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Abstract

Raman mapping, scanning Kelvin probe force microscopy (SKPFM), and scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM/EDS) were combined to investigate
oxidized zirconium alloys. Raman provided spatially resolved phase composition and relative
stress state. When coupled with SKPFM, phase composition was correlated to Volta potentials
differences. The potential of tetragonal zirconia was lower than the metal zirconium, making the
tetragonal phase favorable for reaction with diffusing species, thus hindering further oxidation of
the relatively cathodic metal. This provides new insight to the theory of the tetragonal phase being
an oxidation barrier.

Keywords: Zirconium alloys, Cladding, Oxidation, Raman mapping, SKPFM, SEM/EDS
1. Introduction

The adverse environment created from irradiation and variable conditions within a nuclear
reactor core induces complex degradation processes of cladding. Zirconium alloys are a viable
material choice for fuel cladding, due to its low neutron absorption cross-section and strong
corrosion resistance while in a nuclear reactor environment. Dynamic material effects and the
extreme environment make it difficult to predict or monitor cladding condition in-core and present
significant obstacles for achieving a comprehensive and unified understanding of cladding
degradation mechanisms.[1-4]

Currently, chemical evolution over the lifetime of cladding can only be inferred using post-
irradiation examination (PIE),[5] or mimicking the coolant-side conditions with in-situ
characterization.[6-10] Progress is being made to establish new sensing techniques; for instance,
electrochemical impedance spectroscopy (EIS) is becoming established as a cladding degradation
sensing technique.[5-7] However, in order to develop accurate EIS models and advance current
sensor technology, high-resolution characterization techniques must be used to translate
degradation processes along the cladding pathway to equivalent circuit models. This work utilizes
scanning Kelvin probe force microscopy (SKPFM), Raman spectroscopy, and scanning electron
microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) to provide high-resolution
co-localized characterization of zirconium oxide and metal/oxide interface.

Raman spectroscopy provides qualitative to semi-quantitative information on ceramic
material composition. This technique has been extensively used for both in-situ and post-exposure
sectioned analysis of zirconium alloys.[8-13] Raman provided evidence of a bilayer oxide structure
grown on zirconium after extended thermal oxidation.[14, 15] The inner layer is a metastable
tetragonal phase that has been considered on both ends of the spectrum with regards to being either
a protective barrier or a non-participant in the corrosion mechanism of the cladding.[4] The
metastable tetragonal phase is believed to be stabilized by a combined effect of interfacial
compressive stress, oxygen sub-stoichiometry, and grain size.[8, 9] Via a martensitic phase
transformation, tetragonal zirconia transitions to a columnar grained and more porous monoclinic
zirconia outer layer. A region of mixed, transient tetragonal-monoclinic zirconia exists between
these layers. Raman spectra also provide insight into the stress distribution within the oxide, where
high compressive stress is seen in the small, equiaxed tetragonal grains near the metal/oxide
interface. With support by oxide porosity, this high compressive stress is believed to reach a critical
value that is followed by a rapid transition to a less stressed state. The stress relief, termed the
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breakaway phenomenon, is allowed by vertical fracturing in the oxide, providing a pathway for
increased oxidation rate.[4, 13]

