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Investigations of Aluminum-Doped Self-Healing Zircaloy
Surfaces in Context of Accident-Tolerant Fuel Cladding

Research
James Carr, Gokul Vasudevamurthy, Lance Snead, Brian Hinderliter, and Caleb Massey

(Submitted March 1, 2016; in revised form April 17, 2016; published online May 5, 2016)

We present here some important results investigating aluminum as an effective surface dopant for increased
oxidation resistance of zircaloy nuclear fuel cladding. At first, the transport behavior of aluminum into
reactor grade zircaloy was studied using simple diffusion couples at temperatures greater than 770 K. The
experiments revealed the formation of tens of microns thick graded Zr-Al layers. The activation energy of
aluminum in zircaloy was found to be �175 kJ/mol (�1.8 eV), indicating the high mobility of aluminum in
zircaloy. Subsequently, aluminum sputter-coated zircaloy coupons were heat-treated to achieve surface
doping and form compositionally graded layers. These coupons were then tested in steam environments at
1073 and 1273 K. The microstructure of the as-fabricated and steam-corroded specimens was compared to
those of pure zircaloy control specimens. Analysis of data revealed that aluminum effectively competed with
zircaloy for oxygen up until 1073 K blocking oxygen penetration, with no traces of large scale spalling,
indicating mechanically stable interfaces and surfaces. At the highest steam test temperatures, aluminum
was observed to segregate from the Zr-Al alloy under layers and migrate to the surface forming discrete
clusters. Although this is perceived as an extremely desirable phenomenon, in the current experiments,
oxygen was observed to penetrate into the zirconium-rich under layers, which could be attributed to
formation of surface defects such as cracks in the surface alumina layers.

Keywords aluminum, corrosion and wear, failure analysis, heat
treatment, intermetallic, non-ferrous metals, oxidation

1. Introduction

Hafnium-free zirconium alloys are extensively employed in
the nuclear industry as the material of choice for fuel cladding
in light water reactors (LWRs) (Ref 1). These alloys have
superior neutronic and thermal properties under normal oper-
ating conditions. During normal operation, the zircaloy
cladding (a-phase) forms a zirconia layer due to interaction
with water. Over a period of time, the brittle zirconia layer
slowly but steadily grows in thickness. At the same time, the
cladding also picks up significant quantities of hydrogen from
water, which penetrates deep into the material matrix forming
highly brittle zirconium-hydride (Ref 2). The formation of these
two brittle phases, in an otherwise ductile cladding, is not
considered an issue of deep concern during normal operation.
However, this can potentially manifest into a major catastrophe
during a loss of coolant accident (LOCA), as evident in both
Fukushima and Three Mile Island (TMI) nuclear events. During
a LOCA, a breach in the pressure boundary causes the reactor

to lose its cooling ability (Ref 3). In the absence of active
cooling, the cladding can heat up from an operating temper-
ature of �625 K to temperatures well beyond 1273 K (Ref 4)
in a short duration. In most LOCA scenarios, an intact
emergency core cooling system (ECCS) typically activates a
few minutes into the event. The ECCS dumps cold water into
the core thus temporarily restoring active cooling. However, if
the cladding temperature exceeds 1073 K following a partial
uncovering scenario (Ref 2), attempts to cool the core will
result in production of large quantities of hydrogen due to the
interaction of zircaloy with steam (Ref 2). This release of
hydrogen is even more concerning when the ECCS is delayed
in activating or fails to operate completely. This sudden cooling
process often leads to spalling of the brittle oxide layer, on
account of thermal shock, resulting in the exposure of
underlying zirconium layer along with the interspersed brittle
hydride phases. This phenomenon leads to large scale runaway
oxidation and the production of significant amounts of
hydrogen precipitating a possible explosive situation.

