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A B S T R A C T

Using proton irradiation, this study investigates the individual influence of several factors on the corrosion ki-
netics of Zircaloy-4 in a hydrogenated water environment simulating a Pressurized Water Reactor (PWR). Using 
both simultaneous irradiation-corrosion and autoclave corrosion, we separately examine (i) the effect of pre- 
irradiation on modifying the structure of the material, (ii) the impact of irradiation on creating defects in the 
growing oxide layer during corrosion, and (iii) the influence of irradiation on increasing the corrosion potential 
through radiolysis during corrosion. To replicate the neutron-irradiated microstructure, two proton pre- 
irradiation schedules were employed: Schedule 1 (isothermal irradiation at 350 ◦C to 5 dpa) to simulate high- 
temperature PWR conditions, and Schedule 2 (two-step process: irradiation to 2.5 dpa at -10 ◦C followed by 
2.5 dpa at 350 ◦C) to simulate lower temperature PWR and Boiling Water Reactor (BWR) conditions. Long-term 
autoclave corrosion testing for 360 days at 320 ◦C revealed no significant difference between unirradiated 
samples and those pre-irradiated according to either schedule, with all samples exhibiting sub-cubic kinetics 
within the pre-transition regime. Pre-irradiated samples underwent Simultaneous Irradiation Corrosion (SIC) 
tests, corroding in 320 ◦C water while being irradiated with protons. Corrosion was found to accelerate in all SIC- 
tested samples relative to autoclave conditions, with the greatest increase observed in non-pre-irradiated regions 
of the samples. Pre-irradiation with either schedule resulted in a slower corrosion rate compared to non-pre- 
irradiated regions under SIC conditions. The degree of radiolysis observed in the SIC tests surpassed typical 
PWR conditions, approaching levels found in BWRs. Radiolysis products were identified as a primary contrib-
utors to accelerated corrosion, corroborated by radiolysis bar tests. These findings underscore the intricate in-
teractions between irradiation, corrosion, and water chemistry in determining Zircaloy-4 corrosion kinetics 
within nuclear reactor environments.

1. Introduction

The corrosion kinetics of Zr alloys under light water reactor (LWR) 
conditions have been described as consisting of a pre-transition regime, 
in which corrosion kinetics are governed by a parabolic or sub-parabolic 
rate law, and a post-transition regime, where spatially out-of-phase cy-
clic transitions produce nearly linear corrosion kinetics [1–6]. It is also 
well known that post-transition corrosion of the Zircaloy family of alloys 

under irradiation occurs at a faster rate than in autoclaves [7,8]. Various 
causes have been suggested for this acceleration of corrosion in-service 
relative to autoclave testing, including changes to the metal micro-
structure caused by displacement damage, changes to the oxide prop-
erties through the creation of defects while under irradiation, an 
increase in radiolytic species in the water, and the presence of a hydride 
rim due to the temperature gradient present in service [9].

Kammenzind et al. reported the long-term in-reactor corrosion 
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behavior of non-fueled Zircaloy-4 samples in the Advanced Test Reactor 
(ATR) under isothermal corrosion at temperatures ranging from 270 ◦C 
to 320 ◦C and constant neutron flux conditions in PWR water chemistry 
[10]. The data indicate that Zircaloy-4 corrosion kinetics are unaffected 
(or minimally affected) by the PWR radiation environment during the 
pre-transition regime, but during longer exposures, a significant accel-
eration in corrosion rate was observed relative to out-of-pile samples.

As described in detail in [10,11], these observations led to the hy-
pothesis that the following three mechanisms acting synergistically can 
lead to the significant in-PWR corrosion acceleration in the 
post-transition corrosion rates of Zircaloy-4 relative to corrosion in 
autoclave: 

1. Heterogenous radiolysis occurs within the outer porous oxide layers 
of a Zircaloy-4 post-transition corrosion film (whether it is formed in- 
reactor or first formed out-of-reactor in an autoclave), resulting in 
the local production of a more oxidizing corrosion environment at 
the outer surface of the passivating oxide layer than in the bulk water 
channels of a PWR.

2. A photovoltaic effect occurs on the n-type semiconducting, inner 
passivating zirconium oxide layer at the metal oxide interface, 
increasing the electron-hole density at the outer surface of the 
passivating layer that causes photo-induced dissolution and degrades 
the mechanical stability of the oxide layer [11].

3. Accumulated neutron irradiation effects in the microstructure and 
microchemistry of the Zircaloy-4 metal result in the formation of 
dislocation loops and redistribution of alloying elements. The inner 
passivating corrosion layer generated from the pre-irradiated metal 
matrix further enhances the n-type semiconducting nature of the 
inner passivating layer and its photo-induced dissolution.

In this study, proton pre-irradiated samples [12] were exposed in an 
autoclave for 360 days and in a set of simultaneous irradiation-corrosion 
(SIC) tests for a shorter period (3 days). Both corrosion tests were per-
formed at 320 ◦C. The microstructure and microchemistry of the 
Zircaloy-4 samples following proton pre-irradiation have been thor-
oughly characterized and analyzed in a previous publication [12]. The 
long-term autoclave exposure was conducted to elucidate the separate 
effects of accumulated irradiation damage and microchemical changes 
to the Zircaloy-metal alone (outside of a radiation environment) on 
corrosion of Zircaloy-4 in a PWR water chemistry environment. The 
short-term SIC tests were performed to elucidate the effects of irradia-
tion on Zircaloy-4 corrosion under the following conditions: (1) expo-
sure of Zircaloy-4 with/without pre-irradiation; (2) exposure of 
Zircaloy-4 with/without pre-irradiation under simultaneous displace-
ment damage in the metal and the oxide, and radiolysis in the water; (3) 
exposure of pre-irradiated Zircaloy-4 only to radiolysis in the water.

2. Experimental

2.1. Materials

Fully recrystallized Zircaloy-4 in 1 mm sheet stock provided by Naval 
Nuclear Laboratories (NNL) was processed for PWR corrosion resistance 
in the single alpha-phase field, with final recrystallization anneals in the 
high alpha-phase following rolling [10,11,13], producing an equiaxed 
grain size of ~12 µm and a mean Laves phase precipitate size of ~0.2 µm 
(Table 1).