SKPFM is a non-destructive atomic force microscopy (AFM) variant that resolves
nanoscale features on the material surface. The traditional Kelvin probe utilizes the capacitive
nature between conductors in electrical contact to determine the contact potential difference
(CPD), or Volta potential difference (VPD). When applied to a nanoscale and mobile probe,
SKPFM spatially resolves local relative Volta potentials that correspond to microstructural
heterogeneities on the material’s surface. The VPD between two metals in electrical contact
directly relates to the difference in their electron work functions.[Bagotzsky] While in an inert
environment with minimum surface adsorbates, the Kelvin probe can theoretically acquire the
work function difference between probe and sample surface. It is a useful surface characterization
technique for specifying phase nobility (i.e., microgalvanic coupling),[16-21] hydrogen
precipitation detection,[22-26] characterization of semiconductors,[27, 28] and co-localization
with elemental makeup from SEM/EDS.[29] However, SKPFM has yet to be utilized for
characterizing nuclear cladding zirconium alloys. The thermally grown zirconia is an n-type
semiconductor, where oxide growth at the cladding’s metal/oxide interface is limited by oxygen
anion diffusion.[4] With the existence of an electric field driving spontaneous high-temperature
corrosion, the flux of oxygen anions to the metal is balanced by a flux of electrons to the
oxide/coolant boundary via hopping mechanism, thus netting zero current.[3, 4] The ionic
conductivity of zirconia is ultimately driven by crystal lattice defects, such as Frenkel defects,
Schottky disordering, dislocations, and grain boundaries.[3, 30] A region of oxide bordering the
metal substrate, stabilizes as tetragonal zirconia due to high compressive stress and oxygen sub-
stoichiometry [Refs 8-10 Kurpaska papers, Polatidis 2013], making it a viable electron acceptor
(i.e., p-type semiconductor). This thin tetragonal phase is theorized to be a barrier layer to
increased oxide growth. [Motta] Additionally, distribution of other species in zirconia produce
spatial heterogeneities in electronic properties, and thus provide a driving force for microgalvanic
reactions to occur.[Kratochvilova] Given these notable variabilities in the oxide structure, the
nanoscale resolution capabilities of SKPFM can provide spatial mapping of ionic/electronic
pathways that regulate the corrosion mechanism. SKPFM can provide new insight into the
electronic properties of the zirconia layering, oxygen stoichiometry, and metal/oxide interface.
Additionally, SKPFM could be utilized to detect heterogeneities such as secondary-phase
precipitates, hydrides, and nitrides.

The electronic structure of both oxide and metal has great effect on the catalytic activity at
the metal/oxide interface. Also, the inclusion of alloying elements plays a role in catalytic activity
and selectivity of metals.[31] An ensemble of carefully selected complementary characterization
techniques enables new correlations between electronic properties, microstructural
heterogeneities, and elemental composition. These correlations provide an insight of zirconia
growth mechanisms yet to be observed with individual techniques. With an improved knowledge
of cladding degradation, accurate EIS equivalent circuit models can be used for in-core monitoring
of cladding degradation.

2. Experimental Methods
Zirconium (Goodfellow) and Zr-2.65Nb (ATI Metals) were chosen for the current work

(Table 1). Plate samples were isothermally oxidized, with thermogravimetric analysis (TGA) used
to monitor mass gain rate, as described elsewhere.[32] Samples were exposed to 80% N2, 20% O
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environment at 700 °C. After oxidation, samples were sectioned and mounted in epoxy. They were
then ground with SiC up to 1200 grit, followed by polishing with 1 and 0.05 pm alumina slurries.
Following polishing, samples were cleaned with heated Alconox solution on a soft pad, rinsed
with ultrapure water, and air dried. Samples were then immediately transferred to the glovebox
AFM for SKPFM analysis.

Table 1. Zirconium and Zr-2.65Nb compositions.

Fe Sn| Cr | Nb C Hf O N | H| Zr
Zr (ppm) 200 - 1200 - 1250 (2500 | 1000 | 100 | 10 | bal.
Zr-2.65Nb (wt. %) | 0.061 | - - 1262 - - 0.106 | - - | bal.

SKPFM was done with a Dimension Icon AFM (Bruker) in an argon filled glovebox
(MBraun, <0.1 ppm Oz and H20O). PFQNE-AL probes were used to acquire results, operating under
a dual-pass method called FM PF-KPFM.[33] In addition to topography, quantitative
nanomechanical (QNM) properties were simultaneously acquired from probe/material
interactions. Volta potential differences were acquired when the probe was lifted to a user-defined
lift height of 100 nm above the surface, creating a nanoscale scenario synonymous to the traditional
Kelvin probe. Prior to SKPFM acquisition of the cladding samples, probes were calibrated by
imaging a Bruker PFKPFM-SMPL, consisting of an n-doped silicon substrate with patterned
islands of aluminum surrounded by a gold interconnect. This sample was utilized to ensure relative
consistency of probes by providing a step-wise VPD map from aluminum to silicon to gold.[33]
Image processing and analysis were conducted using NanoScope Analysis V1.8 (Bruker).
Topography maps underwent a flattening process to remove sample tilt.