In order to prevent these potentially catastrophic scenarios,
research is currently underway to develop cladding materials
with enhanced corrosion resistance. One of the topics presently
under active consideration is the modification of zircaloy�s
surface with much more potent metallic or non-metallic ele-
ment(s), which would perform three primary functions without
compromising the essential functions of the zircaloy cladding: (1)
reduce the amount of zircaloy on the surface; (2) form either a
superior or comparable oxide layer offering increased protection
to the underlying pure zirconium layers in addition to providing a
larger barrier for hydrogen diffusion, therefore reducing the
hydride content; and (3) act as a sacrificial layer that will be the
first to spall in thermal shock scenarios, thus delaying the
degradation of the underlying zirconium layer.
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Several materials such as aluminum, silicon, and chromium
are currently being investigated as candidate materials for
zircaloy surface modification (Ref 5, 6). Additionally, a new
advanced class of materials such as silicon carbide (SiC) and
iron, chromium, and aluminum (FeCrAl) alloys are being
proposed to totally replace zircaloy. While the developments of
such advanced alloys are expected to take time, the experiments
described here were in context of evaluating much more
simplistic methods, which if successful could have minimal
regulatory impacts as opposed to using an entirely new class of
fuel cladding materials.

Among the various materials mentioned above, aluminum is
a strong candidate for use in zircaloy modification on account
of its corrosion resistance due to the formation of excellent
passivation layers containing alumina (Ref 7). Aluminum also
has excellent neutronic properties that are valued in a LWR
environment. Incidentally, among metals, aluminum is also
reported to have the least permeability to hydrogen, which is a
major contributor of cladding embrittlement in water-cooled
reactors (Ref 8). In the past, limited studies have looked into
using aluminum as an effective material to enhance the
oxidation resistance of zircaloy especially for use in pressurized
heavy water reactors (Ref 9). Aluminum alloys have also been
traditionally employed as fuel cladding for research and test
reactors (Ref 10, 11) where metallic instead of ceramic fuels are
used for its excellent thermal conductivity. Furthermore,
aluminum has also emerged as a primary alloying material in
some of the advanced alloys (example: FeCrAl) being consid-
ered as candidates to replace zircaloy cladding in LWRs.

In the present study, aluminum was chosen to modify the
surface of zircaloy by introducing it as a surface dopant after
careful considerations of the favorable relevant attributes
discussed above. Initially, the diffusion behavior of aluminum
in zircaloy and the resulting changes in composition resulting
from the modification were studied using traditional diffusion
couples. Subsequently, magnetron sputtering followed by heat
treatment was employed to produce optimal surface modifica-
tions to achieve greater control on the amount of aluminum
deposited on the surface, bearing in mind a potential for scale
up. The surface-modified samples were ultimately tested to
study their behavior in high-temperature steam environments
mimicking conditions existing in limited LWR LOCA scenar-
ios. The results of this developmental study are presented along
with relevant discussions.

2. Material and Methods

As a first step, the transport behavior of aluminum in zircaloy
was investigated by employing sandwich diffusion couples.
Square coupons of (59 59 0.65 mm3) reactor grade zircaloy
(1.52% Sn, 0.16% Cr, 0.23% Fe, 0.19% Ni, Zr remaining)
procured from ATI Wah Chang and aluminum foil (purity:
99.999%, 0.25 mm thick) supplied by Sigma-Aldrich were used
to assemble sandwich diffusion couples. The surfaces of both the
substrate and the aluminum foil were polished to 0.25 lm using
diamond slurry with ultrasonic cleaning at each grinding and
polishing step. The couples were heat-treated at 770, 820, 870,
and 910 K for duration of 6 h in an ultrahigh purity argon tube
furnace. Post processing, the couples were metallographically
prepared and characterized using a Hitachi scanning electron
microscope (SEM) to calculate the diffusion coefficient of

aluminum in zircaloy. Electron energy dispersive spectroscopy
(EDS) and X�Pert x-ray diffractometer (XRD) were used to
analyze the elemental distribution and the chemical composition
across the diffusion zone.

Following the diffusion experiments, new zircaloy coupons
were coated with high purity aluminum thin films using an
Orion-5 magnetron sputter coater. The thickness of the coatings
was estimated using the initial and final mass with a Sartorius
brand AC2115 microbalance (accuracy �0.0001 g). Further,
the thicknesses of the films on representative as-coated
specimens were verified with the scanning electron microscopy
(Hitachi). The coated specimens were subsequently heat-treated
in vacuum at 823 K for a duration of 2 h. The temperature and
time of the annealing processes were fixed based on the optimal
layer thicknesses observed in the diffusion experiments. Post
annealing, the specimens were metallographically prepared and
characterized using the SEM. Low speed diamond saw, high
hardness resin, and gentle polishing were utilized during post-
processing preparation to minimize damage to the samples.
Adhesion testing was performed following ASTM D3359-09
standard using a Gardco Pa-2000 kit (Ref 12) on the coated
specimens.