Electric discharge machining (EDM) was used to create both 
matchstick-size bar samples with a geometry of 2 × 18 × 1 mm and disc 

samples with a diameter of 7.6 mm from the sheet stock. EDM was 
applied to the sample edges only. The EDM process affected only the first 
100 µm from the surface. The primary corrosion surfaces were far from 
that region and were not affected by EDM. The 7.6 mm diameter discs 
were ground down to 110 µm in thickness, followed by mechanical 
grinding and polishing to a mirror finish using silicon carbide paper and 
diamond paste, followed by chemical-mechanical polishing with 
colloidal silica particles of 50 nm size to remove any surface deformation 
layer. The polished samples were ultrasonically cleaned first in organic 
solvent and then in deionized water for at least 15 min and air dried. In 
all cases, the primary corrosion surfaces represent the original sheet 
planar surface orientation, which were also the surfaces that were pre- 
irradiated.

2.2. Proton pre-irradiation

As mentioned above, two proton pre-irradiation schedules were used 
on the Zircaloy-4 bar and disc samples: 

Schedule 1: isothermal irradiation at 350 ◦C to 5 dpa, and
Schedule 2: a two-step (2ST) irradiation sequence consisting of 
irradiation at − 10 ◦C to 2.5 dpa followed by irradiation at 350 ◦C to 
2.5 dpa.

As discussed in detail in [12], both the Schedule 1 and the Schedule 2 
irradiation produced damage to the Zr matrix similar to that seen in 
reactor-irradiated samples. However, the Schedule 1 irradiation 
sequence resulted in minimal precipitate amorphization and Fe redis-
tribution. The Schedule 2 irradiation was designed to induce 
second-phase precipitate (SPP) amorphization during the 
low-temperature step, with the subsequent high-temperature step aimed 
at creating displacement damage to redistribute Fe from the amorphized 
SPP into the matrix without recrystallizing the SPPs. The Schedule 1 
irradiation sequence best approximates the microstructure resulting 
from neutron irradiation of Zircaloy-4 in a PWR at irradiation temper-
atures of approximately 330 to 360 ◦C [14]. The Schedule 2 (two-step) 
irradiation sequence best approximates neutron irradiation effects on 
the Zircaloy microstructure occurring in lower temperature PWRs and 
BWRs (260–310 ◦C) [14]. The experimental matrix is given in Table 2. 
By pre-irradiating the samples and subjecting only well-defined regions 
to in-situ corrosion, the separate effects of each pre-irradiation process 
on the corrosion response can be discerned.

As previously described, the 2 MeV proton pre-irradiations were 
conducted using the 3 MV NEC Pelletron accelerator at the Michigan Ion 
Beam Laboratory (MIBL) [12]. The proton beam current density was 41 
µA/cm2 (2.6 × 1014 protons/cm2⋅s), which corresponds to a damage rate 
in the metal of 1.65 × 10− 5 dpa/s, or roughly two orders of magnitude 
higher than peak damage rates experienced from neutron irradiation in 
a PWR environment. The bar samples were pre-irradiated exclusively in 
a 3 × 2 mm section at the center, while the rest of the sample surfaces 
were considered unirradiated. For the disc samples, irradiation was 
applied to either a quarter (Schedule 1) or half (Schedule 2) of the 
surface, with the remaining area considered unirradiated.

The SRIM plot in Fig. 1 shows the 2 MeV proton energy penetration 
depth into zirconium. The damage profile for the first 10 µm of metal 
below the surface is relatively uniform. The proton irradiation dose was 
calculated at a depth of 3–5 µm below the irradiated surface, corre-
sponding to a standard focused ion beam (FIB) lift-out sampling depth 
for microstructural investigation. At 5 dpa, the predicted proton fluence 
is 7.8 × 1019 protons/cm2. These conditions were targeted to ensure 

Table 1 
Chemical composition of recrystallized Zircaloy-4 (wt%) used in this study.

Alloy Sn O Si Al N C Cr Fe Zr

Zircaloy-4 1.55 0.14 0.01 0.003 0.002 0.016 0.11 0.22 Bal.
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subsequent corrosion exposures will only be corroding the irradiated 
metal in which the damage level is approximately uniform. The depth 
range of analysis is selected assuming that corrosion consumes < 3 µm of 
metal and generates an oxide layer <5 µm thick after post-irradiation 
autoclave exposure for 360 days.

2.3. Post-irradiation long-term autoclave exposure

Post-irradiation autoclave corrosion testing was performed to 
distinguish between the specific impacts of pre-existing damage to the 
metal alone and of simultaneous irradiation-corrosion in which water 

radiolysis and active displacement damage can play a role. Post- 
irradiation autoclave corrosion testing was performed in the High- 
Temperature Corrosion Laboratory at the University of Michigan. The 
exposures took place in a 316L stainless steel autoclave containing pure 
water with 3 wt. ppm dissolved hydrogen at 320 ◦C, at 13.8 MPa (2000 
psi). The autoclave was opened periodically to access the corroded 
sample and to determine oxide thickness and corrosion kinetics via 
SEM/FIB analysis at various stages.

2.4. Simultaneous irradiation-corrosion (SIC) experiment

Simultaneous irradiation-corrosion experiments were conducted on 
the pre-irradiated Zircaloy-4 disc samples and radiolysis bar samples 
(Table 2) in contact with 320 ◦C pure water with 3 wt. ppm dissolved 
hydrogen gas and a conductivity of < 0.1 µS/cm using the facility 
described in [16]. Protons are accelerated to 5.4 MeV in a 3 MV NEC 
Pelletron and pass through the 110 µm thick Zircaloy-4 disc sample into 
the water circulating through a mini-autoclave corrosion cell (Fig. 2) 
[16–18]. The Zircaloy-4 disc serves both as the sample on which 
corrosion measurements were made, and as the window between the 
high vacuum of the beamline and the high-temperature, high-pressure 
water in the cell. A proton flux of 1.69 × 1012 protons/(cm2s) (corre-
sponding to a current density of 270 nA/cm2 and a damage rate of 1 ×
10− 7 dpa/s) was used in these SIC experiments to a fluence of 4.39 ×
1017 protons/cm2, equivalent to a damage level of 0.026 dpa over 72 h 
at the Zircaloy-4 sample surface in contact with the water. Because this 
increment in dose over the pre-irradiated damage to the metal is rela-
tively small (~1 %), it is neglected here. The SIC damage rate is 
approximately the same as obtained during neutron irradiation on Zr at 
a neutron flux of 1 × 1014 neutrons/cm2⋅s in PWR.

