cannot be
taken as reference for the precipitate oxidation behaviour.
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10.7 Precipitate oxidation at the surface

For the precipitates in contact with the outer surface the oxidation behaviour observed was
different to their behaviour below the surface in the oxide. This change in behaviour was even
enhanced due to the modification of the surface by the preparation method; the details are
discussed in section 10.2. However, in the case of the neutral diamond slurry finish, which is
assumed to induce no significant surface modification, the precipitates still behave different
with respect to their oxidation behaviour at sub-surface positions. They exhibit a faster
oxidation than the surrounding zirconium matrix with locally thicker oxide (Figure 98),
resulting in protrusions on the surface (10.4.1). For oxide scales formed during the in situ
experiments an increased metal-oxide interface undulation is observed, as a consequence of
the faster precipitate oxidation. The anodic protection provided by the galvanic couple of the
intermetallic precipitates and the zirconium matrix was shown by Isobe at al. [21] for large
couples. Considering the observed precipitate oxidation behaviour of ZrsFe and Zr;Ni
precipitates (Figure 98), the anodic protection of the zirconium matrix by the precipitates can
be safely assumed for those precipitates in contact with the outer surface, where the
precipitate also exhibit preferential oxidation. The anodic protection of the zirconium matrix
by the precipitates not in contact with the surface seems more unlikely in the light of the
observed precipitate oxidation behaviour at the metal-oxide interface, the precipitates of ZrsFe
and Zr,Ni type oxidise similarly to the surrounding matrix and the ZrCr, and B-Nb
precipitates exhibit even delayed oxidation, remaining metallic in the oxide scale.

As the microstructural information from this study does not provide a clear answer,
additional information from electrochemical properties measured in other studies is
considered to reach further conclusions about the precipitate influence. The thermodynamic
considerations in 10.6.4.4 do not explain the precipitate oxidation behaviour at the surface. Of
interest for comparison are those studies having investigated binary intermetallics which are
also present in the binary alloys [59, 202, 208, 209, 271, 302].

The same material as the studied has been characterised by Barberis et al. [202] with
cathodic oxidation and Simic and Ahlberg [271, 302] with anodic oxidation. The findings of
Barberis et al. [202] were: the rest potential increases from pure Zr over ZrsFe, Zr(FeCr), and
ZrCr, to ZroNi. This was also found by Weidinger et al. [59] who also studied different
intermetallics and found the same order with the Zry(Fe,Ni) exhibiting the highest rest
potential. When they compared the weight gain of the different intermetallics, they found the
iron bearing intermetallics to exhibit higher weight gains than those containing no iron for an
oxidation in an autoclave purged with argon to remove the oxygen. The enhanced oxidation of
iron bearing alloys in oxygen containing oxidation environments was reported by Shirvington
[177], however for deoxygenated environments this deleterious influence of iron was not
observed.

High cathodic currents were observed for ZrCr, and Zr,Ni, which were associated with
hydride formation, for ZrsFe and pure Zr the cathodic currents were more than two orders of
magnitude lower [202].
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Galvanic couples of intermetallics with pure zirconium tested by Weidinger et al. [59]. The
couples showed that the efficiency for shifting the rest potential to more noble values
increased from Zr(FeCr), over Zr,(Fe,Ni) to Zr,Fe. The differences between different tested
materials were significantly reduced for oxidation at 250°C (A=200 mV) instead of room
temperature (A~500 mV). So the oxidation temperature is an important parameter to be taken
into account when comparing the different intermetallics regarding their corrosion resistance.

Murai et al. [208, 209] studied polarisation curves of intermetallics at room temperature
and 250°C and found higher current densities for the iron containing intermetallics (ZrFe; and
Zr(FeCr)y) in cathodic polarization and higher corrosion resistance / lower anodic currents for
Zr(FeCr), and ZrCr, (attributed to their Cr content [208]).

At 250°C Zr,Fe and ZrFe; were both tested [209] and the current densities were higher for
ZrFe; indicating that the iron content of the precipitates might be one factor increasing the
current density. However, the Zr(Fe,Cr), precipitates contain more iron than the Zr,Fe
precipitates and they exhibit significantly lower current densities in anodic polarisation.

Comparing these electrochemical results with the microstructural information, it can be
observed that the precipitates shifting the rest potential to more noble values, are Zr;Ni,
Zry(Fe,Ni) [59], while Zr(FeCr), [59] and ZrsFe [202] exhibit low rest potentials. An
exception from the above category of precipitates is Zr,Fe reported by Weidinger et al. [59],
as it is a metastable phase, stabilized by oxygen impurities [67], not reported for the
commercial alloys.

The corrosion resistance of the precipitates is for the materials reported in [208, 209]
inverse proportional to their ability to shift the rest potentials to more noble values.
Comparing Zr;Ni and ZrCr, it is known that ZrCr, is the more corrosion resistant of the two
intermetallics in agreement with the microstructural observations in this study. However, for
the intermetallics in the Zr-Fe system the available data are not sufficient to conclude. From
the own microstructural results it is suggested that, ZrsFe is behaving similar to Zr;Ni,
however the electrochemical confirmation is not available, as not both phases have been
tested with the same method.

10.8 Iron oxide formation at the surface

In the case of Zrl%Fe a clear evolution of the presence of iron oxide at the surface has
been observed with oxidation time. These observations provide a very good understanding of
the behaviour of Fe in Zr alloys. From the results obtained for Zr1%Fe material oxidized for
different times, the following evolution of iron oxide precipitation at the surface can be
summarized as a function of oxidation time (Figure 104):
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Figure 104: Schematic diagram showing the formation of iron oxide at the surface of Zr1%Fe
as a function of time: (a) iron starts to segregate to the surface as pure oxide and forms small
crystals above the oxidized precipitates. (b) the density of small iron particles above
precipitates increases and more crystals can be observed. (c) large iron oxide crystals have
formed some of them are single crystals.

Bk

| — hours: iron segregates from the oxidised precipitates in the oxide to the outer
surface, the distance of the oxidised precipitate to the surface and its size
control the volume of the formed iron oxide particles and the time for their
appearance. A few particles are already developing a crystal shape.

(Figure 104a)

Il - days: the segregation process continues and the size of the particles begins to
increase. Some particles start to form larger crystals of iron oxide than in
stage I. (Figure 104b)

I11 - months: the segregation process is finished (can be checked by the absence of Fe in
the underlying precipitate) and the small crystals have been replaced by
larger iron oxide crystals, which can consist of a single crystal.

(Figure 104c)

The presence of iron oxide on the surface above precipitates was observed in earlier studies
by Auger spectroscopy [64, 303] electrochemical reduction [177] and TEM [304]. The Auger
studies [64, 303] also showed an increase in thickness of the iron oxide layer with time,
however, no information about the oxidation state of iron in the oxide was provided (either
Fe,O3 and Fe3O4 [177] from electrochemical measurements). The only TEM results on a
binary material beside this study were for a ZrFe, intermetallic oxidised in steam at 200°C for
56 days by Abraham and Dietz [304].

Shirvington [177] showed the presence of iron oxide in the form of Fe,O3; and Fe;O,4 on
Zr0.7%Fe and Zircaloy-2 oxidised under various conditions using voltage scans and selective
reduction. As no high resolution SEM or TEM results could provide further details about this
iron oxide, an average iron oxide thickness was calculated based on the precipitate surface
fraction and the amount of iron oxide formed. The thickness of the iron oxide on the
precipitates was estimated for a continuous coverage of the precipitates to be around 9 nm
thick after oxidation for 25he oxygen concentration in the steam seems to have an effect on
this phenomenon [177], as in deoxygenated environments no significant amount of iron oxide
was detected with electrochemical methods. The present study revealed that iron oxide
segregates as crystals with cubic structure (either magnetite - Fes04 or maghemite - y-Fe,03)



158 Discussion

and not as a continuous layer. Hematite exhibits only a hexagonal crystal structure and can
therefore be excluded As no precession electron diffraction (PED) is available on the used
TEM, the two cubic structures cannot be distinguished, due to the very similar lattice constant
and structure (magnetite a = 0.83950 nm [274] / maghemite a = 0.8347 nm [275]), the
application of PED to identify the species has been demonstrated for these two iron oxides
[305]. Moreover the location of these crystals correlates to the underlying precipitate, which
was so far only observed by [64] for a binary Zr-Fe alloy. For the precipitates more than 1 um
away from the surface no segregation of the alloying elements towards the surface was
observed. The phenomenon of iron oxide formation above oxidised precipitates containing
iron has been observed at different temperatures (300°C [303], 415°C this study and 700°C
[198]) and pressures (this study) and if the ZrFe, intermetallic is considered the temperature
range is extended down to 200°C [304]. So far the other studies assumed just those
precipitates in contact with the outer surface to contribute to this phenomenon, a contribution
from precipitates close to the surface was not considered. The increase of the iron oxide
crystal size with oxidation time is also new information; the previous studies on oxidised Zr
alloys [64, 177, 303] were not able to distinguish between an agglomerate of many small iron
oxide crystals and a large crystal, as they measured information which was averaged at the
micrometer scale and were able to provide estimates of the average iron oxide thickness
present.

In the case of Zr-Cr and Zr-Ni binary alloys, such alloying element oxide formation has
also been observed but to a much smaller extent [177], which is consistent with this study.
However, from the presented results it cannot be claimed that no other alloying element oxide
than iron oxide has been observed, and it cannot be excluded that present oxides of chromium
and nickel have been missed during surface analysis, although thorough scanning of the
surface was performed. On a TEM sample of Zrl%Cr with the finishing by the basic
vibratory polisher solution, a higher Cr to Zr ratio was found at the outermost surface of an
oxidised precipitate after oxidation in situ for 1 hour, however, no pure chromium oxide could
be detected, which might be due to the fact that only a very thin chromium oxide layer was
present, which could not be resolved due to the sample thickness. This is in agreement with
the very thin chromium rich oxide layer found by Auger electron spectroscopy by Hatano and
Sugisaki [200], who found a very thin (~0.5 nm thick) layer of chromium rich oxide on the
surface of an oxidised Zr(Fe,Cr), precipitate.

For the more complex Zircaloys similar observations of alloying element oxide have been
made in several studies. Here the most important ones will be shortly presented to allow a
comparison of the different cases:

Iron oxide has also been observed on the surface of Zircaloy-2 by Auger spectroscopy
[199] and by controlled potential reduction using a saturated Calomel electrode [177]. In the
case of Zr(Fe,Cr), precipitates the outermost layer was consisting of chromium oxide and the
inner layer was depleted in iron on an oxidised precipitates [198, 199], the observations were
made on samples oxidised for in situ 1 hour at 700°C and 130 Pa vapour pressure [198] and at
400°C for different times at 0.1 MPa steam pressure [199]. Above Zr,(Fe,Ni) precipitates only
Fe oxide was detected [199]. This order of oxide layers is in accordance with the partial
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pressure of oxygen being required to convert the metallic alloying elements into their oxides
(Table 23), which is Cr<Fe<Ni. However, the explanation proposed by Hatano and Sugisaki
[199, 200] for the alloying element oxide formation at the surface does not explain, why iron
forms the iron oxide increasing in thickness with oxidation time, as observed in this project
and by others [177, 199]. A combination of the oxygen affinity together with the diffusion of
the alloying element in the zirconia scale is most probably a much better explanation. Why
should otherwise the chromium oxide formation be observed to be similar for different
oxidation times [200] and Ni oxide not observed. The depletion in the second alloying
element not forming the surface oxide [199, 200] could well be the consequence of a change
in oxygen potential underneath the formed alloying element oxide and the conductivity of the
oxide. In the case of the presence of iron oxide on the surface it is known that the resistivity of
the zirconia is decreased by two orders of magnitude [177].

In this project for Zircaloy-2 the formation of iron and chromium oxide was observed on
Zr(Fe,Cr), precipitates, for Zr,(Fe,Ni) precipitates no observation of iron oxide on the surface
has been made for the TEM samples prepared, which might be due to the fact that the
precipitates in the oxide of the samples investigated were too far from the surface for the
formation of iron oxide at the surface.

10.9 Iron migration to the surface

The presence of iron on the surface above oxidised precipitates can be already observed
after less than 1 hour oxidation in situ at 415°C. Therefore it was of interest to estimate the
effective transport coefficient of the iron to the surface. Studying the literature, only lltis et al.
[195] have provided an estimate of an iron diffusion coefficient in the zirconia layer formed
during oxidation with 10" cm/s. Other literature sources provide only a relative ranking of
the different alloying elements, but do not give diffusion coefficients. For Zr(Fe,Cr),
precipitates segregation into the surrounding zirconia was observed for iron and to a lower
extent for chromium reported in [179, 197, 306] and for Zr,(Fe,Ni) precipitates for iron and to
a lower extent for nickel [190, 197]. As a result it can be concluded that among the alloying
elements studied iron has the highest migration rate in zirconia. This might also explain the
formation of the large iron crystals at the surface, while for the other alloying elements this
behaviour has not been observed in similar form.