Raman spectroscopy was accomplished using a Horiba LabRAM HR Evolution (Horiba
Scientific) with a monochromatic 532 nm doubled Nd:YAG laser with 50 mW power and ~0.3 pm
spectral resolution. Samples were mounted on a motorized stage with =1 pum X-Y repeatability
and accuracy. Spatial resolution depended upon objective lens magnification, ranging from 721
nm to 1.18 um, and thus Raman maps were acquired with 1 um spacing between collected spectra.
Spectral range of 150-700 cm! was used to examine peaks of interest. Spectra were processed and
analyzed with LabSpec V6.3.x (Horiba). Spectral arrays underwent a baseline correction to remove
background noise. Convolution of Gaussian and Lorentzian peak fitting was collected for spectral
arrays. Peak position and amplitude were collected for different peaks in each spectrum and formed
into X-Y maps. Distinction of zirconia phase, particularly monoclinic and tetragonal, has been
well established.[11] Tetragonal phase, which is thermodynamically stable above 1205 °C,[34] is
stabilized at lower temperatures in the grown oxide. The stability of tetragonal phase near the
metal/oxide interface is driven by high compressive stress and oxygen sub-stoichiometry.[8] Phase
content (i.e., volume fraction) of tetragonal and monoclinic zirconia is estimated to calculate the
named percent tetragonality. The first tetragonal peak (T1) versus neighboring monoclinic peaks
(M3 and M4) was decidedly used to calculate percent tetragonality (Equation 1). Also analyzed
from Raman spectra was relative residual stress, where shifts in monoclinic peak positions directly
correlates to relative stress.[13] The M» peak was chosen to observe relative residual stress, where
a decrease in this peak’s position correlates with increasingly relative compressive stress. A
calibration is commonly done in order to quantify stress — however, a calibration was not
conducted for this work. Rather, the relative stress state was observed to show trends as a function
of percent tetragonality and distance from the metal/oxide interface.
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Equation 1

SEM/EDS with a Hitachi S-3400N-II (Oxford Instruments Energy+) at 10-15 keV and 10
mm working distance to provide elemental distribution of each sample. Due to the inherent sample
damage that occurs during Raman (laser beam damage [35]) and SEM/EDS (carbon pyrolysis and
electron beam irradiation [20, 21, 29]), these techniques were done in corresponding order after
SKPFM. In addition, samples were carbon-coated prior to SEM/EDS to provide a conductive layer
over the epoxy mount and inhibit charge build-up.

3. Results and Discussion

TGA provided observable mass gain rate for the zirconium samples (Figure 1). Samples
were held to points either before or after breakaway was observed. Breakaway was identified by a
transition of mass gain rate from parabolic to linear kinetics. Faster kinetics and breakaway are
induced much earlier in air than seen in oxygen or steam environments, due to the inclusion of
nitrogen in the mechanism. Nitride formation and subsequent oxidation of those nitrides leads to
increased porosity of the oxide.[32] The post-breakaway pure Zr sample was oxidized for ~226
hours, while the post-breakaway Zr-2.65Nb was oxidized for ~10.5 hours. An additional pure Zr
sample was oxidized for 20 hours, being removed prior to breakaway occurring. The vast
superiority of Zr over Zr-2.65Nb in resisting corrosion and breakaway is opposite of water-side
corrosion performance, where inclusion of niobium improves corrosion and breakaway resistance,
as well as mechanical properties when compared to pure zirconium.[4] In the case of this study,
exposure to high temperature mixed nitrogen/oxygen environment presents different possible
scenarios mimicking an air-cooled core (such as with Transient Reactor Test Facility (TREAT) at
Idaho National Lab) or air ingress and rapid increase in temperature during a nuclear reactor loss-
of-coolant accident (LOCA). Corrosion mechanisms in this particular environment are described
elsewhere.[32]
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Figure 1. Normalized mass gain during isothermal oxidation for Zr-2.65Nb (left) and Zr (right).