2.5. Radiolysis bar

A radiolysis bar aligned parallel to the beam was included in the SIC 
test to ascertain the separate effect of radiolysis on corrosion, as shown 
in Fig. 2b. The radiolysis bar sample is positioned in front of the disc on 
the waterside, with the pre-irradiated surface facing downwards, par-
allel to the proton beam. Because the bar is placed parallel to the proton 
beam, the beam does not interact directly with the radiolysis bar sample, 
but rather only through the water radiolysis products generated in the 
path of the proton beam. The linear energy transfer (LET) to the water of 
approximately 6 × 10− 11 J/cm per proton translates into a dose rate of ~ 
72 kGy/s for a proton energy of 2.04 MeV as it emerges from the 
Zircaloy-4 foil and enters the water. This dose rate to the water is 
approximately seven times higher than the maximum dose rate in light 
water reactor cores, estimated to be about 10 kGy/s [19]. A detailed 
description of the experimental setup for the simultaneous proton 
irradiation-corrosion facility has been published elsewhere [16], along 
with other research activities related to the accelerated corrosion of Zr 
under proton irradiation [18,20,21].

2.6. Microstructure characterization

2.6.1. Pre-irradiated samples
A detailed description of the effect of the two proton pre-irradiation 

schedules on the microstructure of Zircaloy-4 is provided in Ref. [12]. 
This description agrees with overall neutron irradiation observations 
[22] and is briefly summarized here. Dislocation loops were imaged in 
STEM bright-field (BF) mode using a Thermo Fisher Scientific TF30 
microscope. BF-STEM images were obtained on the <11–20> zone axis.

Schedule 1 pre-irradiation (isothermal proton irradiation to 5 dpa at 
350 ◦C) produces 〈 a 〉 and 〈 c 〉 type dislocation loops in the Zr matrix 
similar to those observed under neutron irradiation at similar temper-
atures and dpa levels [22–26]. The dislocation microstructures observed 
in isothermally pre-irradiated samples increased the hardness of the 
sample, generally consistent with measurements performed on neutron 

Table 2 
Matrix of exposure experiments for the pre-irradiated (5 dpa) Zircaloy-4 
samples.

Experiments Materials Sample 
Designation #

Objective

Long-term 320 ◦C 
Autoclave 
Exposures (A)

Zircaloy-4 
bars 
(18×2 × 1 
mm)

Unirradiated Baseline corrosion
Schedule 1: 
#350-A

Effect of Pre-irradiation 
Schedule 1 on corrosion

Schedule 2: 
#2ST-A

Effect of Pre-irradiation 
Schedule 2 on corrosion

Simultaneous 
Irradiation- 
Corrosion 
Experiments (SIC) 
At 320 ◦C

Zircaloy-4 
discs 
(7.6 mm 
disc)

Unirradiated Baseline corrosion
Schedule 1: 
#350-SIC

Effect of microstructural 
changes in the metal and 
oxide during irradiation 
and radiolysis on the 
corrosion behavior of 
Schedule 1 samples

Schedule 2: 
#2ST-SIC

Effect of microstructural 
changes in the metal and 
oxide during irradiation 
and radiolysis on the 
corrosion behavior of 
Schedule 2 samples

Radiolysis Bar Study 
(R) at 320 ◦C

Zircaloy-4 
foil 
(2 × 1 ×
0.1 mm)

Schedule 1: 
350-R-bar

Effect of radiolysis only on 
Schedule 1 pre-irradiation 
sample corrosion

Schedule 2: 
2ST-R-bar

Effect of radiolysis only on 
Schedule 2 pre-irradiation 
sample corrosion

Fig. 1. SRIM simulated proton range probability and damage profile for 2 MeV 
protons in Zr. This calculation was done using the Quick Kinchin-Pease option 
of SRIM 2008 [15], with the displacement energy of 40 eV, and assuming a 
proton fluence of 7.8 × 1019 protons/cm2. The boxed region shows the 
maximum advancement of the oxide layer for the corrosion exposures in 
this study.
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irradiated samples [24,27]. Although the same amorphization 
morphology was observed in proton as in neutron irradiation (pre-
cipitates with a crystalline core and an amorphous outer layer), the rate 
of advancement of the amorphous layer during ion irradiation (in 
nm/dpa) was much lower than the rate seen under neutron irradiation 
[28]. Consistent with neutron irradiation, Fe redistribution from the 
very thin amorphous zones that did form was observed [28,29].

In contrast, the Schedule 2 pre-irradiation (two-step proton irradia-
tion) sequence produced complete amorphization of the SPPs and sig-
nificant Fe depletion [12]. The alignment of 〈 a 〉 -loops in the matrix and 
the formation of Fe-rich rafts near the SPPs after the two-step irradiation 
sequence were also noted, similar to what was seen in neutron irradiated 
samples. Based on these observations, we concluded that the two-step 
proton pre-irradiation process best represents irradiation effects on 
Zircaloy-4 metal irradiated in all but a very high temperature in a PWR 
environment.

2.6.2. Post-exposure oxides
Focused ion beam (FIB) trenching was performed on autoclave 

corroded samples at each opening interval. Two 30-micron trenches 
were typically milled into the surface of the bar sample using a gallium 
beam, and the oxide cross-section was then imaged at a tile of 52◦ in 
high-resolution mode on a Thermo Fisher Scientific Helios 650 SEM/ 
FIB. The images were processed using Python code to generate a binary 
image profile representing the oxide thickness. The total oxide area was 
calculated, tilt corrected, and divided by the 30 µm trench length to 
determine the average oxide thickness. The same procedure was applied 
for oxide thickness measurement using TEM. Thickness variations were 
calculated from the oxide thickness profile and used as error bars.

TEM liftout samples were also prepared using the same SEM/FIB and 
subsequently thinned to electron transparency at cryogenic temperature 
(− 150 ◦C) using a cold stage (Quorum PP3006). The post-exposure 
oxide samples were characterized using the FEI Talos F200X scan-
ning/transmission electron microscope (S/TEM) equipped with bright 
field (BF), annular dark field (ADF), high-angle annular dark field 
(HAADF) detectors, and high-count-rate energy-dispersive x-ray spec-
troscopy (EDS) at the Michigan Center for Materials Characterization 
(MC2). The collected EDS dataset was processed into weight and atomic 
percentages for quantitative analysis using the Velox software package, 
employing the Brown-Powell ionization cross-section model. At least 
two 15 µm-long TEM liftout samples were prepared for each condition.