To be able to compare the diffusion coefficient provided by lltis et al. [195] and others
[307-309], an estimate for the diffusion of the iron to the surface was made using the
following procedure:

1. Estimate the surface area through which the iron has passed from SEM images

2. Estimate the volume of iron oxide at the actual precipitate from the SEM and TEM
images of the same position

3. Estimate the average distance the iron had to migrate to the surface from the TEM
image of iron oxide and the underlying oxidised precipitate (Figure 105)
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Figure 105: Dark field contrast of oxidized precipitate in oxide with iron oxide on the surface
and corresponding EDS map of Fe-K signal. The precipitate and the surface area of the iron
oxide are marked by white lines and an arrow indicates iron migration to the surface.

As an example for the TEM data considered for this estimation refer to Figure 105. The
amount of iron diffusing was calculated from the observed volume of iron oxide. Integrating
Fick’s first law and replacing the flux by the amount of iron divided by the surface area and
the oxidation time, a diffusion coefficient was estimated assuming constant conditions during
the formation of the iron oxide. This is only an idealised description, as the concentration
difference (Ac) over the migration distance is reduced with oxidation time and the process is
not linear with time! The concentration difference entered into the calculation was the iron
concentration in stoichiometric precipitate in oxidised state minus the remaining iron detected
with TEM/EDS as upper boundary (iron being transported from precipitate to surface), as on
the surface the iron concentration was assumed to be zero with respect to the driving force, as
iron oxide was formed.
n(Fe) Ax

At Ac
Equation 8: Approximation of the iron diffusion coefficient applying Fick’s first law with
n(Fe) being the amount of iron in mol, A the area of iron oxide on the surface, t the oxidation

time, Ax the migration distance and Ac the concentration difference between depleted
precipitate and the surface.

For all conditions for which suitable SEM observations of the iron oxide on the surface and
of the precipitate in TEM samples are available, this estimation of the diffusion coefficient
was performed (Table 25). The obtained diffusion coefficient (Figure 106) is in a similar
range as the one reported by lltis et al. [195], which was also obtained for a oxidised
zirconium alloy without irradiation. The zirconia formed during oxidation exhibits much
higher diffusion coefficients for iron than sintered yttria stabilized zirconia [307-309]. The
non-surprising difference in iron diffusion coefficient between the different types of yttria
stabilized zirconia is the difference between single crystalline material [307] and sintered
powder [308, 309], for which surface diffusion in the porosity could be expected, however,
the two oxidised zirconium alloys are very similar regarding to their microstructure, so that
this parameter will not cause a significant difference between the two materials. Due to the
number of assumptions and the associated error, the diffusion coefficients calculated are a
good estimate, confirmed by the comparison with Iltis et al. [195]. The difference between the
two studies and the described iron migration phenomenon is, that once the iron migrates to the
surface and away from the precipitate into the surrounding oxide [195]. As the estimates for



Discussion 161

the iron diffusion coefficient for 3 different conditions are in a similar range, the iron
diffusion coefficient seems to be fairly similar under the conditions studied. It is not obvious
if the small spread of the diffusivity data is due to a low impact of erroneous parameters or
because the assumptions are confining the possible range.

Table 25: Estimated diffusion coefficient for the different oxidation conditions and times.

oxidation time pressure D / cm?/sec
1 hour 130 Pa 1.310™
72 hours 0.1 MPa 1.410™
72 hours 0.1 MPa 8.810"
110 days 10.5 MPa 53107
lltis 400°C [195]  10.3 MPa 1.0.10"
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Figure 106: Diffusion coefficients of iron in zirconia reported in the literature for different
temperatures, types of zirconia and conditions [195, 307-309].
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11 Conclusions

In this work the microstructure of oxides formed on binary zirconium alloys was
characterised in order to study the precipitate oxidation behaviour and to understand the
influence of different alloying elements and oxidation conditions. Binary zirconium alloys
containing 1 wt.% Fe, Cr or Ni and an alloy with 0.6 wt.% Nb as well as pure zirconium and
commercial Zircaloy-2 and Zircaloy-4 have been studied after oxidation at 415°C in different
oxidation environments.

The studied conditions comprise autoclave oxidation in air as well as steam at ambient
pressure (0.1 MPa) for up to three days and in steam at 10.5 MPa for up to 110 days. The
oxidation has been also investigated in water vapour at 130 Pa at 415°C for 1 hour in situ in
an environmental scanning electron microscope.

The surface of the samples was characterised using scanning electron microscopy and
energy dispersive x-ray spectroscopy. In addition the surface of the samples oxidised in the
environmental scanning electron microscope was also characterised using atomic force
microscopy. The microstructural characterisation of the oxide was performed with scanning
electron microscopy, focused ion beam microscopy for transverse and cross-section
preparation and transmission electron microscopy including energy dispersive Xx-ray
spectroscopy and electron energy loss spectroscopy. The evolution of the microstructure was
characterised for the precipitates in the oxide and their oxidation behaviour determined.

The conclusions are summarised in three points, precipitate oxidation behaviour and
possible explanations of this behaviour, iron oxide observed on the surface and protrusions on
the surface above oxidised precipitates.

Point 1: From the results of the microstructural characterisation of the oxide and the
precipitates in the binary and commercial zirconium alloys the existence of two families of
precipitate oxidation behaviour can be concluded:

1. The first family consists of the ZrsFe and Zr,Ni precipitates, as well as the
Zr,(Fe,Ni) precipitates, which exhibit a similar oxidation as that of the surrounding
zirconium matrix.

2. The second family comprises the ZrCr, and the B-Nb precipitates, as well as the
Zr(Fe,Cr), precipitates, which exhibit a delayed oxidation in comparison with that
of the zirconium matrix.

The oxidation behaviour of the precipitates is correlated to their composition :

= Zirconium to alloying element ratio or,
= Free energy of oxide formation per atom in the precipitates.

These two parameters are intrinsically correlated (composition is also reflected in AGyy).
For those precipitates exhibiting similar oxidation with respect to the zirconium matrix, the
zirconium to alloying element ratio is 2 or above and it is 0.5 or below for those exhibiting
delayed oxidation with respect to the zirconium matrix. The free energy of oxide formation
per atom in the precipitates was estimated from Hess’ law, using the formation enthalpy of the
precipitates and tabulated data for the free energy of oxide formation of the elements forming



164 Conclusions

the intermetallics. The precipitate oxidation behaviour observed in other studies accessible in
the open literature for other relevant precipitates characterised so far is in agreement with the
two families of precipitates reported and the two above mentioned parameters found to be
correlated to the precipitate oxidation behaviour.

The matrix oxide was columnar for all environments, only the porosity in form of cracks
was significantly increased for the samples oxidised at high pressure and longer times. These
cracks observed in the oxide are up to several micrometers long and oriented parallel to the
metal-oxide interface. The small cracks formed at the ZrO,-precipitate interface in the case of
Zr1%Cr and Zr0.6%Nb might act as well dispersed formation sites for somewhat larger
cracks, improving the mechanical stability (stress accommodation) of the oxide and thus the
corrosion resistance of the alloys. The variation between the different materials exhibiting
dissimilar precipitate oxidation is small under the studied conditions; however, in reactor
these small differences might well be significant for the performance of the cladding material.

Point 2: In the case of Zr1%Fe pure iron oxide crystals were systematically found on the
surface above oxidised precipitates for all conditions. Their size increased from several tens
of nanometres after 1 hour of oxidation to more than 1 um size after 110 days of oxidation.
The iron oxide was identified as cubic magnetite. The impact of the iron oxide at the surface
on the oxidation resistance could not be clarified in this project. The oxide of the other
alloying elements apart from Fe was only observed in rare cases.

Point 3: Protrusions were observed with AFM above oxidised precipitates in contact with
the outer surface on the samples of Zrl%Fe and Zr1%Ni. Under the protrusions a locally
thicker oxide was found on transverse sections and transmission electron microscope
specimens for large precipitates. No large protrusions associated to precipitates could be
observed in the case of Zr1%Cr, Zr0.6%Nb and pure zirconium with no precipitates or small
precipitates (below 100 nm diameter). For all materials investigated the overall roughness
increased from the polished to the oxidised surface; the local protrusions were unambiguously
linked to the larger oxidised precipitates in contact with the outer surface. The protrusions are
most likely due to a higher Pilling-Bedworth ratio of the precipitates compared to pure
zirconium, as the thicker oxide at the protrusions does not explain the protrusion height as
sole contributing parameter. In the case of Zr1%Fe the presence of the formed iron oxide on
the surface is not sufficient to explain the observed protrusions heights without other
contributions. The estimated Pilling-Bedworth ratio of the precipitates, assuming the
formation of pure element oxides, described the experimentally observed protrusion heights
quite well, taking precipitate size and iron oxide formation into account.

To summarize the findings it could be shown that:

= oxidation behaviour of the precipitates depends on their composition,

= precipitates exhibit a different Pilling-Bedworth ratio than the zirconium matrix,

= iron containing precipitates close to the surface form pure iron oxide crystals on the
surface and

= the impact of the two different precipitate oxidation behaviours on the mechanical
properties of the oxide has been partly explored.



Outlook 165

12 Outlook

The understanding of the local precipitate oxidation behaviour and its impact on the
general properties of zirconium alloy during oxidation can still be improved. So far no reliable
prediction of the long-term behaviour of zirconium alloys in the corrosive environment inside
a nuclear reactor is possible. Even for short-term oxidation in an autoclave the oxidation
behaviour cannot yet be fully explained.

For future work on precipitate oxidation behaviour, the investigation of binary zirconium
alloys containing copper or vanadium is of interest. These two alloying elements are expected
to form precipitates, which cannot fulfil both criteria predicting the precipitate oxidation
behaviour for all already characterised precipitate types (both exhibit a similar free energy of
oxide formation per oxygen molecule). To investigate if a fixed critical free energy of oxide
formation exists, at which the oxidation behaviour changes, precipitates with a free energy of
oxide formation between that of ZrCr, and Zr,Ni should be tested. These two binary
intermetallics exhibit the least difference in free energy of oxide formation and dissimilar
oxidation behaviour according to the performed calculations. Possible precipitates which are
predicted to have a free energy of oxide formation between ZrCr, and Zr;Ni are ZrV, and
Zr,Cu (with same predicted free energy of oxide formation per oxygen molecule),
additionally Zr(V,Cr), with different Cr to V ratio to cover the range between both types of
precipitates.
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14 Appendix | — Estimation of precipitate oxygen
content for small precipitates

Owing to the size of small precipitates, the EDS signal from the surrounding oxide
contributes to the measured signal. Therefore the matrix contribution to the zirconium and
oxygen signals has to be subtracted for the estimation of the precipitate oxygen content in
case of small precipitates. The oxygen content of the precipitates is therefore derived from the
following calculation:

It is assumed that the precipitate (ZrCr;) and the surrounding oxide (ZrO,) are
stoichiometric. The amount of Zr in the matrix is calculated using the measured atomic
concentration of chromium / niobium (which exhibit small precipitates) (Eq. 1).

o(zr . ) =c(2r ~0.5-¢(Cr

measured )

Eq.1l

measured )

The oxygen content of this oxidised matrix is then subtracted from the total oxygen
concentration measured (numerator of Eqg. 2). If the numerator is positive, so there is more
oxygen than can be present in the matrix around the precipitate, the atomic concentration of
oxygen in the precipitate is calculated with Eq. 2.

( P ) _ C(Omeasured )_ 2- C(Zrmatrix ) Eq. 2

15- C(Crmeasured )+ {C(Omeasured )_ 2: C(Zrmatrix )}

The thickness used for quantification at the precipitate position was derived from the
measurement the oxide beside the precipitate, which should yield oxygen to zirconium ratio
of 2. Even if the quantification is not fully reliable, this correction provides some useful
information about the relative oxygen content of the precipitates with respect to the
surrounding oxide.
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15 Appendix Il —In situ experiments at 700°C

The samples oxidised at 700°C in situ for 1 hour at 130 Pa in water vapour aimed at
providing experimental insight into the early stage of oxidation at elevated temperatures at
which already a commercial zirconium alloy was investigated [198]. Unfortunately, due to the
limited time, the samples oxidised at 700°C were not investigated in detail, as the samples
oxidised at 415°C in situ. A brief overview of what has been done and is available is provided
here. Examples for the results are presented for Zr1%Fe, as these represent the experimental
results for the binary alloys quite well. At this oxidation temperature the observed changes at
the surface were not as distinct as at 415°C, Figure 107 shows the surface close to an indent
made for orientation purposes.

Figure 107: The GSE images of Zr1%Fe oxidised at 700 °C show the surface close to an
indent as observed in situ after (a) 1 minute, (b) 11 minutes, c) 30 minutes and d) during
cooling down to room temperature. All scale bars correspond to 5 pm.