Finally, experiments were conducted to test the corrosion
behavior of coated and heat-treated specimens along with
as-received zircaloy specimens in high-temperature steam
environments simulating potential LOCA conditions. The
experimental setup is shown in Fig. 1. Steam was produced
from an autoclave at a constant pressure of �28 kPa and passed
over samples placed in a model UP150 automatic temperature-
controlled tube furnace consisting of a 316 stainless steel
heating tube retrofitted with steam inlet and outlet valves. Prior
starting the steam flow, the tube furnace was purged using ultra-
high purity argon to expel air. Steam corrosion experiments
were conducted at 1073 and 1273 K (furnace temperature) in
an unlimited steam environment for durations ranging from 1 to
2 h. Subsequently, the microstructure and composition of the
steam-corroded specimens were characterized using SEM.

3. Results and Discussions

3.1 Aluminum Diffusion and Doping Experiments

In all diffusion experiments, two layers were observed, as
seen in Fig. 2. The phase contrast seen in the SEM backscatter
images clearly indicates different compositions, ranging from
aluminum, aluminum-zirconium alloy across the diffusion
zone, to pure zircaloy. Based on the atomic percent from
EDS scans and the established aluminum-zirconium phase
diagram, the chemical composition of the phases was deter-
mined to consist of Al3Zr and Al3Zr2 (Ref 13, 14), which were
subsequently confirmed by XRD analysis (Fig. 3). The forma-
tion of these compositionally graded Zr-Al layers is expected to
be extremely beneficial as opposed to a discrete coating in
balancing of the significantly differing thermal expansion
coefficients of aluminum and zirconium (Ref 15). In the
absence of formation of such layers, it can be assumed that the
probability of spalling of any discrete layers are very high both
under normal and abnormal reactor conditions (scenarios
leading to thermal shock).

Further, as anticipated, the phase diagram predicts that the
melting point of the transitions zones is much lower than
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zirconium, but higher than aluminum (Ref 13, 14). The as-
predicted melting points of the diffusion layers Al3Zr and
Zr2Al3 are 1853 and 1863 K, respectively. It is noteworthy that
these melting points are lower than that of zircaloy; however,
the values are well above the NRC specified temperature limit
of 1473 K (Ref 16) and perhaps could be viewed as an

acceptable trade-off if this surface modification indeed resulted
in improved accident tolerance. Additionally, it can be argued
that the melting points of these two phases are similar to
stainless steels, which have been successfully used as alterna-
tive cladding materials and hence are not considered a serious
issue.

Since the formation of these diffusion layers is critical for
the anticipated improvement in corrosion resistance and
adhesion, understanding the kinetics of aluminum diffusion in
zircaloy becomes important. In this context, employing the
micrographs of the cross-sections and measuring the thickness
of the diffusion layers at each temperature, the activation
energy (Q) was calculated by plotting the natural log of x2/t
(where x is the diffusion layer thickness at a given temperature
and t is the time) as a function of the inverse test temperature
(Fig. 4). The thickness measurements were on the range of tens
to hundreds of micrometers with the standard deviation from
each experiment less than 10 micrometers. The pre-exponent
and the Q values were estimated using the y-intercept and the
slope of the curve, respectively, assuming non-steady state
diffusion. The resulting values of Q for the diffusion of
aluminum into zircaloy were estimated to be �175 kJ/mol
(1.8 eV) and the pre-exponent was estimated to be 0.0468 m2/
s. The values of Q estimated during the current experiments
agree with those reported in the literature in context of
aluminum diffusion in pure zirconium. In similar diffusion

Fig. 1 High-temperature steam corrosion experiments

Fig. 2 Results of the diffusion experiments: (a) Microstructure of the diffusion zone showing two distinct layers (1 and 2); (b) EDS map of zir-
conium distribution; (c) EDS map of aluminum distribution; (d) EDS concentration profile of Al and Zr along the line shown in (a)
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Fig. 3 X-ray diffraction results of the surface following the diffu-
sion experiments
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experiments with pure zirconium, Kidson and Miller (Ref 9)
and Laik et al. (Ref 17) reported activation energies of 193 and
188 kJ/mol, respectively. Further, the pre-exponential factor of
0.0468 m2/s resulting from the current analysis is also in good
agreement with those reported in the literature (Ref 18). Any
deviation from the values resulting in the current experiments
and those reported in literature can be partly attributed to

variations in experimental parameters and material pedigree
(pure zirconium versus zircaloy).