3. Results

3.1. Long-term autoclave exposure on Zircaloy-4

Samples subjected to both Schedule 1 (350 ◦C isothermal pre- 
irradiation) and Schedule 2 (two-step pre-irradiation process) were 
corroded in an autoclave for up to 360 days at 320 ◦C. The corrosion 
kinetics of Zircaloy-4 have been extensively studied over the past few 
decades, either in autoclaves (unirradiated) or in reactors, mostly via 
weight gain measurements at different exposure intervals [10,30–33]. 
Because the incomplete coverage of the pre-irradiated region on the 
samples in this study precluded weight gain measurement, the extent of 
oxidation was tracked by measuring the oxide thickness in the region of 
interest as described in the previous section. Fig. 3 shows the corrosion 
kinetics of both unirradiated region (UR) and pre-irradiated region (IR) 
for (both Schedule 1: 350 ◦C and Schedule 2: 2ST) Zircaloy-4 over an 
exposure time of 360 days.

Sub-cubic corrosion kinetics were observed, characterized by an 
initially fast corrosion rate lasting for the first ~15 days, followed by a 
slower growth rate. Both the pre-irradiated and un-irradiated portions of 
the sample behaved similarly on each bar sample, with only subtle dif-
ferences between the Schedule 1 (350 ◦C) and the Schedule 2 (2ST) 
irradiated samples. These differences were likely caused by sample-to- 
sample or location-to-location variations rather than any systematic 

Fig. 2. Illustration of (a) SRIM simulated proton range and displacement rate plot for a 120 µm Zr sample irradiated with 5.4 MeV protons at 320 ◦C in water and (b) 
position of the radiolysis bar sample concerning the pre-irradiated Zr foil sample during the SIC experiment.

Fig. 3. Corrosion kinetics of Zircaloy-4 treated with and without pre- 
irradiation. Unirradiated samples were subjected to the same heat treatment 
but without irradiation.
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effect from differing irradiation conditions.
The long-term autoclave corrosion samples agree well with the out- 

of-pile corrosion data in the literature, within experimental error. The 
samples show typical pre-transition kinetics with a sub-parabolic rate 
law, which can be expressed as: 

d = k⋅tn 

where δ is the oxide thickness, k is the kinetic rate constant, and t is time 
in days. The n exponent for the pre-irradiated and un-irradiated Zirca-
loy-4 was in the range 0.25–0.3 in this study, somewhat higher than 
previously determined values of 0.21–0.24 for Zircaloy-4 and other 
Laves-phase bearing alloys corroded in an autoclave at 360 ◦C [34]. For 
Zircaloy-4, one would expect the oxide transition to occur at about 30 
mg/dm2 (~ 2 µm) at 316 ◦C [35], which was not reached in the 360-day 
exposure. Hence, no kinetic transition nor post-transition corrosion ki-
netics were observed in this study. This is expected since the in-reactor 
pre-transition behavior of Zircaloy-4 in a PWR environment shows little 
deviation from out-of-reactor behavior [10].

The microstructure of the oxide films formed on these samples con-
sisted of columnar grains oriented perpendicular to the metal-oxide 
interface, as seen in Ref. [2]. Fig. 4 shows the overall appearance of 
an oxide layer formed on Schedule 2 pre-irradiated (2ST) Zircaloy-4 
after 360 days of exposure. Equiaxed grains within the columnar 
structure were observed in some portions of the oxide, especially near 
any lateral cracks.

Fig. 5 shows low magnification bright field TEM micrographs of 
oxide layers formed on Zircaloy-4 at different stages of autoclave 
corrosion, from 3 to 360 days. The oxide layer formed on the Schedule 2 
per-irradiated sample (#2ST-A) shows a mostly uniform thickness with 
little undulation at the metal/oxide interface. Although in a few loca-
tions, corrosion occurs preferentially in one grain over the next, as 
shown in the lower right bottom of Fig. 5, these instances were infre-
quent. In the un-irradiated region, crystalline SPPs were observed at the 
metal/oxide interface, showing delayed oxidation and a crescent-shaped 
crack on top of the SPP (e.g., Schedule 2 #2ST-A, UR region for 60 days 
exposure) as typically observed in the literature [10,20,36]. Isolated 
hydrides were observed in some regions of the grain interior (e.g., 
Schedule 2 #2ST-A, IR region for 360 days exposure), typically origi-
nating from the metal/oxide interface and extending into the matrix. 
Minor lateral cracks were found in the oxide layer, mostly associated 
with the presence of equiaxed grains [37] or SPPs. There was no sig-
nificant difference in overall oxide morphology between the 
pre-irradiated and non-pre-irradiated regions for either pre-irradiation 
Schedule. Fig. 5 shows TEM micrographs of these samples, separated 
by the pre-irradiation schedule, comparing in each case the micro-
structure of the oxide formed on the regions subjected to pre-irradiation 

versus those that were not.
Fig. 5 shows that the Schedule 1 isothermally pre-irradiated sample 

(#350-A, 5 dpa) exhibited a somewhat greater propensity to develop 
lateral cracks throughout the thickness of the oxide compared to 
Schedule 2 samples. Some regions experienced enhanced localized 
corrosion, resulting in nodule-like oxide formation accompanied by 
extensive cracking, usually associated with grain boundaries and surface 
particles likely introduced during sample preparation. Cracking is more 
frequent in the unirradiated portion of the sample and is mostly 
observed in the outer part of the oxide. These are believed to be artifacts 
of sample preparation and were only seen in the Schedule 1 sample 
(#350-A).

Fig. 6 shows that roughly the same irradiation damage can still be 
observed after 360 days of autoclave exposure at 320 ◦C. The long-term 
autoclave exposure corrosion tests demonstrate that the amorphized 
SPPs produced by the two-step pre-irradiation remain amorphous after 
the corrosion test. The preservation of the as-irradiated microstructure 
in the corroded samples indicates that the corrosion temperature did not 
significantly modify the microstructure and microchemical changes 
introduced by proton pre-irradiation.