Time (hours)



180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205

206
207

208
209

Post-oxidation analysis was done on cross sectioned samples. Being the least destructive
technique, SKPFM in an argon filled glovebox was done first. Co-localization of SKPFM with the
other techniques was accomplished by establishing fiducial marks, such as distinct crack
morphology in the oxide or variation in oxide/metal profile.

For SKPFM, relative Volta potentials (i.e., Volta potential difference, VPD), as well as
QNM properties were mapped and used to identify the exact metal/oxide boundary. Figure 2
presents height, VPD, adhesion, and deformation acquired for the oxidized Zr sample. The
metal/oxide interface is noted with red lines. A clear boundary is seen between the metal and oxide,
where the average metal Volta potential is ~160 mV higher than the average oxide Volta potential
(Figure 2b). Differences in surface morphology (Figure 2a), as well as changes in adhesion (Figure
2c) and deformation (Figure 2d) support that the transition point between metal and oxide
correspond with the boundary in the Volta potential channel. In addition, a large particle is seen at
the metal/oxide interface, displaying higher Volta potential than the surrounding oxide and metal.
Based upon the size and location of the particle, as well as the exposing environment, it is likely
either a secondary-phase precipitate (SPP) or a nitride. During breakaway in a mixed
nitrogen/oxygen environment, nitride particles form at the metal/oxide interface.[32] The
difference in lattice density between Zr, ZrO», and ZrN causes lattice mismatch, driving cracking
and formation of porous oxide following the oxidation of the nitride particle, leading to pathways
for increased cladding degradation.[36-38] On the other hand, elements such as chromium and
iron can form SPPs that tend to oxidize at a slower rate than the surrounding zirconium matrix.
These slow oxidizing SPPs may support microgalvanic corrosion of the surrounding zirconium, as
well as provide pathways via lattice mismatch to cause cracking of the oxide.[4] At higher
temperatures, the mobility of iron and chromium should increase, allowing possible formation of
SPPs, even when low in concentration. The higher measured Volta potential of the particle seen in
Figure 2 supports the theory that it acts as a local cathode relative to the surrounding oxide.

200 nm 1.5V
Height Sensor m
(a)
6 nN
Adhesion Bopm Deformation 6.0 um
(c) (d)

Figure 2. AFM results for sectioned sample of oxidized Zr. (a) Height, (b) relative Volta potential, (c) adhesion, and
(d) deformation images with red lines separating metal and oxide. (e¢) SEM image with area where SKPFM was
performed.