Nevertheless, the low values of activation energy indicate
the relative ease of aluminum transport in zircaloy. The
observed ease of transport is significant as it directly relates
to the ability of aluminum embedded in the zircaloy to
effectively move to the surface, thus forming a renewed
alumina layer. In cases where the outer most layer spall during a
high-temperature event, the presence of aluminum in the under
layers could result in a potentially self-healing layer. This
phenomenon is expected to reduce the exposure of large
quantities of the underlying virgin zircaloy to the environment.
At the time of the undesirable event, the aluminum is expected
to offer a tough competition to zirconium in context of
oxidation.

3.2 Results of the Coating Experiments

Although the diffusion couple experiments were conducted
in context of studying aluminum transport in zircaloy, this
method would be less suitable for large-scale production on
account of the complexity associated with controlling the purity
of aluminum and intactness of the contact surface for aluminum
diffusion. Another critical concern with such a setup is the
interfacial residual stresses due to thermal expansion and lattice
mismatch. To address these issues and fabricate more mechan-
ically robust thin film interfaces, magnetron sputter coating was
employed to provide a quick, standardized, and uniform
diffusion source of aluminum at the surface of zircaloy.
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Fig. 4 Plot of the variation of the square diffusion thickness over
time vs. temperature

Fig. 5 (a) Microstructure of sputtered and heat-treated Al-doped zircaloy; (b) Aluminum distribution in sputtered and heat-treated specimen; (c)
Zirconium distribution in sputtered and heat-treated specimen; (d) Surface topography of as-sputtered zircaloy specimen; (e) Changes in surface
topography of following heat-treatment

2350—Volume 25(6) June 2016 Journal of Materials Engineering and Performance



Additionally, this method is also expected to provide adequate
control on the desired coating thickness. In the present work,
sputtering was employed to deposit 1-2 lm thick layers of pure
aluminum (Fig. 5) on zircaloy coupons over relatively short
durations (2-4 h) followed by vacuum heat-treatment to
facilitate diffusion.

Post-annealing microstructural characterization of speci-
mens showed the formation of Al3Zr layer similar to those
observed in the diffusion experiment, albeit much smaller in
thickness as expected. A stark contrast from the diffusion
experiments was the absence of the Al3Zr2 under-layer, the
reason for which could only be attributed to the possible
metastable nature of Al3Zr2 and subsequent conversion of this
layer to Al3Zr reported in the literature (Ref 19). The
representative microstructures along with the corresponding
EDS results of the sputter coated and heat-treated specimens are
shown in Fig. 5. The analysis of the heat-treated surface using
AFM (Fig. 5) showed the formation of micron-sized defects in
the form of minute Al-rich clusters leading to increased surface
roughness after the heat-treatment process. This can be partially
attributed to the heat-treatment parameters employed and
perhaps to some limited oxidation of the surface layer during
the process, although attributable to a far lesser extent to the
later, because extreme care was taken to tightly control the heat-
treatment environment. Similar features such as Al-rich �is-
lands� have been reported on surface of aluminum-doped metals
in the literature (Ref 20) and have often been considered an
artifact associated with the deposition method. Adhesion testing

performed according to ASTM (Ref 12) on the heat-treated
specimens ranked at 5B, indicating 0% area removed from the
coated surface, which further confirmed that even with the
formation of surface blisters, the doped surface remained intact
without any observable de-bonding.

3.3 High-Temperature Steam Oxidation Experiments

As described in the experimental section, Al-doped (sput-
tered and heat-treated) and pure zircaloy specimens were
subject to high-temperature steam environment tests for a
comparative investigation on the behavior of the coated
specimens in simulated LOCA conditions.