Fig. 7 shows the microstructure differences between unirradiated 
and pre-irradiated Zr substrates. In the unirradiated matrix, long, 
tangled dislocation networks are observed, while well-distributed and 
aligned 〈a〉-loops are present in the pre-irradiated Zr substrate. Addi-
tional observations, such as SPP amorphization after Schedule 2 irra-
diation and raft formation around SPPs, further confirm the effects of 
irradiation. More extensive microstructural characterization can be 
found in the previous publication [12].

3.2. Simultaneous irradiation-corrosion (SIC) experiments

SIC experiments were performed on pre-irradiated zirconium disc 
samples. The SIC region is centrally located on the sample in a circular 
shape, encompassing both the pre-irradiated and unirradiated regions, 
as illustrated in Fig. 8. The corrosion region that developed during the 
SIC experiment was further divided into four regions: the unirradiated 
region outside of the SIC condition (UR), the unirradiated region under 
SIC condition (UR-SIC), the pre-irradiated region outside of the SIC 
condition (PR), and the pre-irradiated region under SIC condition (PR- 
SIC). On the Schedule 2 disc sample, the UR-SIC region was replaced 
with a reduced-dose (RD-SIC) region to investigate the effect of very 
low-temperature pre-irradiation on the corrosion behavior. Thus, the 
RD-SIC region was proton pre-irradiated to 2.5 dpa at − 10 ◦C.

The results are discussed in detail in the following sections, with the 
principal findings summarized in Figs. 9, 10, and Table 3. Fig. 9 presents 
the oxide layer thicknesses measured after corrosion in the regions 

Fig. 4. TEM micrograph of two-step pre-irradiated Zircaloy-4 (#2ST-A) after 360 days of exposure in an autoclave at 320 ◦C. (a) brightfield image of the oxide layer 
displaying the columnar grains, and the oxide layer close to the metal/oxide interface where lateral cracks were developed showing in (b) brightfield mode and (c) 
High Angel Annular Dark Field (HAADF) mode. The white arrows denote the locations of lateral cracks within the oxide layer, while the yellow arrow indicates 
cracks associated with delayed-oxidized SPP [36].
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depicted in Fig. 8, including average, minimum, and maximum values. 
Table 3 provides a quantitative summary of the oxide layer thicknesses. 
Fig. 10 displays TEM micrographs of the oxide layer cross-sections for 
the regions shown in Figs. 8 and 9.

Referring to the regions in Fig. 8, corrosion in Regions A and F is 
examined first. These samples serve as the baseline, as they were not pre- 
irradiated, but only subjected to the thermal heat treatments of Sched-
ules 1 and 2, respectively. During exposure, these regions were neither 
subjected to SIC nor affected by radiolysis. As shown in Fig. 9 the 
corrosion rate in these regions was low, as also shown in Fig. 10a and e, 

which show SEM micrographs indicating only a thin oxide layer with 
little thickness variation. The observed corrosion in Region A and F after 
3 days in the SIC tests is consistent with observed corrosion on non-pre- 
irradiated regions after 3 days in autoclave testing.

The effect of pre-irradiation alone from either Schedule 1 or 2 on 
corrosion in the SIC tests is observed by comparing the corrosion in 
Regions B and G to that in Regions A and F, respectively. It is evident 
from Fig. 10b and f that pre-irradiation with either Schedule had little to 
no effect on the average corrosion layer thickness or the variation in 
oxide thickness, as the oxide layer remained thin and uniform, and 
similar to that seen in the autoclave tests after 3 days. Thus, neither pre- 
irradiation nor thermal heat treatment from either Schedule appears to 
have a significant impact on corrosion in the absence of SIC, as also 
observed in autoclave testing.

When the effect of SIC is introduced, the difference becomes 
apparent. The Schedule 1 sample is first examined. Region C, which is 
similar to Region A, underwent the thermal treatment of Schedule 1 
without prior irradiation. A significant effect of SIC is evident when 
examining Fig. 10c– the oxide layer is an order of magnitude thicker 
than in Fig. 10. It exhibits a very high crack density, unlike the protec-
tive oxide layers typically observed in the literature [38–41]. The thick 
oxide observed in Region C shows minimal variation in thickness, as 
depicted in Fig. 9 and quantitatively detailed in Table 3.

Comparing Region C with Region D allows for evaluating the influ-
ence of Schedule 1 pre-irradiation on corrosion under SIC. The matrix 
microstructure contains black spot defects in the form of dislocation 
loops, but very minimal precipitation amorphization or Fe loss occurred. 
As shown in Fig. 10d, the average thickness of the oxide layer is about 
four times lower than that of Region C, but there is significant variation 
in the thickness of the oxide layer.

Turning now to the Schedule 2 samples, the comparison of the 
corrosion observed in Region F with that in Region H (RD-SIC) allows for 
evaluating the influence of only the first step in the two-step pre- 

Fig. 5. TEM micrographs of oxide cross-section collected from long-term autoclave corrosion on the Schedule 1 isothermally pre-irradiated (#350-A) and Schedule 2 
two-step proton pre-irradiated (#2ST-A) samples that were exposed in 320 ◦C pure water over 360 days.

Fig. 6. STEM-ADF micrograph of the Zircaloy 2ST irradiated sample showing 
<a>-loop alignment in the metal and amorphized SPPs even after 360 days of 
autoclave exposure. The inset diffraction pattern shows the amorphous nature 
of the SPP.
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irradiation schedule on corrosion under SIC. The matrix microstructure 
contains black spot defects, and amorphized SPPs, but no Fe redistri-
bution from the SPP. Although the average oxide thickness observed in 
Region H is significantly higher than that in Region F, with more vari-
ation (0.9 to 1.65 µm). When compared to Region C on the Schedule 1 
disc, there is a considerable decrease in corrosion rate under SIC. As seen 
in Fig. 10g, the oxide layer in Region H exhibited significant variation in 
thickness but no clear evidence of preferential corrosion along grain 
boundaries or grain-to-grain preferential corrosion (Fig. 11).

The comparison of the corrosion observed in Region I with Region H 
and F allow for evaluating the influence of both steps in the two-step pre- 
irradiation schedule on corrosion. The matrix microstructure contains 
black spot damage, amorphized precipitates, and Fe loss from the 

precipitates. Fig. 10h shows the thickest region of the oxide layer formed 
in Region I, which is much thicker than the oxide layers formed in all 
other regions shown in Fig. 9b. The oxide layer exhibited a very high 
density of small (~0.2 µm wide) lateral cracks (several per micron), to a 
much higher degree than in stable protective oxides. In protective ox-
ides, the most extensive cracking is associated with the transition [2], 
and thus cracks are spaced a couple of microns apart, in contrast to what 
is observed here. Because this high crack density is a common charac-
teristic of the oxide layers grown under SIC conditions, it can be 
concluded that corrosion under SIC leads to an oxide growth process that 
is more unstable than in an autoclave.