210
211
212
213
214
215
216
217
218
219
220
221
222
223

224
225

226

227
228
229
230
231
232
233
234
235
236

Raman mapping of the same area provided insight into the separation of oxide phases.
Figure 3 shows maps of both percent tetragonality (i.e., phase content) and monoclinic peak
position (i.e., relative stress state). At the metal/oxide interface (metal is gray in color), tetragonal-
rich phase is evident, as are shifts to lower monoclinic peak position that corresponds to increasing
compressive stress. As the distance from the interface increases, relative stress decreases, as does
the concentration of tetragonal phase. There are notable regions in the bulk oxide with higher
percent tetragonality, which may correspond to the “relaxed-tetragonal” phase. It has been shown
that this other tetragonal phase stabilizes in the bulk of the oxide via sub-stoichiometry, absent of
compressive stress supporting its formation. However, in the case of a few of the tetragonal-rich
regions in the bulk of the oxide, a notable correlation between high tetragonality and compressive
stress 1s seen. Looking at the SEM image showing the collected Raman map (Figure 3c), these
regions appear to be near a large horizontal crack, along with highly porous oxide.
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Figure 3. Raman mapping results for sectioned sample of oxidized Zr. (a) Percent tetragonality and (b) monoclinic
(M>) peak position maps. (c) SEM image with area where Raman mapping was performed.
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A particular region in the bottom left of the Raman map in Figure 3was further investigated
to determine the reason for high compressive stress in the bulk of the oxide. Considering the
spectra along the line in Figure 4, a few observations can be made. The spectra that have lower
monoclinic peak position and tetragonal-rich peaks are noted in Figure 4c. A majority of spectra
with high compressive stress (i.e., low monoclinic peak position) correlate with the presence of
tetragonal-rich phase. Two spectra contradict this correlation at X = 30 um and 38 pum. For the
former, the tetragonal peak is near 265 cm™!, which is different than tetragonal peak positions seen
in the other spectra (275-285 cm!). Additionally, there is a lessened presence of compressive
stress, as the monoclinic peak is positioned at a higher wavenumber. These factors correspond
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with the relaxed-tetragonal phase, where relaxed-tetragonal peak position is lower than peak
position of tetragonal phase stabilized by compressive stress.[8] For the X = 38 um spectra, it
appears that high compressive stress is present, but no tetragonal peak is observed. This appears
to be the transition point from the tetragonal-rich region to monoclinic-rich, even though there is
still high compressive stress. These observations support the theory that oxygen sub-stoichiometry
must be present with notable compressive stress to stabilize tetragonal phase.[8] For all other
spectra with noted tetragonal phase (X = 32 — 37 um), the location of the tetragonal peaks are at
275-285 ¢cm™!, corresponding with what is typically seen for stress-stabilized tetragonal phase.
Additionally, the M, peak position for these spectra supports presence of a relative compressive
stress with lower peak positions. Therefore, the stabilization of this tetragonal zirconia is driven
by both oxygen sub-stoichiometry and compressive stress, much like the tetragonal phase present
near the metal/oxide interface. The presence of the large crack close to this zirconia may support
the change in stress state and thus stabilization of tetragonal phase.
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Figure 4. (a) Percent tetragonality and (b) monoclinic zirconia (Mz) peak position maps of region within Raman
mapped area in Figure 3. (¢c) Raman spectra across dotted line in (a-b), focusing on M> and tetragonal zirconia (T1)
peak positions. Spectra labeled with a blue #’ present M:> peaks corresponding to compressive stress (i.e., notably
lower peak position). Spectra labeled with an orange ‘*’ present tetragonal peaks warranting tetragonal-rich spectra
via Equation 1.
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Correlations between the SKPFM and Raman maps were also made. Within the Raman
tetragonality map (Figure 3a), at the metal/oxide interface there is an area of lower percent
tetragonality with similar shape and size to the cathodic particle seen with SKPFM (Figure 2b). A
closer look at this particle is seen in Figure 5. The data acquired via SKPFM (Figure 5a), Raman
mapping (Figure 5b-c), and SEM/EDS, (Figure 5d) follow a line that crosses the cathodic particle.
Co-localization of X-Y position for each technique was done by aligning the distance from the
metal/oxide interface to other notable features. The Volta potential for the particle is ~600 mV
greater than the neighboring metal, displaying relative cathodic nature (Figure 5a). This particle’s
Volta potential maximum is at the same point as the largest decrease in M peak position, and thus
largest relative compressive stress (Figure 5c). Additionally, this occurs when percent tetragonality
is increasing, but is still below its maximum value (Figure 5b). The end of the oxide, where percent
tetragonality and M» peak position lines abruptly end, is where the particle ends.

Further evidence of either nitride or iron-enrichment for this particle can be seen in Figure
6, showing individual Raman spectra across a portion of the noted line scan in Figure 5. Spectra
nearest the metal/oxide interface (i.e., near X = 8 um) reveal a high relative tetragonal peak around
280 cm!'. As the distance from the metal/oxide interface increases, evidence of a broad peak
around the 200-250 cm™! range is seen. The broad peak in this region can help explain why the
percent tetragonality map revealed a particle of lower tetragonality with similar shape to the high
Volta potential particle. It is likely due to the M3 monoclinic peak being used to support calculation
of percent tetragonality (Equation 1). Since the broad peak arises in this spectral range, it is
recognized as the ‘M3 peak’, when in actuality a different compositional feature is revealed.
Further away from the metal/oxide interface, this broad peak is slowly lost (Figure 6), and the
sharp Mjpeak is revealed (i.e., X = 17 — 19 um). The broad peak shows similar spectral features
as those seen in ZrN,[11] as well as hematite (Fe203).[39] For ZrN, a sharp peak is seen in the 230-
235 cm’! range, with a broad shoulder to the left to ~170 cm™'. For hematite, the A, mode at 225
cm! and its shouldering E; mode at 247 cm! are similar to the spectral features of the broad peak.
Due to the shape of this broad peaks seen in Figure 6, it is reasonable to conclude that the particle
is an iron-rich SPP. The shouldering that is visible to the right of the broad peak likely correlates
to the Eg mode of hematite, while ZrN has a shouldering to the left of its peak. In addition, the Fe-
rich SPP is likely highly metallic, thus producing Raman spectra with high amounts of noise. The
oxidation of cathodic SPPs are slow relative to Zr, thus leaving a heavily metallic particle in an
oxidized matrix.[Motta]