The AFM scans of the surface after oxidation showed some surface roughness (Figure
108), however, as no detailed analysis was performed as for the samples oxidised at 415°C,
further analysis is required before being able to draw conclusions.

The oxide thickness on Zr1%Fe oxidized at 700°C is homogenous in the observed FIB
transverse section (Figure 109). The precipitate oxidation behaviour at the metal-oxide
interface seems to be similar as in the material oxidized at 415°C under similar conditions.
However, no TEM sample has been prepared and therefore no conclusions are possible about
the precipitate oxidation behaviour at the metal oxide interface and in the oxide.
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Figure 108: AFM surface profile on Zr1%Fe after oxidation at 700°C in situ.

Figure 109: FIB transverse section of Zr1%Fe oxidized at 700°C in situ. Precipitates can be
observed in the metal and to some extent in the oxide. View perpendicular to section.

The summarised results for the materials oxidised in situ at 700°C in Table 26 show, that
the differences in surface roughness after oxidation is lower than at 415°C (Table 12) and the
overall surface roughness obtained is rather low. The three binary alloys containing 1% Fe, Ni
or Cr are quite similar to each other regarding their surface roughness; the reason for this is
not understood. Interesting is the low average oxide thickness on pure zirconium in this
environment compared to the binary alloys, as in general zirconium is observed to exhibit
worse corrosion resistance than zirconium alloys in water containing environments.

For a thorough understanding of the behaviour at this oxidation temperature, an extensive
characterisation program as performed at 415°C should be completed.

Table 26: parameters of the samples oxidised in situ at 700°C

oxidation  Average oxide =~ RMS polished  RMS oxidised

Alloy time/h  thickness/pum  (5x5 pm)/nm  (5x5 pum)/nm
Zrl% Fe 1 32 £ 02 4.3 10.0
Zr1% Ni 1 28 + 0.2 6.3 10.1
Zrl% Cr 1 27 + 05 4.3 10.5

Zr0.6% Nb 1 32 + 02 35 8.4

pure Zr 1 24 + 05 5.5 9.6
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16 Appendix lll — Mechanical properties of oxide
on binary alloys

The Young’s modulus was determined by nanoindentation of the surface in plain view,
with indentation perpendicular to the outer surface. To make sure that the obtained results are
not dominated by the mechanical properties of the underlying metal, the indentation depth
should not exceed 1/7™ of the oxide thickness, as otherwise a contribution of the mechanical
properties of the underlying metal will be present in the acquired data. This was confirmed by
continuous measurements of the Young’s modulus into oxides, which showed always a drop
to the Young’s modulus of the metal. For indentation depths exceeding a small fraction of the
film thickness (20% is already sufficient) an influence of the substrate film cannot be
neglected. In the literature a ratio of indentation depth to film thickness of 1/10 [310] has been
proposed to be sufficient to avoid influence of the substrate on the results. The Young’s
modulus is more sensitive than the hardness to the substrate influence [311], due to the long
range elastic field probed by the indenter and in case of soft substrates under stiff films the
influence of the substrate is earlier detected than for equal stiffness pairs or soft films, due to
substrate yielding, which is also to be expected for the zirconia — zirconium pair. This
observation is also in agreement with the different ratios found for different material
combinations [311-315]. For thick oxides (4-5 um) the Young’s modulus dropped from the
higher surface value (surface effects) to the bulk oxide value around 500 nm indentation depth
(depending on the oxide thickness) and exhibited a stable plateau in the metal at a Young’s
modulus around 100 GPa.

To test the outer surface of the oxide scales 2 mN indentation force was applied, resulting
in average indentation depths of around 90 and 150 nm. The general trend of the Young’s
modulus versus indentation depth was determined by 10 indentations in continuous stiffness
measurement mode, allowing to determine the indentation force to be used to measure the
bulk properties of the oxide without indenting too deep and obtaining a large contribution
from the underlying metal.

Due to the local variation of the obtained data, which is due the fact that the surface is not
perfectly flat and possible contamination at some indents, arrays of indents were made, with
100 indents per indentation force (Table 27). The obtained force displacement data were
corrected to set the indentation depth to zero at the point where the measured indentation
force started to increase, which was not the case for a high proportion of data sets. The
Young’s modulus was then extracted from the corrected data sets and plotted as frequency
versus Young’s modulus plots to obtain also information about the spread of the data.
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Table 27: Young’s modulus of oxide at the surface and in the bulk as obtained by indentation
with Vickers indenter. The indentation force for the bulk properties is dependent on the oxide
thickness. The oxide scales tested were formed on different binary alloys and pure zirconium
by autoclave oxidation.

surface modulus bulk modulus
. (.)X'de Atmos- indentation modulus std. dev indentation modulus std. dev
material thickness h Force / mN | GPa modulus Force / mN | GPa modulus
Jum  Pnere / GPa / GPa
pure Zr 4,12 steam 2 200 66 40 146 42
pure Zr 0.59 air 2 192 24 - - -
Zr0.2%Fe 4,19 steam 2 203 85 50 160 32
Zr1%Fe 5 steam 2 198 100 50 166 55
Zr1%Ni 4.15 steam 2 245 104 40 156 36
Zr1%Cr 4.23 steam 2 218 48 40 156 18
Zr0.6%Nb 2.58 steam 2 200 66 20 146 42
Zr0.6%Nb 6.02 air 2 63 16 12 41 7
Zry-4 6.36 steam 2 227 70 70 146 30

A comparison of the Young’s modulus close to the surface and in the bulk of the oxide
shows, that the Young’s modulus at the surface is always higher, but also associated with a
larger scatter than those data obtained for the bulk deeper in the oxide scale (Table 27). The
larger scatter of the surface data is most probably, to a high extent, caused by the high surface
roughness, which poses non-ideal conditions for a high quality determination of the Young’s
modulus for such low indentation depths. A clear difference can be only observed between the
unalloyed pure zirconium and the alloys with Fe, Ni or Cr for the indentation depth probing
the bulk. The Nb containing binary alloys as well as Zircaloy-4 are exhibiting a similar
Young’s modulus as pure zirconium in the same oxidation environment. Due to the scatter it
is questionable, if there is a significant difference between the iron containing binary alloys
and the other two binary alloys.
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17 Appendix IV — Modelling of oxide with different
precipitate oxidation

The aim of this modelling is to investigate the stress state of the oxide around the
precipitates and to evaluate where the oxide is under tension, which can cause cracking in a
brittle material like zirconia. The modelling has been performed for two different precipitate
oxidation behaviours, delayed and similar oxidation with respect to the matrix, using ANSYS
Multiphysics. As the precipitates have been shown to exhibit a higher volume increase than
zirconium, precipitates with similar oxidation as the surrounding matrix will lead to additional
compressive stresses. The expansion of oxidised precipitates and oxidising zirconium has
been assumed to be isotropic with the Pilling-Bedworth ratios provided in Table 18. The
Pilling-Bedworth ratios were converted to linear expansion factors by taking the cubic root
(which leads to a value of 15% in the case of Zr/ZrQO;). The obtained linear expansion factors
were then transformed to thermal expansion coefficients, as the expansion due to oxidation
was modelled with the thermal expansion module in ANSYS.

precipitates

|||||
||||||

MPa

6000
- - - |
767000 -400000 330000 -200000 100000 -50000 0 500

Figure 110: Stresses in x-direction in the model of ZrzFe precipitates (300 nm) in the oxide
and at the metal-oxide interface. Metal side is partially under tension and the oxide under
compression. The stresses are higher on the sides of the precipitates.
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For the precipitates oxidising on the oxide side of the metal-oxide interface and in the
oxide (ZrsFe and Zr;Ni) with a higher Pilling-Bedworth ratio than zirconium, compressive
stresses are induced around the precipitates, a brittle material like zirconia is known to be
prone to fail when under tensile stress, as the compressive strength can be quite high (up to
2000 MPa for industrial zirconia [316]). Therefore cracking at the precipitate oxide interface
IS not expected to occur due to the expansion of the precipitates (300 nm diameter) during
oxidation (Figure 110).

For the precipitates exhibiting delayed oxidation in the oxide (ZrCr, and B-Nb) with no
expansion in the oxide close to the metal-oxide interface, it is observed from the experimental
results at different oxidation conditions that the precipitate-oxide interface fails during
oxidation on the precipitate side facing the surface (Table 14 on page 118).

In the model the precipitate side facing the aurface was modelled with a cohesive contact
and the side facing the metal-oxide interface with a rigid interface to allow only cracking on
the side facing the surface, otherwise on top and bottom of the precipitates cracks would have
appeared in this model. This was done in order to simulate the dynamic oxidation process,
during which the oxide front passes the precipitate. First the matrix on the precipitate side
facing the outer surface is oxidised and the interface fails, later the matrix on the bottom of
the precipitate (towards metal-oxide interface) is oxidised. As the implementation of a moving
metal-oxide interface in the model simulating the real oxidation process was not possible (in
the available time), this solution was chosen to be able to compare the crack height and shape
with the observed examples. The cohesive contact describing the cracking of the precipitate-
oxide interface was modelled using the following parameters: interface energy 2 J/m? [317,
318], interface stiffness E = 200 GPa at 415°C (235 GPa at 400-500°C [319] and 180 GPa
[244] at 400-500°C could be found and intermediate value been used) and the fracture
strength of monoclinic zirconia 200 MPa [236] (experimental value determined at room
temperature — also used in model).

Tensile stresses in y-direction are present in the precipitates if no cohesive contact is
placed at the interface (not shown here). Therefore cracking at the precipitate oxide interface
towards the outer surface is expected for this precipitate oxidation behaviour, as the oxide
expands around the still metallic precipitates (Figure 111). The observed crack heights are
very similar to experimentally observed precipitates with the same diameter as in the model
(50 nm diameter). The experimentally observed crack heights, see Figure 100 on page 146,
were quite well reproduced using the cohesive contact model (crack height =~ 7 nm for
precipitates with 50 nm diameter fully incorporated into the oxide).

It has been shown that undulations can lead to tensile stresses at the metal-oxide interface
[160], these stresses do not interfere with the crack initiation at the precipitate-oxide interface
of precipitates exhibiting delayed oxidation, as the precipitates are an order of magnitude
smaller than the large cracks which form sometimes close to the undulations.

The models predict quite well the observed cracking at precipitates as reported in this
work. However, as the presented examples show idealized conditions and do not take the
microstructural anisotropy into account, it is not possible to predict cracking of the oxide also
within precipitates, as observed experimentally (Figure 63) and formation of the larger cracks
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in the oxide with the used models. The obtained stresses are considerably too high (about
30 GPa average compressive stress in the oxide in Figure 111 and around 300 GPa in Figure
110) when compared with the stresses reported in the literature (maximum 2 GPa, see Table 3
on page 34). These values should be further examined as they may reflect a certain weekness
of the expansion model used in this study. Other modelling approaches might be necessary to
compare with the present scheme. The situation is studied at 415°C and changes due to the
different thermal expansion with cooling are not considered.

precipitates

_— VP2
-10000 60000

92000 gpopp 70000  5pppp  -30000 0000
Figure 111: Stresses in x-direction in the model of ZrCr, precipitates (50 nm) in the oxide and

at the metal-oxide interface. Metal side is partially under tension and the oxide under
compression. The stresses are reduced on the sides of the precipitates and more compressive

above and below.
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18 Résume de thése en francais

18.1 Résumé

Cette thése est axée sur la caractérisation microstructurale des précipités dans les oxydes
des alliages binaires de zirconium (1 wt.% Fe, Cr , Ni ou 0.6 wt.% Nb). La température
d’oxydation est fixée au 415°C. Les échantillons sont oxydés dans I’air et dans I’autoclave
sous des pressions différentes et dans un microscope électronique a balayages
environnemental sous vapeur d’eau.

Les résultats des recherches peuvent étre résumes ci-dessous :

= Deux types d’oxydation (retardée et non retardée) ont été observés pour les
précipités.

= Le facteur de Pilling-Bedworth des précipités est plus élevé par rapport a celui de
zirconium.

= Les précipités contenant du fer entrainent une formation des cristaux de I’oxyde de
fer pur a la surface du matériau, quand les précipités sont a la surface ou a la
proximite.

Ces observations ménent a la conclusion que le comportement d’oxydation des précipités
peut étre corrélé a leurs compositions et a la tendance d’oxydation de leurs éléments
constituants.

Mots-clés : alliages binaires de zirconium, précipités, corrosion, oxyde, MET,
microstructure

Une version électronique de la thése est accessible sur le serveur:
http://tel.archives-ouvertes.fr
(veuillez entrer le titre et le nom de l'auteur afin d'accéder a la thése S.V.P.)
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18.2 Introduction

Les alliages de zirconium sont utilisés dans les centrales nucléaires, par exemple comme
matériau de gaine de combustible. Ce type d’alliages avait été retenu pour leurs propriétés
intéressantes, notamment leur faible section efficace de capture des neutrons et leur haute
résistance a la corrosion dans I’eau ou la vapeur & des températures et pressions élevées.
Puisque le zirconium pur n'atteint pas les performances recherchées, des éléments d’alliages
sont ajoutés. Certains sont solubles dans la matrice de zirconium pour les concentrations
souhaitées alors que d’autres sont pratiqguement insolubles et forment donc des précipités.