Fig. 12 provides a closer view of the oxide layer formed on Region I 
under SIC conditions, revealing the presence of sub-micron cracks 

Fig. 7. STEM-BF micrographs of Zircaloy-4 metal substrate in the unirradiated condition and pre-irradiated condition.

Fig. 8. SEM backscattered images of different regions in Zircaloy-4 samples 
submitted to SIC showing different regions. Region A is unirradiated; Region B 
is pre-irradiated with Schedule 1; Region C is unirradiated, subject to SIC; 
Region D is pre-irradiated with Schedule 1 and subject to SIC; Region F is un-
irradiated; Region G is pre-irradiated with Schedule 2;Region H is pre- 
irradiated with the first step of Schedule 2 to 2.5 dpa at − 10 ◦C, subject to 
SIC; Region I is pre-irradiated with Schedule 2 and subject to SIC. Under SEM 
backscattered conditions, light-appearing regions have a thinner corrosion film, 
while dark-appearing regions have a thicker corrosion film.

Fig. 9. Oxide thickness ranges produced in SIC experiments of Zircaloy-4 
samples. The length of the marker depicts the oxide thickness range, and the 
width of the marker depicts the prevalence of a specific oxide thickness. Dark 
dashed lines depict the measured average. The Region H (RD-PR-SIC) is a 
reduced-dose condition for Schedule 2: 2ST-SIC sample was pre-irradiated at 
− 10 ◦C for 2.5 dpa. The expected behavior of Region H (if not pre-irradiated) 
should be similar to Region C on Schedule 1: 350-SIC. The A-D and F-G la-
bels refer to the Regions shown in Fig. 8.
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Fig. 10. STEM (HADDF) micrographs of oxide cross-sections obtained from Regions A to I are listed in Table 3. The dashed line in each case mark the oxide surface.

Table 3 
Summary of the SIC experimental conditions and resulting oxide thickness measurements.

Regions Pre- irradiation Other comments Oxide layer thickness (microns) SIC Radiolysis

Average Minimum Maximum

A None Thermal treatment of Schedule 1 only 0.4 0.3 0.52 NO NO
B Schedule 1  0.33 0.29 0.55 NO NO
C None Thermal treatment of Schedule 1 only 2.95 2.8 3.1 YES YES
D Schedule 1  0.7 0.3 1.3 YES YES
E Schedule 1 Radiolysis bar 0.45 0.3 0.6 NO YES
F None Thermal treatment of Schedule 2 only 0.25 0.1 0.4 NO NO
G Schedule 2  0.35 0.3 0.4 NO NO
H Reduced dose Sch 2 Thermal treatment of Schedule 2 1.5 0.65 1.95 YES YES
I Schedule 2  0.9 0.30 3 YES YES
J Schedule 2 Radiolysis bar 1.05 0.3 1.75 NO YES

Fig. 11. STEM images of RD-SIC region from the Schedule 2 pre-irradiated disc sample. The image on the left shows the metal/oxide interface and matrix with 
amorphized SPPs, highlighting the alignment of features in the metal phase, e.g., black spot defects (BSD). A zoomed-in image of one of the amorphized SPPs is 
provided, along with its elemental profile.
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throughout the oxide.
Region I formed a non-uniform nodular-like oxide where spotty 

patches of oxide are present on the specimen surface under back-
scattered electron imaging conditions, as shown in Fig. 13. Fig. 14 shows 
in cross-section isolated non-uniform oxide (nodular-like) regions 
formed on the Schedule 2 pre-irradiated samples under SIC, leading to 
the high variability in corrosion thickness depicted for Region I in Fig. 9.

Finally, the corrosion observed on the radiolysis bars in Region E and 
Region J can be examined to highlight the effect of radiolysis without 
the simultaneous irradiation of the growing oxide layer under SIC. The 
horizontal position of the radiolysis bar hindered some of the convection 
flow generated by beam heating on the disc, creating a relatively stag-
nant region where radiolysis products accumulated on the downward- 
facing pre-irradiated surface. Fig. 15b and c show the different surface 
appearance in Region E (the radiolysis bar that saw Schedule 1 pre- 
irradiation) compared to Region D under SIC conditions. Regions with 
a thicker oxide appear darker in those micrographs. Although the 
thickness of the oxide layer in Region E exhibits some grain-to-grain 
variation, with corrosion in one grain progressing up to 2–3 times 
faster than in its neighboring grain. Region J (the radiolysis bar) that 
saw Schedule 2 pre-irradiation, shows a corrosion layer with a consid-
erably higher degree of variation in oxide thickness (Fig. 15e and f). The 
oxide layer exhibits a localized corrosion, or a nodular-like pattern 
similar to Region I, but the upper range of the observed corrosion 
occurring under radiolysis alone is less than under radiolysis combined 
with active displacement damage. It is clear that substantial variations 
in oxide thickness are observed –Fig. 15f shows a factor of 5 or 6 dif-
ferences in oxide thickness between regions.

4. Discussion

The results presented in the previous section help differentiate be-
tween the possible causes of corrosion acceleration of Zircaloy cladding 
under irradiation in a PWR. In contrast to the controlled conditions of an 
autoclave, corrosion within a PWR exhibits distinct differences due to 

Fig. 12. STEM BF and HAADF images metal/oxide interface of Region I on Schedule 2 irradiated disc sample. The left and middle image shows the sub-micron cracks 
observed in the SIC-grown oxide; the right image shows the equiaxed nature of the oxide grains and nano-porosity between the grains.

Fig. 13. Frontal backscattered SEM micrographs of (a) pre-irradiated samples subjected to SIC, subjected to Schedule 2 irradiation Region I, (b) zoomed-in region of 
interconnected nodules with surface cracks, (c) zoomed-in region of isolated nodules with surface cracks.

Fig. 14. Bright field and HAADF STEM images of the oxide in the PR-SIC region 
of the Region I #2ST-SIC sample.
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several key factors. The irradiation flux in reactors introduces 
displacement damage both to the substrate metal matrix and to the 
growing oxide layer, as well as radiolysis of the water.