For compositional correlation, a line scan of EDS measurements is included (Figure 5d).
There is no discernable evidence of concentrated iron or nitrogen counts near the metal/oxide
interface. A possible reason for this lack of secondary element response may be due to the damage
inflicted upon the sample from the 50 mW Raman laser. When laser power is increased, there is a
tradeoff between maximizing signal and increasing surface damage. Damage to the sample surface
from the Raman laser makes it difficult to resolve particles even a few microns in size with
SEM/EDS. Further evidence of this effect can be seen in Figure 7, where a Zr pre-breakaway
sample correlates high Volta potential particles and iron-rich SPPs. Raman mapping was excluded
in the analysis of this sample, thus excluding the possible effect of Raman laser damage prior to
SEM/EDS. This provides evidence of SPP formation in the Zr sample, regardless of the low
concentration of iron in pure Zr (Table 1). Therefore, the absence of iron in the EDS line scan in
Figure 5d does not restrict iron from being the contributing element to the cathodic behavior of the
particle.
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Figure 5. Co-localization between (a) SKPFM Volta potential map with VPD line scan of 1 V range, (b) percent
tetragonality and (c) M: peak position maps with line scans determined via Raman mapping, and (d) SEM image with
EDS elemental line scans for a sectioned sample of oxidized Zr.
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Figure 6. (a) Raman spectra for partial distance across the line scan in Figure 5. (b) Inset of spectra with monoclinic
(M) and tetragonal (T) zirconia peaks noted.
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Figure 7. Co-localization between (a) height and Volta potential via SKPFM and (b) elemental analysis via
SEM/EDS for a sectioned sample of oxidized pure Zr (pre-breakaway). Area where SKPFM was performed is
included in SEM image. Red circles in Volta potential and EDS maps present correlations between high VPD
regions and Fe-rich particles.
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To observe the metal/oxide interface and similarities between features, Figure 8 shows co-
localized maps with corresponding line scan data plots for each technique. In this case, a direct
transition between metal and oxide is seen at X = 8 um. This occurs where the Raman spectra ends,
as well as where a sharp transition in Volta potential is seen. The tetragonal-rich region can be
distinguished in the X = 8 — 20 um range (Figure 8b). A drop in Volta potential is visible in this
range, providing evidence that the tetragonal-rich region nearest the metal/oxide interface is
relatively anodic versus the metal. In fact, the only region within the captured SKPFM image that
shows a higher relative Volta potential is in the bottom left area of the image (Figure 8a). This
region likely correlates to monoclinic-rich zirconia, while the rest of the zirconia mapped in the
SKPFM image is tetragonal-rich, and thus lower in relative Volta potential.

Co-localized SKPFM, Raman mapping, and SEM/EDS was also performed on the
sectioned Zr-2.65Nb sample (Figure 9). Contrary to Zr, the average Volta potential of the oxide is
~685 mV greater than that of the metal, revealing relative cathodic behavior for the oxide and
relative anodic behavior for the metal (Figure 9a). The Raman map reveals a tetragonal-rich region
at the metal/oxide interface, while the bulk of the oxide is monoclinic-rich (Figure 9b). Similarly,
compressive stress is seen in the form of lower M, peak position for zirconia nearest the
metal/oxide interface, while the bulk of the oxide is relatively close to the expected M» peak
position of 189 cm™! (Figure 9¢c). Looking at the line scans across the metal/oxide interface,
correlations between phase content and VPD can be made. A rapid decline in Volta potential is
seen at the same position as an increase in percent tetragonality and decrease in M peak position.
In the VPD line scan, there is a thin trench that corresponds to the tetragonal-rich zirconia seen in
Figure 9b. After this trench, the VPD slightly increases, coordinating to the Zr-2.65Nb metal. This
supports the evidence seen from Zr, where tetragonal-rich zirconia has a lower Volta potential than
both the monoclinic-rich zirconia and the metal. A clear metal/oxide boundary is seen in the EDS
maps. Due to the substitutional mechanism of Nb in zirconium, no SPPs were seen with EDS.
Similarly, no discernible particles were seen in the SKPFM or Raman maps.