Les précipités d’alliages de zirconium sont soit des intermétalliques formés par les
éléments d’alliage avec le zirconium ou une phase d’élément d’alliage avec le zirconium dans
la solution solide. Ces précipités ont démontré un rdle important dans la résistance a la
corrosion des alliages de zirconium. Dans les précipités typiques d’alliages de zirconium, un
élément d’alliage peut étre remplacé dans une certaine mesure par un autre élément d’alliage,
de sorte que la composition du précipité soit dépendante de la composition de I’alliage et des
parametres de production. Les précipités Zrp(Fe,Ni) et Zr(Fe,Cr), présents dans les
“Zircaloys” en sont des exemples typiques.

Le comportement a I’oxydation des précipités dans les alliages de zirconium commerciaux
est connu phénoménologiquement, cependant la compréhension du comportement a
I’oxydation des précipités reste limitée et I’influence de différents éléments d’alliage n’est pas
fondamentalement assimilée. Du fait de I’importance des précipités pour la résistance a la
corrosion des alliages de zirconium, un intérét est porté sur le comportement des précipités
durant I’oxydation et leur influence sur le comportement a I’oxydation de I’alliage entier.

Dans les alliages complexes commerciaux de zirconium, I’interférence entre les différents
éléments d’alliage peut masquer le comportement des éléements d’alliage spécifiques ;
I’étendue de cette interférence était inconnue jusqu’a présent du fait d’un manque de donnees
pour les précipités d’éléments d’alliage spécifiques. C'est pourquoi des alliages binaires de
zirconium ont été choisis pour permettre I’étude du comportement d’un élément d’alliage
spécifique pendant I’oxydation, dans différents environnements d’oxydation, sans aucune
interférence avec un autre élément d’alliage. Les alliages binaires oxydés ont été caractérisés
a I’échelle microscopique par rapport au comportement de I’élément d’alliage dans différents
environnements d’oxydation, fournissant une information jusqu’alors non disponible.

Une vue d’ensemble des connaissances sur les alliages de zirconium et leur oxydation est
apportée dans I’étude bibliographique de cette thése. Dans la section suivante le matériau
étudié et I’approche expérimentale sont décrits. Les résultats expérimentaux sont introduits en
fonction des différents environnements d’oxydation étudiés. La discussion comprend d’une
part I’évaluation des limitations des résultats expérimentaux et d’autre part les conséquences
des résultats concernant la compréhension de I’oxydation des précipités.

Enfin, I’approche expérimentale utilisée sera résumée et les conclusions les plus
importantes récapitulées.
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18.3 Littérature

La présence des précipités intermétalliques (particules de phase secondaire — PPS) aide a
améliorer la résistance contre la corrosion des alliages de zirconium dans I’eau et dans la
vapeur d’eau par une protection anodique. Des alliages de zirconium de méme composition
mais avec une dissolution compléte des éléments dans la matrice de zirconium montrent une
résistance a la corrosion inférieure comparé aux ceux avec des précipités. L’influence du
traitement thermique sur la distribution de taille et du contenu des éléments chimiques
impliqués dans les précipités est bien connue comme la corrélation avec la résistance a la
corrosion dans de différents environnements. Le comportement d’oxydation des précipités
décrit dans la littérature a été évalué pour une série des alliages commerciaux et nouvellement
développés. Pour des alliages binaires seulement le comportement général d’oxydation a été
étudié, mais apres nos informations la microstructure de I’alliage et des précipités oxydés n’a
jamais été analysé en particulier par la MET. Normalement, I’influence de la corrosion des
alliages de zirconium sur des aspects mécanique n’est présentée que dans le contexte des
propriétés mecaniques de zirconia.

18.4 Matériaux et Méthodes

18.4.1 Matériaux

Les alliages binaires, du zirconium pur et le Zircaloy-4 qui ont été étudié dans ce travail
était fournis par CEZUS, France. Les matériaux avaient traités dans un autoclave avec de
différents environnements. Le Zircaloy-2 et le Zircaloy-4 sont des alliages commerciaux
conformes aux spécifications. Pour les alliages binaires fournis existent des résultats
analytiques réalisés précédemment qui comprennent I’augmentation du pois, les changements
spectroscopiques d’impédance et du potentiel électrochimique et le comportement
d’hydrogénation.

Les compositions des alliages binaires étudiés dans ce projet sont 0.2 wt.% Fe et 1 wt.%
Cr, Fe ou Ni et, pour raison de comparaison, du Zr pur. Les alliages sont présentés dans
Tableau 28. La fraction volumique des precipités maximalement possible est listée, supposant
que tout le contenu des élements secondaires d’alliage est lié dans ces précipités, avec la
composition des PPS indiquée. Des échantillons de zirconium-niobium binaire de
composition 0.6 wt.% Nb ont étés inclus dans I’étude. Ces échantillons étaient obtenus
séparément de CEZUS, avec une oxydation dans la vapeur d’eau pour 40 jours et dans I’air
ambiant pour 55 jours. Ces échantillons ont servi a une comparaison du comportement
corrosif des précipités de Nb avec celui des précipités des autres alliages binaires. Tableau 29
contient un résumé des conditions d’oxydation et des échantillons dont I’épaisseur moyenne
de couche d’oxyde étaient déterminés et qui sont utilisés pour ce projet de thése. A part des
conditions décrites il y avait aussi des oxydations d’une et de 24 heures dans I’air a 415°C
pour étudier une éventuelle ségrégation des éléments d’alliage a la surface.
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Tableau 28: Analyses chimique d’alliages binaires (en ppm ou wt.%) et caractéristiques des
precipitées ; données de CEZUS pour Zr1%Fe, Zr1%Ni et Zr1%Cr. Data de précipitées pour
Zr0.6%NDb obtenu par calculs.

e SR N w0 e OB Geuomel
[ um %
Zr0.2%Fe 45 0.22 wt.% 35 - 650 6.2 ZrsFe 1.13
Zr1%/Fe 44 0.99 wt.% 28 - 720 3.1 ZrsFe 5.71
Zr1%Ni 46 205 1.17 wt.% - 755 4.6 Zr,Ni 3.70
Zrl%Cr  1.04 wt.% 247 37 - 760 5.2 ZrCr, 1.76
Zr0.6%Nb - - - 0.6 wt.% 4.4 ZrNb, 1.14

Tableau 29: Résumé des échantillons et épaisseur de couche d’oxyde en um. L’épaisseur de
la couche d’oxyde des échantillons provisionnés par CEZUS (colonne 1-3, foncées) a été
déterminée par augmentation du poids, pour tous les autres échantillons oxydés pour ce
projet par coupe de FIB.

Moyenne de couche d’oxyde / pum
oxydation oxydation dans la

Sk Tefio vapeur In situ ESEM a oxydation dans la vapeur, au PSI
alliage CEZUS CEZUS CSEM, Neuchatel Limbo 350 autoclave
3 jours 3jours 110 jours 1 heure 1 heure 1 heure 1 jour 3jours

415°C 415°C 415°C 415°C 700°C 415°C 415°C 415°C
0.1MPa 01MPa 10.5MPa 130 Pa 130Pa  10.5MPa 10.5MPa 10.5 MPa

Zr0.2%Fe 0.67 1.61 4.19 — — 0.42 1.08 —
Zr1%Fe 1.01 1.37 5.00 0.32 3.2 0.62 1.14 1.53
Zr1%Cr 0.79 1.08 4.23 0.35 2.7 0.52 0.94 1.28
Zr1%Ni 0.93 1.26 4.15 0.41 2.8 0.49 — —
6.02 258
Zr0.6%Nb : (40 — 0.34 3.2 0.40 — —
(55 jours) .
jours)
Zr pure 0.63 4.12 — 0.27 24 0.62 0.88 —
Zry-2 — — — — — 0.40 1.15 —

Zry-4 6.36
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18.4.2 Expériences d’oxydation

Pendant ce projet de thése, les expériences ont été effectués pour obtenir des échantillons
avec des conditions d’oxydation différentes par rapport a ceux de CEZUS. Les expériences
d’oxydation ont été menees in-situ dans un MEBE (microscopie a balayage environnemental),
dans un autoclave dans la vapeur d’eau et dans des fours dans I’air sous pression ambinante.

Les expériences d’oxydation in-situ étaient concues de telle maniere qu’un maximum
d’information sur la premiere phase d’oxydation pouvait étre obtenu par le MEBE, en
étudiant la situation avant et aprés I’oxydation. Pour étudier les changements par oxydation, la
caractérisation des surfaces polies et oxydées a été faite avec AFM (microscopie a force
atomique) et MEB (microscopie a balayage). Les expériences in-situ MEBE ont été conduites,
tenant les échantillons dans des récipients en platine, pour 60 minutes ou plus longtemps aux
conditions désirées (415°C / 700°C dans la vapeur d’eau a 1.3 mbar). Aprés les analyses avec
MEB et AFM, d’autres caractérisations ont été faites avec MEB / EDS (energy dispersive x-
ray spectroscopy) sur les surfaces et sur des coupes transversales préparées par FIB (focused
ion beam). L’oxydation dans I’autoclave était effectuée pour de petits échantillons a 415°C et
avec une pression de 100 bar pour de différentes durées d’oxydation (1 h, 24 h and 72 h). Les
expériences d’oxydation dans des fours ont été menées dans I’air ambiant et avec pression
ambiante a 415°C pour 1 et 24 heures.

18.5 Méthodes de caractérisation

Les méthodes expérimentales utilisées ont permis de caractériser toute une varieté de
propriétés des alliages oxydés. Les différentes méthodes seront décrites brievement selon les
procédures de caractérisation appliquées. Des détails seront délivrés pour les techniques non-
standards et les parameétres spécifiques pour le systéme de matériau etudié.

AFM était appliquée pour mesurer le changement de topographie de la surface par
oxydation. MEB était utilisée pour la caractérisation de la surface, pour identifier des endroits
intéressants pour préparer des échantillons de MET (microscope électronique en transmission)
et pour faire des analyses chimiques qualitatives avec EDS. Le MEBE était utilisé pour des
expériences d’oxydation dans un milieu avec une pression qui est considérablement
augmentée par rapport aux MEB conventionnels et avec la possibilité d’utiliser un chauffage.
Dans le MET la microstructure, I’état d’oxydation et la distribution des éléments d’alliages
dans la couche d’oxyde étaient étudiés. La distribution de taille des précipités était déterminée
dans le MET, et pour I’analyse chimique les méthodes EDS et EELS (electron energy loss
spectroscopy) ont été utilisés. La dureté était testé par indentations pour obtenir des indices
sur les profiles étendus de diffusion d’oxygéne et la nano-indentation était utilisée pour
mesurer le module de Young dans la couche d’oxyde.
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18.5.1 Préparation d’échantillons

Les echantillons étaient coupes des pieces oxydes avec une scie a fil et meulés (papier de
SiC) et polis (suspension de diamant neutre) pour éliminer I’endommagement par les étapes
de meulage précédent. Quelques échantillons ont vu un traitement final par polissage avec le
"Vibromat" dans une solution de silice basic. Pour la détermination de la distribution de tailles
des précipités, des disques métalliques minces étaient polis par jet électrolytique pour obtenir
une surface assez grande et électro-transparente. Le FIB était appliqué pour préparer des
coupes transversales aux endroits spécifiques de I’oxyde pour créer des échantillons de MEB
et MET avec la technique de ‘lift-out’. Des membranes de zirconia libre pour des “bulge tests’
étaient préparés par polissage électrolytique en éliminant la partie métallique d’un c6té dans
une zone circulaire ; le cdté d’oxyde était protégé par une couche transparente de paraffine.

18.6 Caractérisation du matériau original et expériences
d’oxydation

18.6.1 Caractérisation des précipités dans le matériau original

La distribution de taille des précipités était déterminée dans le MET avec des échantillons
électro-polis, les résultats sont décrits dans Tableau 30. La distribution compléte de taille pour
les matériaux avec de grands précipités, Zr1%Fe et Zr1%Ni, est donnée dans figure 1. On
peut observer une dispersion de distributions de tailles pour plus étendue pour des précipités
ZrzFe comparés avec Zr,Ni. Dans figure 2, les Zr1%Cr et Zr0.6%Nb sont présentés. La part
de précipités de taille comprise entre 10 et 40 nm est plus grande pour ZrCr, par rapport a
ceux de B-Nb, dont la dispersion de taille est aussi plus étendue qu’on peut percevoir par
I’écart-type plus large (Tableau 30). Aprés traitement thermique Zrl%Cr montre des
précipités avec une taille en moyenne plus large et avec une dispersion plus étendue par
rapport au matériau original.