In the representative samples seen in Fig. 6, at 1073 K, the
average thickness of the oxidation layers in pure zircaloy
specimens was �8 lm after a total of 120 min of steam
exposure, while the average thickness measured at the higher
test temperatures 1273 K was �20 lm (Fig. 7). In comparison,
average oxide layer thicknesses of �0.7 and �22 lm at 1073
and 1273 K, respectively, were observed in the Al-doped
specimens after 120 mins. It is noted here that in the latter case,
the oxidation layer thickness reported included both the
zirconium and aluminum oxide layer thicknesses. EDS maps
of representative specimens tested at 1273 K (Fig. 7) showed
the formation of the oxide layers and the depth of oxygen
penetration in the Al-doped specimens. It is clearly seen that in
these specimens, the oxygen concentrated heavily at the surface
where the aluminum too is observed to peak via segregation

Fig. 6 Steam corrosion experiments at 1073 K, (a) Al-doped specimen microstructure with oxide layer formation, (b) EDS mapping shows
concentration of aluminum at the surface, (c) EDS mapping shows concentration of oxygen at the surface coinciding with aluminum, (d) Distri-
bution of zirconium in al-doped samples after steam corrosion, (e) Pure zircaloy control specimen microstructure, (f) EDS mapping showing dee-
per penetration of oxygen into pure zircaloy, (g) Distribution of zirconium in steam-corroded control specimen
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and migration from the bulk under layers to the specimen
surface. As a general observation, in the 1273 K steam-
corroded specimens, oxygen still seemingly penetrated into the
underlying zircaloy thus not providing the anticipated protec-
tion to the fullest extent. From the micrographs and the
associated elemental mapping, it was further evident that the
migrating aluminum formed discontinuous clusters at the
surface. This non-uniform migration and the subsequent
depletion of aluminum from the under layers as seen in the
EDS maps and in the doped layer is speculated to be the
primary cause for oxygen reaching the underlying zirconia
layer. Similar inter-diffusion behavior has been observed
previously in other aluminum containing alloys such as FeCrAl
(Ref 21).

This phenomenon is expected to be more significant at the
higher test temperatures ( ‡ 1273 K) as the EDS maps of the
specimens tested at 1073 K did not indicate any significant
oxidation of the underlying zirconium layer in the Al-doped
specimens. This migration and formation of clusters were
further evidenced by fact that at 1273 K the graded composi-
tional layer, which were observed to form at the end of the heat-
treatment phase seemed to disappear, leading to the segregation
and transport of aluminum from the underlying Al-Zr alloy.
Further, qualitative observations of the corroded Al-doped
specimens indicated the formation of large macroscopic defects
in the form of cracks and pores on the outermost surface, which
could be attributed to known phenomena such as thermal
expansion, phase lattice mismatch, and complex phase trans-
formations in the outer layers. The formation of these
macroscopic defects seemingly provided easy pathways for

oxygen to penetrate deep into the underlying zirconium layers.
To confirm the above hypothesis, new steam corrosion
experiments were performed on specimens fabricated by
diffusion-bonding techniques, which had significantly higher
concentrations of aluminum in the outer surfaces as compared
to the sputter-coated specimens. The micrographs and the
associated EDS maps of the specimen are shown in Fig. 8. It
was clearly evident that increasing the concentration of
aluminum was successful in completely stopping the penetra-
tion of oxygen into the underlying zircaloy even at 1273 K.

Nevertheless, a significant observation from all these runs
was the fact that the modified surface survived the high-
temperature steam oxidation without noticeable evidence of
large scale spalling. This was confirmed by comparing the
measurements of the total thickness (using scanning electron
micrographs) before and after the steam corrosion for 60 min in
steam at the highest test temperature. Measurements revealed
that the change in the total thickness of the specimens was
<5% which was qualitatively used to assess the spalling
potential.