The tetragonal phase zirconia at the metal/oxide interface has been recognized as a
protective barrier, providing a dense layer that limits the oxidation mechanism by diffusion of
oxygen anions. The porous monoclinic zirconia layer is theorized to provide an easy pathway for
coolant media diffusion through the pores and columnar grain boundaries. Once the corrosive
media reaches the tetragonal-rich layer, the small, equiaxed tetragonal grains create an oxidation
barrier, forcing transport of oxygen anions via vacancy mechanism to reach the metal and form
new oxide. A correlation between tetragonal phase stability and oxygen sub-stoichiometry has
already been established.[10] Diffusion resistance of the barrier layer correlates with resistance to
charge transfer. Moreover, the lower Volta potential for the tetragonal phase implies that it is in
fact more active than the surrounding monoclinic zirconia. Here oxidation is supported by the
increased oxygen vacancies near the metal/oxide interface. Oxygen concentration gradients have
been seen at the metal/oxide interface prior to the martensitic transition to monoclinic phase. This
includes a Zr(O)sat region of a few hundred nanometers at the metal/oxide interface, followed by a
shallow sub-stoichiometric region (ZrOi.x to ZrOi+x) prior to the stable ZrO, zirconia.[4] This
coordinates with the stability of tetragonal phase, where both compressive stress and oxygen sub-
stoichiometry support its formation. The stable monoclinic bulk zirconia has a balanced
stoichiometry (ZrO,), whereas the tetragonal zirconia is sub-stoichiometric (ZrOix to ZrOi+x).
This establishes a p-n junction between the n-type monoclinic zirconia and the p-type sub-
stoichiometric tetragonal zirconia. This junction provides an additional barrier for anion transfer
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to the metal substrate.[Ferreira 2002] In addition, the high concentration of holes in this p-type,
tetragonal-rich, sub-stoichiometric region causes a reduction in Volta potential relative to the
neighboring metal. This provides further support to the barrier layer theory, where diffusing
oxygen anions will need to overcome the p-n junction barrier to progress to the oxide/metal
interface.

All metal/oxide parameters discussed are summarized schematically in Figure 10. The
percent tetragonality, stress, Volta potential, and oxygen concentration are shown for different
phases of zirconia and zirconium metal. For the metal, the crystal structure is hexagonal closed
packed (HCP), under tensile stress, and has minimum oxygen concentration.[3] Crossing the
metal/oxide interface, the p-type tetragonal-rich region of zirconia is shown with small, equiaxed
grains, high in percent-tetragonality, under high compressive stress, and sub-stoichiometric of
oxygen. Further from the metal interface the oxide then undergoes the martensitic phase
transformation to an n-type monoclinic zirconia phase, where percent tetragonality is at a
minimum, compressive stress is lessened, and the lattice is stoichiometric. Additionally, two small
grains of relaxed-tetragonal phase are presented in the bulk of the monoclinic oxide. Here, the
percent tetragonality slightly increases and oxygen concentration decreases; however, the stress
does not deviate from the rest of the bulk oxide. In this region the oxygen sub-stoichiometry
supports stabilization of isolated relaxed-tetragonal phase regions, void of compressive stress. A
theoretical representation of a decrease in Volta potential of relaxed-tetragonal phase is included.
Based upon the measured anodic behavior of the interface-tetragonal phase, the relaxed-tetragonal
phase should also hold relative anodic coupling to the neighboring monoclinic phase with a higher
Volta potential. Future studies are needed to further understand the electronic properties and
micro-galvanic interactions between oxide phases, secondary particles, and the metal of degraded
zirconium cladding.
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Figure 8. Co-localization between (a) SKPFM Volta potential map with VPD line scan of 1 V range, (b) percent
tetragonality and (c) M: peak position maps with line scans determined via Raman mapping, and (d) SEM image with
EDS elemental line scans for a sectioned sample of oxidized Zr.
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Figure 10. Schematic summarizing the different parameters for each zirconia and zirconium phase.