18.6.2 Résultats des expériences d’oxydation supplémentaires

En plus des échantillons oxydés delivres par CEZUS, voir colonne 1 a 3 dans Tableau 29,
d’autres échantillons ont été oxydés in-situ (colonne 4 et 5) et dans un autoclave dans la
vapeur d’eau pour des durées plus courtes (colonne 6 a 8). Ces expériences ont été faites pour
obtenir un plus d’information sur le début d’oxydation. A part des alliages binaires et de
zirconium pur, aussi Zircaloy-2 et Zircaloy-4 avec des conditions d’oxydation sélectionnées
ont été inclus, qui a permis de faire une comparaison des comportements d’oxydation des
précipités de ces alliages commerciaux avec ceux des alliages modeles.

18.7 Microstructure d’alliages oxydés in-situ

Pour rendre les informations plus compactes les observations in-situ et les résultats de
caractérisation microstructurale ne sont données que pour Zrl%Fe ; les resultats qui restent
sont seulement montrés d’une maniere générale sans aller dans les détails.
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Tableau 30: Distribution de tailles des précipités des échantillons électro-polis MET ; data
des tailles de grain de CEZUS (sauf Zr0.6%NDb)

Zr1%Fe  Zr1%Ni  Zr1%Cr traitem. therm.  Zr0.6%Nb
Zr1%Cr

moyenne de diameétre de précipité / nm 261 252 35 89 47
écart-type / nm 229 120 17 40 24
médiane / nm 167 240 30 80 43
minimum diametre / nm 23 31 9 23 10
maximum diameétre / nm 861 597 126 282 145
nombre des précipités mesurés 111 109 624 293 286
moyenne de taille de grain du métal / um 3.1 4.6 5.2 - 4.4
écart-type / um 1.0 2.2 2.9 - 1.6

nombre des grains mesurés
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Figure 112: Distribution de taille des précipités pour Zr1%Fe et Zr1%Ni ; précipités d’une
classe de taille (50 nm) en fonction du diametre circulaire équivalent.
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Figure 113: Distribution de taille des précipités pour Zr1%Cr et Zr0.6%Nb ; précipités d’une
classe de taille (50 nm) en fonction du diametre circulaire équivalent.
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18.7.1 Oxydation in situ a 415°C

Les expériences in-situ a 415°C ont été effectuées pour obtenir des clarifications
expérimentales sur le démarrage d’oxydation, avec la méme température que celle utilisée
pour les expériences d’autoclave, et pour observer les modifications de la surface et la
formation potentielle des fissures. Les observations du procédé d’oxydation par MEBE ont
permis dans une lapse de temps adapté aux évolutions de la surface (c'est a dire les premieres
minutes d'oxydation) d'analyser cette surface; ce qui n'est pas possible par des expériences de
corrosion conventionnelles.

Pendant I’oxydation in-situ de Zr1%Fe de petites particules apparaissaient sur la surface
(figure 3a-d). Une comparaison des profiles de AFM avant et aprés I’oxydation montraient
que des la surface de I'oxyde montre une protubérance pour des particules plus larges, qui
n’existaient pas avant I’oxydation (p.ex. Figure 19). On pouvait montrer par EDS que les
particules larges sont corrélés avec des précipités qui contiennent du fer. Pour les petites
particules a la surface un signal de fer a été enregistré qui était plus élevé que pour les
précipités en-dessous ; malheureusement leurs tailles ne permettaient pas une caractérisation
plus détaillée dans le MEB. Dans le cas de Zr1%Ni et aprés polissage neutre, en-dessus des
précipités oxydés il n’y avait pas de formation des caractéristique riche en Ni a la surface.
Aprés 2 heures d’oxydation une fissuration de la surface de quelques protubérances oxydés
était observee. Zr1%Cr, Zr0.6%Nb et zirconium pur ne montraient pas de changements a la
surface pendant les observations in-situ qui pourraient étre liés avec la présence des
précipités.

En résumé : Les profiles de AFM de la surface montraient la présence des protubérances
pour Zrl%Fe et Zr1%Ni qui sont liés avec les précipités oxydés en-dessous dans la matrice
(Tableau 31). Pour Zr1%Cr, Zr0.6%Nb et zirconium pur, on ne pouvait pas observer des
protubérances qui pourrait étre liés avec des précipités, surtout a cause de la petite taille des
précipités dans les deux alliages binaires. Néanmoins, la rugosité de la surface des trois
derniers matériaux était quand méme consideérable.

Des coupes transversales de FIB confirmaient la corrélation entre les protubérances et les
précipités ; aux endroits ou il y avait un protubérance a la surface, toujours un précipité
pouvait étre trouvé en-dessous, comme illustré dans figure 4 avec une fleche noir montrant sur
le précipité et une fleche blanche montrant sur le protubérance. L’interface métal-oxyde est
ondulée et I’amplitude de I’ondulation est souvent plus élevée aux endroits ou se trouvent de
précipités oxydés. Ces observations sont comparables pour Zrl%Fe and Zr1% Ni, mais
Zr1%Cr, Zr0.6%Nb et zirconium pur présentent pas de précipités ou des précipité beaucoup
plus petits en sorte qu’il n’y a pas d’influence sur I’ondulation de I’interface métal-oxyde.
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Figure 114: Les images MEBE avec le détecteur GSE de Zrl%Fe a 415°C montrent la
surface (a) avant I’oxydation, (b) in-situ apres 14 minutes, (c) in-situ aprés 54 minutes et (d)
apreés refroidissement a la température ambiante. Les petites images insérées présentent des
régions avec une magnification plus élevée. Toutes les barres d’échelle représentent 5 pum.

oxide surface

cross-section

Figure 115: Coupe transversale de FIB de Zr1%Fe ; lien directe entre la caractéristique a la
surface (fleche blanche) et le précipité en-dessous (fleche noire).

Tableau 31: paramétres des échantillons oxydés in-situ

Moyenne Moyenne de
Alliage dﬂggiggﬁr RMS polis RMS oxydé d’hauteur des diamétre des
¢ (5%5 pm) /nm  (5x5 pm) / nm protubérances protubérances / um
oxyde / pm g nm * -
Zrl%Fe 032 + 011 39 21.2 1 68 + 15 1.1 + 03
Zrl%Ni 041 £ 011 5.2 103 1 19 + 6 0.7 + 05
Zrl%Cr 035 £ 0.07 3.8 8.3
Zr0.6%Nb 034 + 0.09 5.3 9.3 pas possible de détecter
Pure Zr 027 = 0.05 3.8 11.2
Zrl%Ni° 024 = 017 3.0 12.2 80 + 38
Zrl%Cr° 028 + 0.17 2.7 16.2 53 + 16

annealed

@ moyenne des coupes transversales de FIB, t contient les protubérances spécifiques, RMS:
root mean square of roughness, * de 10 profiles AFM, ° polissage de vibration



202 Résumé de these en francais

L’interface métal-oxyde et la microstructure des précipités étaient analysé avec le
microscope électronique en transmission; une coupe transversale MET de Zrl%Fe est
montrée dans figure 5. Dans le mode en champ sombre, la couche d’oxyde de la matrice et la
plus epaisse couche d’oxyde du précipité qui est en contacte avec la surface se laissent bien
identifier ; des fleches indiquent I’interface métal-oxyde. Une analyse plus détaillée de la
microstructure de I’oxyde de précipité révele des grains fins et axés en méme direction. La
zircone pure créée sur la matrice montre une structure de grains en forme de colonne. Des
cristaux de magnétite pouvaient étre trouvés par diffraction d’électrons a la surface de
quelques précipités oxydés dans Zrl%Fe, qui eux-mémes contiennent du fer. Le
comportement d’oxydation des précipités dans Zrl1%Ni et Zr1l%Fe est similaire : dans les
deux cas I’oxydation du précipité est accélérée par rapport au reste de la matrice quand le
précipité est en contacte avec la surface. Si le précipité est encore completement inclus dans la
matrice, le taux d’oxydation du précipité et de la matrice est comparable. Les précipités dans
Zr1%Cr et Zr0.6%Nb montrent une oxydation décélérée ; de petites fissures sont produites a
I’interface entre le précipité et son oxyde au cété montrant vers la surface extérieure.

L analyses EDS des précipités donne les informations suivantes: Les précipités dans
Zr1%Fe et Zr1%Ni sont oxydés dans et comme I’oxyde de la matrice. Les précipités dans
Zr1%Cr et Zr0.6%Nb présentent moins d’oxygene que la matrice voisinée ; la méthode de
différentier entre le signal de la matrice et du précipité est décrite dans le chapitre de
discussion. A cause de la taille de trés petits précipités dans Zr1%Cr qui ne permettait pas une
analyse d’une potentielle ségrégation pendant I’oxydation, des tests avec prétraitement
thermique ont été faits. Le matériau traité présente des précipités plus larges (voir Tableau
31). Les précipités de ce Zrl%Cr forment aussi des protubérances a la surface, mais
seulement une couche trés mince en contacte avec la surface s’oxyde et le reste du précipité
reste métallique pendant cette phase d’oxydation. Comme il n’y avait pas d’analyses des
couches d’oxyde plus épaisses, il n’est pas possible de conclure I’épaisseur finalement
nécessaire pour faire oxyder ces précipités plus larges.

18.8 Microstructure des alliages oxydés en autoclave

Suivant la procédure ASTM G2, la surface les échantillons ont été décapeés a I’acide avant
I’oxydation en autoclave, induisant un état de surface plus rugueux. Les échantillons ont été
testés dans I’air et dans la vapeur d’eau a la pression atmosphérique pendant 3 jours et sous
10.5 MPa pendant 110 jours. Le choix de ces environnements révele I’influence de I’air et de
la vapeur aussi bien que de la pression et du temps d’oxydation. Cependant, pour les
échantillons disponibles, les changements de paramétres étant simultanés, I’identification des
effets paramétre par parameétre est impossible.

18.8.1 Oxydation pendant 3 jours dans l'air a la pression ambiante

L’examen par MEB et EDS de la surface de Zr1%Fe a révélé, pour cet environnement, la
présence d’oxyde de fer sous la forme d’agglomérats de petits cristaux déposés en surface
(Figure 50). Pour Zr1%Ni, Zr1%Cr et Zr0.6%Nb, aussi bien que pour Zr pur, ce phénomene
n’a pas été observé. Dans cette condition d’oxydation, des fissures de surface d’une longueur



Résumé de these en francais 203

metal

energy | kel

Figure 116: (a) Contraste en champ sombre de Zr1%Fe. Ondulations de I’interface d’oxyde
et bosses de surface peuvent étre observées lorsque le précipité est en contact avec la surface.
(b) Contraste champ clair montrant les cristaux d’oxyde de fer formés a la surface de I’oxyde.
(c) Spectre EDS du cristal de la figure (b) a la position marquée E. Le signal Cu provient de
la grille FIB-MET et le signal Ga provient de I'implantation pendant la préparation de
I’échantillon MET. En E, la composition est de 63.5 at.% O, 34 at.% Fe et 2 at.% Zr, eten P
69 at.% O, 3.5 at.% Fe et 27 at.% Zr. Les deux encarts dans la figure (a) montrent la figure
de diffraction d’un cristal d’oxyde de fer (I) en D et du précipité oxydé sous-jacent (11) en P.

!'._3 : ;
Figure 117: Micrographies MEB de la surface de Zr1%Fe montrant I’agglomérat d’oxyde de
fer a la surface et des fissures dans le dép6t d’oxyde.
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allant jusqu’a plusieurs micromeétres ont été trouvées. Ces fissures de surface sont souvent
présentes dans les cratéres produit par le décapage a I’acide dans le cas de Zrl%Fe et
Zr1%Ni, alors que les autre matériaux avec de plus petit, voir pas, de précipités ne présentent
pas de tels crateres.

La rugosité de surface induite par les cratéres de décapage peut aussi s’observer sur les
sections transverses obtenues par FIB. L’interface métal-oxyde est ondulée et I’épaisseur de
I’oxyde varie considérablement.

Les micrographies MET révelent un comportement de type oxydation de précipités, qui
peut-étre divisé en oxydation similaire a la matrice environnante (Zrl%Fe et Zr1%Ni) et
oxydation de précipites différée (Zr1%Cr et Zr0.6%Nb). Les micrographies de la Figure 52
montrent le dép6t d’oxyde complet ainsi que I’interface métal-oxyde et I’agglomérat de
cristaux d’oxyde de fer (fleche blanche). Un précipité ZrsFe partiellement oxydé est visible
sur la Figure 53 a I’interface métal-oxyde.