Encompassing the entire collected data on the oxide layer
growth at two different temperatures in both Al-doped
(1.14± 0.14 lm at 1073 K, and 27.1±1.89 lm at 1273 K)
and zircaloy control (2.17± 0.15 lm at 1073 K, and
26.1±1.18 at 1273 K), and assuming the Arrhenius relation-
ship, the Q values for the pure zircaloy and Al-doped zircaloy
specimens were estimated to be 141 kJ/mol (�1.46 eV) and
180 kJ/mol (1.87 eV), respectively. The estimated Q of oxygen
diffusion in the control samples matched closely with the
results published in the literature for the test temperature ranges

Fig. 7 Steam corrosion experiments at 1273 K, (a) Al-doped specimen microstructure with oxide layer formation, (b) EDS mapping shows
concentration of aluminum at the surface, (c) EDS mapping shows concentration of oxygen at the surface coinciding with aluminum, (d) Zirco-
nium distribution in al-doped steam corroded specimens, (e) Pure zircaloy control specimen microstructure, (f) EDS mapping showing deeper
penetration of oxygen into pure zircaloy control specimens
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(Ref 22). The Q for Al-doped zircaloy closely matched the Q of
aluminum diffusion in zircaloy measured during the diffusion
experiments and those reported in the literature (Ref 9, 17, 19)
indicating the migration of aluminum from the under layers was
the rate controlling mechanism. This was also evident from the
micrographs where aluminum was observed to migrate to the
surface when exposed to steam, especially at 1273 K. Inves-
tigation of the kinetics to estimate the rate constant was not
attempted with existing data. It was clear that the oxidation of
the under layers was more of a phenomenon precipitated by
cracks in the outer alumina layers as observed in Fig. 8. The
complexity of the oxidation reaction was likely controlled by
the segregation and migration of aluminum in the under layers.

3.4 Potential Impact of Al3Zr on Hydrogen Generation

Any modification of the existing zircaloy requires a
justification regarding the potential impact of the employed
modification on the generation of hydrogen during a LOCA
event. In this context, the following discussions are included to
understand the potential effect of aluminum doping on the
surface of zircaloy.

In both the diffusion and sputtering experiments, the
common surface layer observed included Al3Zr. As a first step
to assess the potential impact of Al3Zr on the surface as
opposed to pure zircaloy, a simple model was formulated (Ref
16) to theoretically compare the change in the hydrogen
production rate during a high-temperature oxidation event. In
current practice (Ref 16), based on the simple chemical reaction
between water/steam to form ZrO2, the weight of hydrogen
generated by zircaloy-steam interaction is estimated using
Eq 1, where WH2_Zr represents the units of mass per unit
surface area; MH2 and MZr are the molecular weights of
hydrogen and zirconium, respectively; KP-Zr is the parabolic
rate constant; and t is reaction/exposure time in seconds.
Further, the parabolic rate constants for oxidation of zircaloy in
high-temperature steam are estimated using Eq 2 with R being
the gas constant and T is the test temperature.

WH2 Zr ¼
2MH2

MZr
Kp Zrt
� �1

2 ðEq 1Þ

Kp Zr ¼ 33:3e
�140:6
RT ðEq 2Þ

In the present work, the model represented by Eq 1, was
modified to include the effects of aluminum present in the
subsurface as an alloying element for zirconium. Eq 3, a
modified form of Eq 1, was employed to estimate the mass of
hydrogen released per unit surface area of pure aluminum
(WH2_Al) assuming that every 2 moles of aluminum would
generate 3 moles of H2 gas during a high-temperature oxidation
event similar to the zircaloy calculations. MAl is the molecular
mass and Kp_Al is the parabolic rate constant of aluminum
under oxidation. Further, Eq 4 was employed to estimate the
parabolic rate constant for Al as described by (Ref 23).

WH2 Al ¼
3MH2

2MAl
Kp Alt
� �1

2 ðEq 3Þ

Kp Al ¼ 6:33� 10�5e
�138:0
RT ðEq 4Þ

Based on the molar composition of Al3Zr, Eq 1 and 3 can be
combined as Eq 5 where WH2

is the total mass of hydrogen
generated per unit surface area of Al3Zr.