This study investigates these factors by creating distinct regions that 
either have or have not been subjected to prior irradiation fluence, and 
which are or are not subjected to irradiation flux during corrosion, along 
with a region that experiences radiolysis alone without displacement 
damage during corrosion. One complicating factor that will be discussed 
in more detail later is that the radiolytic conditions created in the SIC 
tests appear to be more oxidizing than that exist in a typical PWR, 
approaching that of a BWR.

4.1. Impact of substrate metal irradiation damage on corrosion

Pre-irradiation does not affect corrosion in the absence of irradiation, 
at least in the pre-transition regime. Dislocation loop formation, 
amorphization of SPPs, and Fe redistribution from the SPPs appear to 
have little or no effect on autoclave corrosion behavior (compare 
autoclave exposure results on pre-irradiated samples) regardless of pre- 
irradiation conditions. This has also been confirmed with the out-of-flux 
SIC regions (compare Regions A vs. B, and F vs. G).

Radiolysis alone increases the corrosion rate on the pre-irradiated 
samples (compare Region E with. B, and Region J with G). However, 
radiolysis has a stronger effect on the sample pre-irradiated with 
Schedule 2 as compared to the sample pre-irradiated with Schedule 1 
(compare Region J vs. E). This suggests that radiolysis combined with 
hardening of the matrix through irradiation defect formation (Region E) 
increases corrosion slightly, however, radiolysis combined with SPP 
amorphization and loss of Fe to the matrix increase the corrosion rate 

and localize corrosion rate more substantially in the SIC test (Region J).
Concurrent ballistic damage and combined with radiolysis increase 

the corrosion rate even further with respect to exposure in the absence of 
both ballistic damage and radiolysis (compare Region C vs. A, D vs. B, H 
vs. F, and I vs. G). The condition of the SPPs has a strong effect on the 
corrosion response under SIC condition. The individual effects are dis-
cussed below: 

• Schedule 1 pre-irradiation (dislocation loop formation and matrix 
hardening only) tends to result in more uniform corrosion behavior, 
while Schedule 2 pre-irradiation (dislocation loop formation, SPP 
amorphization and Fe loss) leads to a more heterogeneous response.

• The greatest and most uniform corrosion acceleration under SIC 
conditions was seen with non-pre-irradiated materials (Region C). 
Dislocation loop formation and concurrent matrix hardening signif-
icantly decreased that corrosion acceleration (Region D compared to 
Region C).

• Just amorphizing the SPPs (Schedule 2 irradiation) increases SIC 
corrosion over that observed with Schedule 1 irradiation induced 
hardening alone. (Region H compared to Region D).

• Fe loss from the amorphized SPPs then further increases SIC corro-
sion over that observed with amorphized SPPs alone (Region I 
compared to Region H).

It appears that irradiation induced matrix hardening can also be 
hypothesized to enhance concurrent irradiation corrosion resistance 
(compare Region C vs. D). According to current literature, oxide growth 
typically begins with the formation of small equiaxed grains. Stress 
minimization is achieved through the growth of columnar monoclinic 

Fig. 15. The pre-irradiated radiolysis bar samples Regions E and J in (a) and (d) optical image that indicates the radiolysis-affected region as shown in the inset 
illustration, (b) and (e) the SEM backscattered image that shows the non-uniformity of the oxide within the radiolysis-affected region and the surrounding region with 
uniform oxide thickness, (c) and (f) the SEM/FIB trench cut showing the significant difference in oxide thickness between adjacent grains.
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grains from properly oriented seeds [42]. The improved corrosion per-
formance of Region D compared to Region C, suggests that strength-
ening of the underlying metal matrix plays a role in supporting in-plane 
compressive stress in the oxide, thereby stabilizing oxide growth and 
reducing cracking.

Oxide cracking is often associated with small, equiaxed oxide grains, 
as observed in previous SIC corrosion studies [20] and autoclave 
corrosion study [43]. The oxide formed in Region C, H and I (thicker 
oxide region) exhibited a higher density of lateral cracks (see Fig. 12), a 
characteristic feature of non-protective oxides [44].

The observed increase in oxidation rate with precipitate amorph-
ization and Fe loss is primarily associated in these SIC tests with the 
onset of very non-uniform corrosion. This process can be triggered by 
preferential corrosion for some crystallographic orientations, where one 
grain corrodes faster than its neighboring grains, causing stresses at the 
grain boundaries [45]. These stresses can lead to oxide layer cracking, 
which reduces the protective nature of the oxide. Research by Ensor 
et al. has stated that localized corrosion can fragment the oxide layer, 
further destabilizing growth [46]. In Fig. 16, we hypothesize the pro-
gression of these non-uniform corrosion scenarios and connect them to 
our observations from both the autoclave and SIC experiments.

In summary, under the SIC conditions in these tests, the material 
with the least corrosion resistance is the as-manufactured, high- 
annealing parameter, non-pre-irradiated Zircaloy-4. Pre-irradiation, 
which induces dislocation loop formation and matrix hardening, 
considerably improves the corrosion resistance. However, pre- 
irradiation also causes SPP amorphization and Fe loss, which degrades 
corrosion resistance and can lead to highly non-uniform corrosion.

4.2. Impact of radiolysis on corrosion

The complex water chemistry under SIC conditions has a significant 
impact on Zircaloy-4 corrosion behavior. To assess the relevance of the 
current findings to PWR water chemistry conditions, the concentrations 
of radiolysis products generated in the SIC experiments were simulated 
using an adapted Python code originally developed by Doyle et al. [47], 
tailored to model radiolysis yield based on G-values obtained under 
proton radiation at 300 ◦C, as detailed in the review by Elliot and Bartels 
[48]. The simulated concentration of radiolysis products evolution as a 
function of time at a dose rate of 10 kGy/s (for PWR and BWR) and 72 
kGy/s (for SIC tests) are depicted in Fig. 17. For simplicity, regardless of 
the water chemistry, the interaction time between neutron/gamma rays 
or protons and the water is fixed at 2 s. This duration is sufficient to 

reach a steady-state and also represents the typical time required for the 
radiolysis products to flow out of the irradiation region during SIC tests.