Les précipités oxydés ont un aspect finement granulé qui contraste avec la matrice
colonnaire environnante. Des fissures de I’ordre du micromeétre sont aussi visibles. Les
précipités présents dans I’oxyde étaient complétement oxydes dans le cas de Zr1%Fe; dans le
cas de Zrl%Cr et Zr0.6%Nb, un niveau d’oxygene plus faible que dans la matrice
environnante a été mesuré.

18.8.2 Oxydation sous vapeur pendant 3 jours a pression ambiante

Pour Zrl%pFe, les analyses MEB et EDS ont révélé la présence d’oxyde de fer sous la
forme d’agglomérats de petits cristaux en surface (Figure 61). Dans quelques cas, de plus gros
cristaux d’oxyde de fer d’une taille de I’ordre de quelque centaine de nanomeétres ont éte
trouvés. Pour cet environnement et cette durée d’oxydation, des fissures de surface ont été
observeées sur tous les échantillons. Pour Zr1%Ni, de petits cristaux riches en nickel ont été
observé a la surface externe de certains précipités. Les sections transverses FIB montrent un
film d’oxyde d’épaisseur variable et de larges fissures orientées parallelement a la surface
(Figure 62) pour Zrl%Fe, ceci étant aussi valable pour les autres matériaux. Les
micrographies MET présentées Figure 63 montrent les cristaux d’oxyde a la surface et
I’interface métal-oxyde de Zr1%Fe. Pour les précipités proches de la surface externe, de petits
cristaux d’oxyde de fer sont observés a leur verticale en surface pour Zrl%Fe. Pour Zr1%Ni,
les petits précipités riches en nickel ont été identifié comme nickel métallique par le biais de
I’analyse EDS et de la diffraction électronique. Les précipités a I’interface métal-oxyde
(Figure 63c) montrent un comportement a I’oxydation similaire a la matrice de zirconium
environnante (Zrl%Fe et Zr1%Ni), aucun précipité métallique n’étant observé dans I’oxyde.
Pour Zr1%Cr et Zr0.6%Nb une oxydation différée a été observée accompagnée par de petites
fissures a I’interface précipité-oxyde en face de la surface extérieure. L’oxyde de la matrice
est de type colonnaire et orienté parallélement a la direction de croissance de I’oxyde. Dans le
précipité oxydé, une petite fissure orientée perpendiculairement a la direction de croissance de
I’oxyde est observable.
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Figure 118: Contraste en champ sombre de I’oxyde formé sur Zr1%Fe oxydé pendant 3 jours
a I’air avec une particule d’oxyde de fer a la surface (fleche blanche). Les fissures dans
I’oxyde sont repérées par des fleches noires.

oxide

Figure 119: Contraste en champ clair des particules d’oxyde de fer en surface de
I’échantillon présenté aussi Figure 52. La carte EDS correspondante démontre que les
particules a la surface sont constituées d’oxyde de fer pur (la carte présente une faible
rotation par rapport a la micrographie champ clair). L’analyse EDS ponctuelle montre que
seul I’oxyde de fer est présent, exclusion faite du cuivre de la grille MET ainsi que de
I’oxygéne et du fer. (b) Contraste en champ clair présentant un précipité partiellement oxydé
a I’interface métal-oxyde ; la partie oxydée est repérée par une fleche blanche et la partie
métallique par une fleche noire.
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Figure 120: Surface de Zr1%Fe montrant les cristaux en surface. (a) image MEB et (b) image
MEB en mode BSE de la méme région. Les régions gris sombres sur I’image (b)
correspondent aux cristaux d’oxyde de fer et les régions noires sont dues a la contamination
pendant les manipulations et le stockage. Les encarts montrent un cristal d’oxyde de fer en
fort grossissement. Des fissures sont visibles a la surface.

oxide

metal

Figure 121: Section transverse FIB de Zrl1%Fe oxyde sous vapeur pendant 3 jours. Les
fleches blanches reperent des fissures importantes dans le dép6t d’oxyde.
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Figure 122: (a) image MET en champ sombre de Zr1%Fe oxydé pendant 3 jours sous vapeur
montrant les particules d’oxyde de fer pur a la surface et la matrice a structure colonnaire.
(b) Contraste en champ clair montrant les particules d’oxyde de fer pur en surface. (c)
Contraste en champ clair d’un précipité partiellement oxydé a I’interface métal-oxyde; la
position est indiquée par la fleche blanche sur I'image (a). Le spectre EDS provient d’une
particule d’oxyde de fer en surface.

Figure 123: Surface de Zrl%Fe oxydé pendant 110 jours sous vapeur d’eau montrant les
cristaux d’oxyde de fer en surface. (a)lmage MEB et (b) image MEB-BSE de la méme région.
Les régions gris sombres sur I’image (b) correspondent aux cristaux d’oxyde de fer et les
régions noires sont dues a la contamination pendant les manipulations et le stockage.
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18.8.3 Oxydation sous vapeur a 10.5 MPa pendant 110 jours

A la surface de Zrl%Fe oxydé pendant 110 jours en autoclave, I’analyse MEB etEDS a
révelé la présence de larges cristaux d’oxyde de fer en surface. Les fissures présentes a la
surface ont une longueur pouvant aller jusqu’a plusieurs microns pour tous les alliages
binaires et sont souvent présentes aux crateres de décapage pour Zr1%Fe et Zr1%Ni.

Les fissures dans I’oxyde (par exemple Figure 72) sont orientées perpendiculairement a la
direction de croissance de I’oxyde et sont présentes dans tout le dépbt d’oxyde. Les
ondulations de I’interface métal-oxyde sont corrélées avec la présence de fissures importantes
dans I’oxyde; I’épaisseur de I’oxyde est souvent réduite pour les régions ne présentant pas de
fissures importantes proches de I’interface meétal-oxyde. Ces sections n’ont pas révelé de
correlation particuliere entre les ondulations de I’interface métal-oxyde et la présence de
précipités. Concernant la présence d’importante fissures et les ondulations de I’interface
métal-oxyde, on peut constater que la présence de fissures semble aller de pair avec un front
d’oxydation différée. Cependant, il n’est pas possible de quantifier ce phénoméne plus avant
et il n’est ainsi pas possible de conclure lequel de ces deux phénomenes est la cause et lequel
est la résultante.

Pour Zr1%Fe et Zr1%Ni, une oxydation précipitée similaire a la matrice environnante peut
étre justifiée par la présence de gros précipités a I’interface métal-oxyde observés sur les
sections FIB, ces derniers étant oxydés du coté de I’oxyde et métallique du coté du métal.

En analyse MET, I’oxyde de fer a la surface de Zrl%Fe a été identifié par diffraction
électronique comme étant de la magnétite (Figure 74). La diffraction X n’a pas permis de
fournir une réponse car les pics observés étaient trop étendus et faibles pour permettre une
identification non-ambigie de la phase d’oxyde de fer, de plus le spectre EELS n’était pas
specifique a un type d’oxyde de fer (Figure 75). L’oxyde affiche d’importantes fissures
orientées perpendiculairement a la direction de croissance, la plus grande fissure s’étendant
sur environ 2 um sur la micrographie présentée. L’existence de telles fissures est commune a
tous les alliages binaires. A I’interface métal-oxyde, les précipités de Zrl%Fe et Zr1%Ni
présentent un front d’oxydation similaire a la matrice environnante, voir aussi encart Il de la
Figure 75. Dans Zr1%Cr et Zr0.6%Nb, une oxydation précipitées différée a eté observée pour
des précipités dans I’oxyde jusqu’a une distance de 1 um de I’interface métal-oxyde.

Pour les précipités dans Zrl%fFe, il a été possible de montrer par analyse EELS que I’état
d’oxydation du fer dans les précipités de I’oxyde et celui de I’oxyde de fer pur étaient
identiques. Ainsi, la présence possible de fer non-oxydé dans I’oxyde n’a pas été observée
pour les alliages binaires étudiés ici. A partir des résultats obtenus, nous n’avons pas de
preuve de I’existence de précipités ayant un état d’oxydation différent de celui des éléments
d’alliage qu’il contient. Pour Zr,Ni cela n’a pas été démontré (pas d’analyse EELS).
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Figure 124: Section FIB de Zr1%Fe oxydé pendant 110 jours sous vapeur d’eau montrant
une épaisse couche d’oxyde et une interface métal-oxyde ondulée. Deux cristaux d’oxyde de
fer peuvent étre observés en surface (fleches blanches). Les précipités dans I’oxyde ont un
contraste plus brillant que la matrice de zircone (encart), la structure colonnaire étant la
aussi observable.

Figure 125 Contraste en champ clair de Zrl%Fe oxydé pendant 110 jours sous vapeur
montrant un cristal d’oxyde de fer pur en surface, la matrice colonnaire de la couche d’oxyde
épaisse et I’interface métal-oxyde ondulée. Les précipités présentent un oxyde equiaxé (repéré
par des fleches blanches). L’encart | présente, en champ sombre, uniquement la partie
cristalline de I’oxyde de fer en surface. Un précipité partiellement oxydé a I’interface métal-
oxyde est visible dans le cadre blanc (encart 2). Le spectre EDS provient du cristal d’oxyde
de fer en surface.
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18.8.4 Comparaison du comportement du fer sous différentes conditions
d’oxydation

Pour toute les conditions d’oxydation, la formation de cristaux d’oxyde de fer a été
observée a la surface des échantillons Zr1%Fe. Apres 1 heure, les cristaux d’oxyde de fer
étaient petits et disseminés sur quelques précipités dans I’oxyde. Pour les oxydations pendant
1 et 3 jours, la quantité de cristaux d’oxyde de fer présent sur les précipités oxydés était plus
importante apres 1 heure, et aprées 110 jours, d’importants cristaux d’oxyde de fer d’une taille
allant jusqu’a quelque microns s’étaient formés. L’analyse par diffraction électronique a
révélé la présence d’une phase cubique avec une figure de diffraction similaire a celles
généralement observée pour la magnétite ou la maghémite. Pour les précipités oxydés sous-
jacent a I’oxyde de fer en surface, une déplétion graduelle en fer a été observée, cette
déplétion augmentant au cours du temps. A partir de la quantité d’oxyde de fer et de
I’estimation de la surface couverte, un coefficient de diffusion effectif pour le transport du fer
en surface a put étre estimé (voir discussion Error! Reference source not found.).
L’oxydation in-situ et dans sur des échantillons non décapes démontre que ce phénomene
n’est pas restreint aux surfaces décapées ou a I’oxydation sous vapeur d’eau.

18.8.5 Comparaison des différents alliages binaires et de leur conditions
d’oxydation

La matrice d’oxyde est de structure colonnaire pour tous les matériaux étudiés, les grains
de I’oxyde étant orientés dans la direction de croissance de I’oxyde. Aucune différence
significative n’a été observée entre les grains colonnaires des différents matériaux. Plus le
temps d’oxydation est important, plus il est frequent d’observer des fissures importantes dans
le dép6t d’oxyde. De petites fissures ont été systématiquement observées dans la partie
externe de I’oxyde, proches de la surface extérieure. La structure de I’oxyde est finement
granulée et avec des précipités oxydés equiaxés dans Zr1%Fe, Zr1%Cr et Zr0.6%Nb, comme
cela est visible sur les micrographies. Pour Zr1%Ni, a cause de I’absence d’observations
claires de la partie oxydée des précipités, il n’est pas possible de déterminer la microstructure
de I’oxyde.
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Figure 126: Les spectres de perte d'énergie, indiquent la présence des signaux de Fe- L,z et
O-K pour les cristaux d'oxyde de fer a la surface. Le cliché de diffraction avec I'axe de zone

[100] correspond a une maille cubique avec un parametre de maille de 0.82 nm.

Table 32: Exemples représentatifs pour différentes conditions d'oxydation concernant la
présence des cristaux d'oxyde de fer a la surface et correspondance en chaque cas avec les
précipités immédiatement en-dessous de la surface.

SE BSE TEM EDS

in situ (ESEM)
130 Pa
1 hour
vapour

autoclave

0.1 MPa
3 days
steam

autoclave

10.5 MPa

110 days
steam
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18.9 Autres conditions d’oxydation choisies

18.9.1 Autres conditions d’oxydation pour les alliages binaires

Le comportement a I’oxydation dans I’air de précipités en contact avec la surface
extérieure a été examiné par cuisson en four a 415°C pendant 1 et 24 heures d’échantillons
polis. Ces oxydations montrent que la formation d’oxyde de fer en surface des alliages binaire
contenant du fer peut étre observée aussi pour une oxydation a I’air aussi bien qu’a I’eau. Pour
les autres éléments d’alliage, la formation d’oxyde de I’élément d’alliage en surface n’a pas
été observée. Les échantillons préparés avec un polissage non-neutre sont sujet a une attaque
accelérée de précipités en comparaison aux échantillons préparés par un procéde neutre.