4. Conclusions

SKPFM was used to characterize sectioned Zr and Zr-2.65Nb metal/oxide interfaces.
SKPFM provided electronic properties for microstructural heterogeneities across these interfaces.
For Zr, the average VPD of the oxide near the metal/oxide interface was lower than the average
VPD of the metal. A cathodic particle was seen at the metal/oxide interface in the post-breakaway
Zr sample. For all samples (pre- and post-breakaway Zr, as well as post-breakaway Zr-2.65Nb),
the oxide nearest the metal was lower in VPD than the metal; for the post-breakaway Zr-2.65Nb,
oxide further from this interface was much higher in VPD.

Raman mapping provided phase and stress distributions for post-breakaway Zr and Zr-
2.65Nb. Tetragonal-rich phase was seen near the metal/oxide interface for both samples.
Tetragonal phase near the interface is stabilized from compressive stress and oxygen sub-
stoichiometry. The relaxed-tetragonal phase was observed in the bulk of the Zr oxide, while it was
not observable in high concentrations in the bulk of the Zr-2.65Nb oxide. The relaxed-tetragonal
phase is stabilized by oxygen sub-stoichiometry, voided of compressive stress to support stability.
Some of the tetragonal phase seen in the bulk of the Zr oxide had a corresponding compressive
stress seen by monoclinic zirconia (M) peak shift to lower wavenumbers. Therefore, tetragonal
phase stabilized with support from compressive stress was seen in the bulk of the Zr oxide. This
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stress-induced tetragonal phase seen in the bulk Zr oxide was likely supported by nearby crack
propagation, creating new stress tensors in surrounding oxide.

Co-localization of SKPFM, Raman mapping, and SEM/EDS allowed correlation of
different oxide and metal characteristics. For Zr, a broad Raman peak in the 200-250 cm™! range
spatially correlated to the cathodic particle seen with SKPFM. This particle is likely iron-rich, due
to the shouldering direction of the characteristic peak and its correlation to the peaks seen in the
Raman spectrum of hematite (Fe.O3). Raman laser damage removed the opportunity to observe N
and Fe EDS counts to confirm the elemental makeup of the cathodic particle. However, when
Raman mapping and related laser damage are omitted, correlations between VPD and elemental
makeup of particles can be observed, as confirmed by observation of the pre-breakaway Zr sample.
Here, the cathodic secondary particles seen with SKPFM were confirmed as iron-rich with EDS.

For SKPFM/Raman mapping correlations, tetragonal-rich zirconia at the metal/oxide
interface correlated to lower VPD than the neighboring zirconium metal and monoclinic zirconia.
Raman spectra revealed a thick tetragonal-rich region near the metal/oxide interface, that also had
a lower VPD as seen with SKPFM. A small region of higher VPD was seen in the Zr oxide,
correlating to the start of the bulk monoclinic-rich zirconia. This was confirmed with co-localized
SKPFM and percent tetragonality mapping of the Zr-2.65Nb sample, where a slight drop in VPD
seen at the metal/oxide interface correlates to the thin tetragonal-rich zirconia seen with Raman
mapping. Therefore, in addition to the barriers produced by the coolant/oxide and oxide/metal
interfaces, the establishment of a p-n junction between the tetragonal and monoclinic zirconia
provides another required step in the oxidation mechanism of the metal substrate. This supports
the theory that the tetragonal-rich layer at the metal/oxide interface is a protective barrier to further
oxidation.

SKPFM is a useful characterization technique to support the understanding of cladding
oxidation mechanisms. This high-resolution, non-destructive technique can be used in the future
for hydride detection and growth, oxide stoichiometry and phase distribution, secondary phases’
role in cladding oxidation mechanisms, and irradiation effect of the cladding’s electronic
properties. When combined with complementary characterization techniques, the methods
reported establish novel experimental advancements that can provide new insight into cladding
degradation processes.
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