Fig. 8 Microstructure of Al-Zr diffusion layer formed using diffusion bonding technique subject to steam exposure at 1273 K for 120 min

Fig. 9 Hydrogen generation model applied to pure zircaloy and Al-
doped zircaloy predicting a large reduction in Al-doped zircaloy
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WH2
¼ 0:75WH2 Al þ 0:25WH2 Zr ðEq 5Þ

The results of the model are shown in Fig. 9. It was
determined that aluminum-doped surface consisting of Al3Zr
would produce approximately three time less hydrogen com-
pared to a pure zircaloy surface. However, this model needs to
be interpreted conservatively as it assumes the absence of any
surface defects, which allow oxygen to penetrate to the base
layer (Ref 16). Extrapolating this model to a known pressurized
water reactor where at �1300 K a runway oxidation event of
pure zircaloy cladding with a total surface area of 49 million
square centimeters could potentially generate up to 100 kg of
hydrogen in less than 20 min (Ref 16), an al-doped cladding,
similar to the ones described in this work, would generate the
same amount of hydrogen in �242 min assuming that the
surface would contain sufficient quantities of aluminum at the
time of the oxidation event. This increased margin is expected
to provide a significant benefit in terms of reactor operator
response time.

4. Conclusions

Attempts were made to study the behavior of self-healing
aluminum-doped zircaloy surfaces in context of improving the
oxidation resistance of zircaloy nuclear fuel cladding. In the
first step, the diffusion of aluminum in zircaloy was studied
using sandwich diffusion couples. The activation energy for
aluminum transport in zircaloy was estimated to be �1.8 eV.
Elemental analysis of the diffusion zones revealed the forma-
tion of two compositionally graded layers: Al3Zr and Al3Zr2,
with the former being the predominant layer on the external
surface.

To achieve better control on the purity and thickness of the
diffusion zones and to reduce residual strains resulting from
lattice mismatch, zircaloy specimens sputter coated with thin
aluminum layers were subject to controlled heat-treatment. The
microstructure of these sputtered, heat-treated specimens
revealed the formation of Al3Zr surface layers similar to the
diffusion specimens albeit much thinner. These specimens were
subject to high-temperature steam environments at 1073 and
1273 K for different durations (60 and 120 min). Microstruc-
ture of the steam corroded specimens indicated that the
aluminum layer was intact with very little spalling. Electron
micrographs of samples subject to 1073 K in steam for longer
durations showed very little penetration of oxygen into the
zirconium under layers, thus succeeding in enhancing the
oxidation resistance. On the contrary, micrographs of samples
subject to 1273 K revealed that oxygen was successful in
penetrating the zircaloy under layer. This was partially
attributed to two phenomena: the segregation and migration
of aluminum to the surface forming discrete clusters and the
formation of cracks and other defects on the surface. Analysis
of steam corrosion data indicated that the migration of
aluminum to the surface was perhaps the oxidation rate
controlling mechanism with an estimated activation energy of
1.87 eV, which matched closely with the activation energy of
aluminum transport in zircaloy. The veracity of the data was
confirmed by subjecting pure zircaloy specimens to the same
conditions as the Al-doped specimens and comparing the
calculated activation energy values (for zircaloy) with those

reported in the literature. The competing phenomenon of
aluminum migration and formation of surface cracks and
defects prevented further analysis of oxidation kinetics data.
However, the migration of aluminum toward the surface to
react with oxygen was indicative of the potential self-healing
nature of this modification.

Perhaps the most significant conclusion of the experiments
was the concrete evidence of aluminum in the under layers
effectively diffusing to the surface, during simulated high-
temperature events such as LOCA, to form mechanically
stable protective layers, thus behaving like a self-healing
surface. The use of aluminum in context of self-healing
surfaces exhibits great potential in oxidation environments. As
the experiments show, aluminum seems to effectively migrate
to the surface even after forming an alloy with zirconium. To a
large extent, this puts to rest the concerns of aluminum
completely diffusing into the zircaloy matrix during normal
operation and not contributing to increased oxidation resis-
tance. For high temperatures, it was inferred that thicker
aluminum layers would be more beneficial in increasing the
oxidation resistance of the underlying zircaloy. Methods to
achieve this will need to be investigated. Additional corrosion
testing, including high-temperature water corrosion and neutron
irradiation, will be needed to confirm the application of
aluminum surface doping for applications in the nuclear
industry. High-temperature high-pressure water corrosion is
currently underway in pure water and 2000-ppm boric acid
water to test the application of the coatings during normal
operation.
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