18.9.2 Oxydation des Zircaloy en autoclave sous vapeur a 415°C

Le comportement a I’oxydation des précipités Zr,(Fe,Ni) a été étudié sur un échantillon de
Zircaloy-2 oxydé a 415°C pendant 1 jour sous vapeur a une pression de 415°C . Pour cet
échantillon, les précipités Zr,(Fe,Ni) ont été observé a I’interface métal-oxyde a I’état oxydé
du coté de I’oxyde et a I’état métallique du c6té du métal. Les précipités Zr(Fe,Cr), dans le
Zircaloy-2 et le Zircaloy-4 présentent un comportement de type oxydation différée et aucune
différence n’a éte observée entre eux. Ce comportement a I’oxydation est similaire a celui
observé pour les précipités correspondant dans les alliages binaires, les précipités Zr,(Fe,Ni)
ayant une structure semblable aux précipités Zr2Ni et les précipités Zr(Fe,Cr), ayant la méme
structure que les précipités ZrCr..

18.10 Discussion

18.10.1 Influence de la préparation de la surface sur les résultats

Il a été observe que la préparation de la surface influence le comportement du précipité a
I’oxydation sur la surface extérieure. Trois procédures différentes de préparation de surface
ont été utilisées pour I’oxydation des échantillons. Cette section aborde les implications de
chacune de ces procédures. Les procédés de polissage suivi d’un décapage suppriment les
précipités de grande taille en contact avec la surface extérieure. Dans le cas des échantillons
préparés par cette procédure, le comportement a I’oxydation des précipités ne peut étre etudié
que pour ceux qui ne sont pas en contact avec la surface aprés le décapage. La surface est
rugueuse dans le cas d’alliages avec des précipités de grande taille. Les échantillons préparés
avec des morceaux de diamant de 1 um en suspension lors de la derniere étape de polissage
ont donné lieu a une surface lisse sans attaque notable de précipités a la surface. Le polissage
en derniére étape avec une solution contant des particules de silice de 60 nm et un pH de 9,5
avec une tribofinition par vibrateur a engendré la surface lisse avec la plus basse rugosite ;
cependant une attaque des précipités a été observée.

18.10.2 Mesures EDS quantitatives

Quelques précautions ont du étre prises pour les mesures EDS quantitatives dans le MET.
Le volume d’interaction du faisceau avec le faisceau d’électrons primaire est beaucoup plus
petit que dans le MEB ; toutefois méme dans ce cas le volume analyse devrait étre homogéne
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en composition afin de permettre une quantification correcte. Puisque les mesures
quantitatives EDS se concentrent principalement sur les sites des précipités, il est intéressant
comment les différentes géométries matrice-précipités trouvees dans les échantillons de MET
doivent étre exploitées afin d’obtenir un maximum de données du point de vue de la fiabilité.

Pour les précipites trop petits pour voir leur teneur en oxygéne mesuree directement du fait
de la contribution de la matrice, une procédure de soustraction de la matrice de zirconium et
de la contribution d’oxygéne a été développée, en assumant une composition steechiométrique
du précipité et du zirconia.

Pour une quantification correcte de I’oxygene et les éléments d’alliage (Fe, Cr et Ni),
plusieurs changements de paramétres dans la routine d’EDS ont du étre appliques. La routine
optimale de quantification nécessite d’abord la quantification avec la ligne L du zirconium
afin d’obtenir le montant correct d’oxygene dans I’oxyde et ensuite une quantification avec la
ligne K du zirconium afin de déterminer le bon ratio zirconium/alliage. Cette procédure a été
testée, et pour des petits précipités de ZrCr, la correction de I’influence de la matrice
augmente le résultat sur la teneur en oxygene des précipités. L’influence de différents
parameétres de I’échantillon, tels que I’épaisseur et la densité, sur la quantification obtenue, est
discutée dans cette section en rapport avec les domaines possibles de ces parametres et les
erreurs introduites.

18.10.3 Changement de la topographie de surface Durant I’'oxydation

Les mesures d’AGM sur la topographie de surface avant et apres oxydation des surfaces
polies ont révélé la formation de protubérances sur quelques alliages binaires. Dans ce cas,
les observations seront discutées et des explications possibles ainsi qu’une approche du
phénomeéne par un modéle ANSYS seront présentées. La hauteur des protubérances avec
I’AFM sur les larges précipités en surface aprés oxydation des surfaces polies (non décapées)
peut avoir plusieurs origines :

1. Un ratio de Pilling-Bedworth plus haut que celui de la matrice de zirconium

2. L’oxyde formé est plus épais au niveau des précipités en contact avec la surface
extérieure

3. Les espéces diffusantes vers la surface extérieure.

Les hauteurs de protubérance observées expérimentalement peuvent étre expliquées
seulement avec les modéles ANSYS dans le cas d’un ratio de Pilling-Bedworth plus élevé ; il
faut considérer les précipités complétement oxydes et la diffusion du fer vers la surface pour
Zr1%fFe.
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Pour ce calcul un ratio de Pilling-Bedworth hypothétique a été calculé en assumant une
formation de zirconia pure et d’oxyde pur d’élément d’alliage, les valeurs obtenues sont 1,87
pour ZrsFe et Fe,03, 1,59 pour Zr,Ni et la formation de NiO, 1,78 pour ZrCr; et la formation
de Cr,03, et 1,51 pour Zr et la formation de ZrO..

18.10.4 Influence des conditions d’oxydation sur I'oxydation de précipité

La pression n’a pas été identifiée comme ayant une influence sensible sur le comportement
a I’oxydation des précipités. Puisque seuls les échantillons oxydés a 415°C ont été
caracterisés, aucune donnée microstructurale n’est disponible et ne peut étre utilisée pour
I’étude de la température sur le comportement des précipités a I’oxydation.

18.10.5 Le comportement des précipités a l'oxydation
18.10.5.1 Le comportement des précipités a I'oxydation dans I'oxyde des alliages
binaires

La tendance a I’oxydation observée (Tableau 33) pour les précipités qui ne sont pas en
contact avec la surface externe est la suivante : ZrsFe ~ Zr,Ni ~ matrice de Zr > B-Nb =
ZrCr,, représentée aussi schématiquement par la Figure 127. En comparant les phénomenes
observes et les différents types de précipités, une classification du comportement des
précipités a I’oxydation dans les trois catégories suivantes couvre toutes les observations
microstructurales de cette étude :

1. Pour les alliages de Zr1%Fe et Zr1%Ni, les précipités en contact avec la surface
extérieure montrent une vitesse d’oxydation apparente plus élevée que pour la
matrice de zirconium, résultant en une protubérance de I’oxyde a la surface et une
interface métal-oxyde ondulée. Ce comportement peut étre associé au procedé de
nucléation des nodules. Les précipités qui ne sont pas en contact avec la surface
extérieure s’oxydent avec une vitesse proche de celle de la matrice de zirconium
environnante (ZrsFe & Zr;Ni).

2. L’elément d’alliage diffuse vers la surface extérieure et forme un oxyde pur
(Zr1%Fe)

3. Pour les alliages Zr1%Cr et Zr0,6%Nb, les précipités s’oxydent aprés la matrice et
une fois qu’ils sont entourés par I’oxyde proche de I’interface (B-Nb & ZrCr,).

Les précipités dans le Zr1%Cr et Zr0,6% Nb affichent des concentrations en oxygene plus
basses que les matrices d’oxyde environnantes du fait de leur faible taille, et I’état métallique
des précipités avec diffraction par électron n’a pas pu étre confirmé. Des fissures en forme de
croissant au-dessus des précipités faisant face a la surface extérieure ont été observées dans le
cas du Zr1%Cr et Zr0,6%Nb. Il est & noter que ces fissures n’ont pas été observées dans le cas
du Zrl%Fe et Zr1%Ni. Il est suggéré que ces fissures sont le résultat d’une oxydation retardée
des précipités, puisqu’elles ont été observées seulement dans le cas des précipités avec une
teneur en oxygene dans I’oxyde relativement basse.
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18.10.5.2 Fissures sur les précipités présentant une oxydation retardée

La taille des fissures présentées au dessus des précipités affichant une oxydation retardée a
été étudiée dans le cadre de I’expansion de la matrice durant I’oxydation. Les hauteurs de
fissures possibles pour les différents cas envisageables (par exemple I’expansion isotropique,
unidirectionnelle, avec et sans oxydation de précipités) ont été comparées avec les données
expérimentales. La comparaison a montré que les hauteurs des fissures sont proches du
modéle pour une expansion isotropique de la matrice pendant oxydation. Le procédé de
préparation avec la sonde ionique focalisée a plus tendance a ouvrir les fissures qu’a les
refermer, ce qui indique que le modéle avec les hauteurs de fissures similaires ou inférieures a
celles mesurées expérimentalement décrivent au mieux la situation réelle.

Tableau 33:Vue d’ensemble du comportement des précipités a I’oxydation au niveau de
I’interface métal-oxyde

Zr1%Fe Zr1%Ni Zr1%Cr Zr0,6%Nb

in situ (ESEM)
130 Pa
1 heure
Vapeur

autoclave
0.1 MPa
3 jours
Air

autoclave
0.1 MPa
3 jours
Vapeur

autoclave
10.5 MPa ol
110 jours mo 100 nn . "'_';--<i 50 nm
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Figure 127: Vue schématique de I’interface métal-oxyde et de I’état d’oxydation du précipité
(a) comportement a I’oxydation des précipités observé pour ZrsFe & Zr,Ni, (b) formation de
cristaux d’oxyde tels qu’observés pour le ZrsFe, (c) comportement a I’oxydation des
précipités observé pour ZrCr; et 5-Nb.
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18.10.5.3 Parametres susceptibles d’affecter le comportement a I'oxydation des

précipités

Les parametres influencant le comportement a I’oxydation des précipités, et qui ont été
suggerés auparavant, sont la taille de précipité et la structure du cristal. Dans cette étude, le
ratio de teneur zirconium/élément d’alliage pour les précipités et I’énergie libre d’oxydation
par molécule d’oxygéne dans les précipités oxydés ont été suggérés comme parametres
possibles.

La comparaison avec la littérature et les résultats obtenus ont fait de la taille des précipités
et de la structure cristalline des parametres improbables, puisqu’aucune corrélation entre les
deux parameétres et le comportement a I’oxydation des précipités n’a pu étre observée. Dans le
cas du ratio atomique zirconium/élément d’alliage dans les précipités déterminant le
comportement a I’oxydation des précipités, tous les précipités avec un ration de 0,5 ou au-dela
(ZrCry, Zr(Fe,Cr),, Zr(Fe,V), et Zr(Fe,Nb), et B-Nb (20%Zr)) ont présenté une oxydation
retardée. Pour Zr,M (ratio de 2, par exemple le cas du Zr;Ni, Zr,(Fe,Ni) et (Zr,Nb).Fe) et des
teneurs en Zr plus élevées dans les précipités (ZrsFe), une oxydation similaire a celle de la
matrice de zirconium environnante a été observée. Aussi dans le cas de I’énergie libre
d’oxydation par molécule d’oxygene dans les précipités oxydés, une corrélation entre le
comportement & I’oxydation observé et un classement de I’énergie libre calculée a été trouvée.
Les deux derniers critéres sont seulement en désaccord sur la prédiction du comportement a
I’oxydation de ZrV, et Zr,Cu (Tableau 34 et Figure 128).

18.10.6 Oxydation des précipités a la surface

Les précipités en contact avec la surface extérieure montrent une oxydation favorable par
rapport a la matrice de zirconium environnante, ce qui s’exprime en un oxyde localement plus
épais (solution neutre avec morceaux de diamants sur la surface — n’induit aucune
modification majeure de la surface). Ils présentent une oxydation plus rapide que la matrice de
zirconium environnante avec un oxyde localement plus épais (Figure 127). Pour les écailles
d’oxydes formés pendant les expériences in situ, une ondulation accrue de I’interface métal-
oxyde a été observée, en tant que conséquence de I’oxyde plus épais au niveau des précipités
oxydes.

18.10.7 Formation d’oxyde de fer a la surface

L’oxyde de fer en forme de petits cristaux sur la surface au-dessus des précipités oxydés
peut étre déja observé apres moins d’une heure d’oxydation et le montant d’oxyde de fer
augmente avec le temps d’oxydation (Figure 129). Parallélement a I’augmentation du montant
d’oxyde de fer a la surface, la teneur en fer des precipités oxydes décroit aprés 110 jours
d’oxydation. Il a été observe que les précipités avec de grands cristaux d’oxyde de fer sur la
surface sont complétement pauvres en fer. Ce phénoméne de formation d’oxyde de fer a été
clairement observé dans des études précédentes et I’oxyde de fer a été identifié comme de la
magnétite et hématite, mais la forme dans laquelle I’oxyde de fer était présent n’avait pas pu
étre montrée, puisque les études plus vieilles étaient soit électrochimiques sans aucune
résolution latérale ou leur technique fournissait une information en résolution trop faible pour
permettre I’identification de cristaux d’oxydes de fer.
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Tableau 34:Energie libre d’oxydation calculée pour les phases rencontrées dans les alliages
de zirconium, normalisée au nombre d’atomes de métal dans I’intermétallique. Pour plus de

détails concernant le calcul, se référer au texte.

ratio Zr / AGy ! k:]/(mols AH formaﬁ?n/ k_J/moI Etat de I’,o>§yq§tion
phase gomany OVBIS [ emetliove - dopreciie
d’alliage 1) ) SOUTCes Zircobase I"oxyde
Zr-matrix 1 0 -965 -965 - - -
ZrsFe 3 1 -867 -869 -135t -3.1 oxydé
Zr;Ni 2 1 -830 -833 -31.2e -24.2 oxydé
ZrCr, 1 2 -757 -755 -145e -18.7 oxydation retardée
B-Nb i - . )
(20%2r) 1 4 797 708 34t 10.6 oxydation retardée
B-Zr ) ) .
@0%Nb) 4 1 g1 a1 -4t oxyde
Zr(Fe,Cr), 1 2 =717 =704 - -31.6 oxydation retardée
Zry(Fe,Ni) 2 1 -839 -833 - -15.2 oxydé
Zr(Fe,V), 1 2 -746 -746 - - oxydation retardée
Zr(Fe,Nb), 1 2 -703 -702 - -3.4 oxydation retardée
(Zr,Nb),Fe 2 1 -826 -825 - -4.7 oxydé
ZrV, 1 2 -818 -824 -5.0t 9.1%* Non disponible
Zr,Cu 2 1 -805 -815 -25.0t - Non disponible
ZrMo, 1 2 -628 -630 -8.0t - Non disponible

* dénote les enthalpies de formation positives pour les phases métastables depuis la
Zircobase, qui sont présentes a cause des contraintes thermodynamiques. Enthalpie de
formation : e dénote les valeurs expérimentales et t les valeurs théoriques. (1) dénote les
valeurs d’énergie libre d’oxydation dérivées en utilisant diverses sources pour I’enthalpie de
formation et (2) les enthalpies de formation a 415°C depuis la Zircobase.

-500
-550
-600
~ 650
c
(]
2
> -700 H
)
S
2 750
;
4
~ -800
4]
< -850
-900
-950
-1000

Zr

Zr3Fe

Zr2Ni

ZrCr2

B-Nb (20%Zr)

B-Zr (20%Nb)

N‘-’—“
=2
O |4 a
T | [L
£llg
N HN
I

2,

Zr(Fe,V)2

Zr(Fe,Nb)2

(Zr,Nb)2Fe
Zr\V2
Zr2Cu
ZrMo2

O delayed oxidation—

O similar oxidation
B not investigated

Figure 128: Energie libre d’oxydation pour les différentes phases rencontrées dans les
préecipités d’alliages de zirconium normalisée au nombre de molécules d’oxygéne dans le
précipité oxydé du Tableau 34. Les pointilles marquent la limite en énergie pour laquelle un
changement depuis une oxydation retardée vers une oxydation similaire a la matrice est
observé.Les donnes affichées sont issues du Tableau 34 (colonne d’énergie libre de gauche).
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18.10.8 Migration de fer vers la surface

Une estimation grossiere du coefficient de diffusion du fer depuis les précipités vers la
surface pour différents temps d’oxydation a fourni des coefficients de diffusion (tableau 8)
similaires au seul cas reporté de diffusion de zirconia formée sur un alliage de zirconium
durant I’oxydation.

| - heures Il - jours Il - mois
af@dan o om A = A
oxyde précipités oxydés . oxyde de fer

Figure 129: Diagramme schématique montrant la formation d’oxyde de fer a la surface de
Zr1%~Fe en fonction du temps : (a) le fer commence a se séparer de la surface en oxyde pur et
forme des petits cristaux au-dessus des précipités oxydés, (b) la densité des petites particules
de fer au-dessus des précipités augmente et plus de cristaux peuvent étre observes, (c) de
grands cristaux d’oxyde de fer sont formeés, certains d’entre eux sont des cristaux singuliers.

Tableau 35: Coefficient de diffusion estime pour les différentes conditions et durées
d’oxydation.

d’oli;crjz(;on pression D / cm2/sec
1 heure 130 Pa 1.3.10%°

72 heures 0.1 MPa 1410

72 heures 0.1 MPa 8.8:10%

110 jours 10.5 MPa 5.3.107

Itis et al.

JNM 1995  10.3 MPa 1.0.10%
400°C
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18.11 Conclusions

Dans ce travail la microstructure des oxydes formés dans des alliages binaires de
zirconium a été caractérisée afin d’étudier le comportement a I’oxydation des précipités et
afin de comprendre I’influence des différents éléments d’alliage et conditions d’oxydation.
Des alliages binaires de zirconium contenant 1 % de Fe, Cr, Ni ou bien 0,6 % de Nb ainsi que
du zirconium pur et les alliages commerciaux Zircaloy-2 et Zircaloy-4 ont été étudiés apres
oxydation a 415°C dans différents environnements d’oxydation.

Les conditions étudiées incluent I’oxydation en autoclave dans un mélange d’air et de
vapeur a pression ambiante (0,1 MPa) pendant des durées atteignant jusqu’a trois jours et dans
la vapeur a 10,5 MPa pendant des durées atteignant jusqu’a 110 jours. L’oxydation a été
examinée dans la vapeur d’eau a 130 Pa et 415°C pendant une heure in situ avec un
microscope électronique a balayage environnemental.

La surface des échantillons a été caractérisée par microscopie électronique a balayage et
analyse dispersive en énergie. De plus, la surface des échantillons oxydés dans un microscope
électronique a balayage environnemental a été caractérisée par microscopie a force atomique.

La caractérisation microstructurale de I’oxyde a été réalisée par microscopie électronique a
balayage, sonde ionique focalisée pour les préparations des sections transverses et normales et
par microscopie électronique en transmission incluant I’analyse dispersive en énergie et
spectroscopie des pertes d’énergie. L’évolution de la microstructure a été caractérisée pour les
précipités dans I’oxyde et le comportement a I’oxydation déterminé.

Les conclusions s'articulent sur trois points :

= Explications possibles pour le comportement a I’oxydation des précipites,
= Morphologie de I’oxyde de fer observé sur la surface et
= Formation des protubérances sur la surface au-dessus des précipités oxydes.

1% point: D’apres les résultats de la caractérisation microstructurale de I’oxyde et des
précipités dans les alliages binaires et commerciaux, I’existence de deux familles de
comportements a I’oxydation de précipités est mise en évidence. :

1. La premiéere famille se compose des précipités de ZrsFe et de Zr,Ni ainsi que les
précipités Zr,(Fe,Ni), qui présentent une oxydation similaire a celle de la matrice de
zirconium environnante.

2. La seconde famille comprend les précipités ZrCr, et B-Nb, aussi bien que les
précipités Zr(Fe,Cr),, qui présentent une oxydation retardée par rapport a celle de la
matrice de zirconium.

Le comportement a I’oxydation des précipités est corrélé a leur composition :
= Ratio zirconium / élément d’alliage, ou
= Energie libre d’oxydation par molécule d’oxygéne dans le précipité oxydé.
Le ratio zirconium / élément d’alliage est de 2 ou au-dela pour les précipités presentant une

oxydation similaire a celle de la matrice de zirconium, et de 0,5 ou en-dega pour ceux
présentant une oxydation retardée par rapport a celle de la matrice de zirconium.
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L’énergie libre d’oxydation par molécule d’oxygene dans le précipité oxydé a été estimée
par la loi de Hess, en utilisant I’enthalpie de formation des précipités et des valeurs tabulées
pour I’énergie libre d’oxydation des éléments formant les intermétalliques. Le comportement
a I’oxydation des précipités, observe dans les autres études de la littérature pour les autres
précipités d’intérét caractérisés jusqu’a présent, est en accord avec les deux familles de
précipités reportées et les deux parametres identifiés précédemment cités pour lesquels une
corrélation a été établie avec le comportement a I’oxydation des précipités.

De point de vue microstructurale, la matrice d’oxyde était colonnaire pour tous les
environnements, et seule la porosité en forme de fissure était sensiblement accrue pour les
échantillons oxydés a haute pression pour des temps plus longs. Ces fissures observées dans
les oxydes sont longues, jusqu'a plusieurs micromeétres, et orientées parallélement a I’interface
métal-oxyde. Les petites fissures formées a I’interface ZrO,-précipité dans les cas du Zr 1%Cr
et Zr 0,6%Nb pourraient agir comme sites de formation bien dispersés pour les fissures plus
larges, améliorant la stabilité mécanique (accommodation a I’effort) de I’oxyde et donc une
résistance a la corrosion des alliages. La variation entre les matériaux présentant une
oxydation des précipités différente est faible dans les conditions étudiées ; cependant, dans les
conditions en réacteur sous irradiation, ces différences pourraient bien étre considérables en
ce qui concerne la performance du matériau de la gaine.

2°™ point; Dans le cas du Zr 1%Fe, des cristaux d’oxyde de fer pur ont été trouvés pour
toutes les conditions a la surface au-dessus des précipités oxydés. Leur taille a augmenté de
plusieurs dizaines de nanometres aprés une heure d’oxydation jusqu'a 1 micrometre apres 110
jours d’oxydation. L’oxyde de fer a été identifié sous la forme magnétite cubique. L impact
de I’oxyde de fer sur la surface envers la résistance a I’oxydation n’a pas pu étre clarifié dans
ce projet.

3™ point; Des protubérances ont été observées par MFA au-dessus des précipités oxydés
en contact avec la surface extérieure pour les échantillons de Zr 1%Fe et Zr 1%Ni. Sous les
protubérances, un oxyde plus épais a été détecté localement sur les échantillons en section
transverse et MET. Aucune protubérance large associée aux précipités n’a pu étre observée
dans les cas du Zr 1%Cr, Zr 0,6%Nb et zirconium pur avec absence de précipités ou présence
de précipités en dessous de 100 nanomeétres de diametre. Pour tous les matériaux étudiés la
rugosité globale a augmenté depuis la surface polie vers la surface oxydée ; les protubérances
ont été liées sans ambiguité aux précipités oxydés de plus grande taille, en contact avec la
surface extérieure. Les protubérances sont tres probablement dues a un ratio de Pilling-
Bedworth plus élevé pour les précipités que pour le zirconium pur, puisque I’oxyde plus épais
au niveau des protubérances ne justifie pas la hauteur de dernier comme seul parameétre
contribuant a cet effet. Dans le cas du Zr 1%Fe, la preésence d’oxyde de fer formé sur la
surface n’est pas suffisante pour expliquer sans aucune autre contribution les hauteurs des
protubérances observées. Les ratios de Pilling-Bedworth des précipités, estimés en assumant
la formation d’oxydes d’éléments purs, décrivent trés convenablement les hauteurs de
protubérances observées expérimentalement, en prenant en compte la taille des précipités et la
formation d’oxyde de fer.
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Il a donc été trouvé que :

= le comportement a I’oxydation des précipités dépend de la composition, en général
deux familles de comportements sont mises en évidence: a- une oxydation retardée
ou b-une oxydation similaire par rapport a celle de la matrice de zirconium,

= les précipités présentent un ratio de Pilling-Bedworth différent de celui de la
matrice de zirconium, ce qui affecte la formation des protubérances.

= les précipités proches de la surface qui contiennent du fer forment des cristaux
d’oxyde de fer purs a la surface.
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18.12 Perspectives

La compréhension du comportement de I’oxydation locale des précipités et son impact sur
les propriétés générales de I’alliage de zirconium durant I’oxydation peuvent encore étre
ameéliorées. Jusqu'a présent, il est impossible d’obtenir une prediction fiable a long terme du
comportement des alliages de zirconium dans un environnement corrosif dans un réacteur
nucléaire. Méme en ce qui concerne I’oxydation & court terme dans un autoclave, le
comportement a I’oxydation ne peut pas encore étre entierement expliqué.

Pour un prochain travail sur le comportement des précipités a I’oxydation, I’investigation
des alliages binaires de zirconium contenant du cuivre ou du vanadium présentent un intérét.
Ces deux éléments d’alliage devraient former des précipités qui ne remplissent pas les criteres
prévoyant le comportement d’oxydation des précipités pour tous les types de précipités déja
caractérisés. Afin de déterminer s’il existe une énergie libre critique fixée pour laquelle le
comportement a I’oxydation change, des précipités avec une énergie libre d’oxydation située
entre celle du ZrCr, et Zr,Ni doivent étre testes. Ces deux alliages binaires intermétalliques
présentent la plus faible différence en énergie libre d’oxydation et se distinguent du
comportement a I’oxydation selon les calculs effectués. Les précipités possibles d’avoir une
énergie libre d’oxydation comprise entre celle du ZrCr, et du Zr;Ni sont ZrV, et Zr,Cu et
Zr(V,Cr), avec différents ratios Cr / V.
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