In BWR environments, due to the lack of hydrogen overpressure, the 
dissolved oxygen levels produced in the coolant are high (typically 
100–200 ppb) [49], leading to oxidizing conditions that promote high 
redox potentials (around 350 mVSHE in normal water chemistry, 
BWR-NWC, and − 540 mVSHE in hydrogen water chemistry, BWR-HWC). 
These conditions generally increase the propensity for accelerated 
corrosion, especially in the presence of radiolysis products such as 
hydrogen peroxide (H2O2), which further elevates redox potential. At a 
dose rate of 10 kGy/s, which is typical for a BWR, the expected 
steady-state concentration of H2O2, O2 and H2 can reach up to 10 µM. 
Garzarolli et al. discusses the fact that Zircaloy-4 exhibits a more com-
plex corrosion process in oxygen containing in-reactor environment, 
where nodular corrosion occurs on materials with annealing parameters 
above 10− 18 [50]. As indicated in our previous publication, the 
Zircaloy-4 used in this study has an annealing parameter close to 10− 16 

[12], optimized more for PWR corrosion resistance as compared to BWR 
corrosion resistance.

In contrast, PWR environments operate with a hydrogen over-
pressure in the primary coolant and at much higher pressure (15–16 
MPa), preventing boiling and leading to lower dissolution oxygen levels 
(typically < 5 ppb). This creates reducing conditions with much lower 
redox potential at − 820 mVSHE [49]. Water radiolysis is significantly 
lower compared to BWR conditions, as shown in Fig. 17. In these con-
ditions, H2O2 concentration can only be sustained at 10 nM under direct 
neutron/gamma flux and drops to zero immediately after the radiation is 
removed due to scavenging effect of hydrogen on oxygen and free 
radicals.

In the SIC experiments, due to the higher dose rate of 72 kGy/s, 
significant levels of H2O2 are calculated to be present in the SIC region 
despite the use of a hydrogen overpressure. The concentration of H2O2 
alone can reach 0.2 μM, resulting in a redox potential in the vicinity of 
0 mVSHE [17,51]. This increased potential is far from the typical PWR 
redox potential and falls somewhere between the BWR-NWC and 
BWR-HWC conditions. The increased corrosion potential experienced by 
the sample in SIC region could explain why the high annealing param-
eter Zircaloy-4 used in these experiments exhibited behaviors more akin 
to a BWR environment rather than a PWR environment in the UR-SIC 
position (Region C in Fig. 9). The fact that pre-irradiation improves 
corrosion resistance in the PR-SIC regions (Region D and I in Fig. 9) 
compared to the UR-SIC Region C is also consistent with high annealing 
parameter Zircaloy-4 in a BWR environment.

Fig. 16. Schematic of different modes of oxide localization and instability observed during autoclave and SIC experiments.
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The absence of accelerated corrosion outside the SIC region, coupled 
with the clear boundary between the SIC and non-SIC regions in the disc 
samples (Fig. 8), suggests that radiolysis products in bulk water have 
limited reach due to their short lifespan.

4.3. Impact of active displacement damage on corrosion

Previous studies on radiation-enhanced diffusion (RED) using similar 
SIC test methods [18] concluded that defect recombination controls 
defect concentration in the oxide, and RED is not a significant mecha-
nism for enhancing corrosion at SIC proton irradiation rates around 1 ×
10− 7 dpa/s. This conclusion is supported by irradiation test observation 
that in-PWR corrosion is not accelerated in the pre-transition corrosion 
regime [10] The current tests further support this, as the damage rate 
during the SIC experiment was comparable to the damage rate seen in 
ATR studies at 310 ◦C at a neutron flux of approximately 6.5 × 1013 

n/cm2-s, or 1 × 10− 7 dpa/s [10]. Despite this similarity in damage rates, 
the corrosion rate in the SIC test of 1000 nm/day was 23 times higher 
than the corrosion rate of the ATR test at 44 nm/day under the same 
conditions. Even at the highest ATR neutron flux (1.6 × 1014 n/cm2-s, or 
2.5 × 10− 7 dpa/s), the SIC corrosion rate was 2.4 times faster, indicating 

that RED in the oxide is not be the primary cause of corrosion acceler-
ation and that the higher dose rate of radiolysis in the SIC test plays a 
more significant role.

5. Conclusions

A detailed study was conducted to investigate the effects of irradia-
tion on accelerating waterside corrosion in Zircaloy-4 at 320 ◦C using 
proton irradiation to simulate irradiation occurring in a light water 
reactor. Long-term autoclave corrosion experiments and short-term SIC 
tests were conducted in high-temperature water with a hydrogen over-
pressure on both unirradiated and pre-irradiated samples. Pre- 
irradiation was done following two distinct irradiation schedules. By 
irradiating specific regions of the samples while exposing the entire 
sample to high-temperature water, it became possible to discern specific 
effects contributing to accelerating corrosion in the SIC tests. The orig-
inal goal was to investigate irradiation effects on corrosion in a PWR 
environment. As such, high annealing parameter Zircaloy-4 and a water 
environment with a hydrogen overpressure was used. The in-situ proton 
irradiation conditions however appears to have created a more oxidizing 
corrosion environment in the SIC tests than exists in the bulk channels of 

Fig. 17. Radiolysis product concentration profiles plotted as a function of time for BWR (200 ppb of dissolved oxygen) and PWR (3 ppm dissolved hydrogen) 
conditions at 10 kGy/s; hydrogenated water condition at 320 ◦C, and 72 kGy/s.
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a PWR. The main observations and conclusions from this testing are 
summarized as follows: 

• Pre-irradiation does not affect corrosion in the absence of further 
irradiation, particularly in the pre-transition regime, as changes such 
as dislocation loop formation, SPP amorphization, and Fe redistri-
bution show little effect on corrosion. This is demonstrated in both 
the 360-day autoclave corrosion tests and the 3-day SIC tests 
(comparing Region A to Region B in Fig. 9, and Region F to Region G 
in Fig. 9).

• Radiolysis along increases both the corrosion rate and its non- 
uniformity in pre-irradiated samples, with a stronger effect 
observed in Schedule 2 pre-irradiation (Region J in Fig. 9) compared 
to Schedule 1 pre-irradiation (Region E in Fig. 9). This indicates that 
SPP amorphization and Fe loss in Zircaloy-4 result in a more pro-
nounced and non-uniform corrosion response in the radiolytic 
environment produced during SIC tests.

• Concurrent ballistic damage and radiolysis significantly accelerated 
corrosion compared to conditions without these effects. However, 
the state of the SPP plays a role in the corrosion response. Under the 
SIC conditions created in these tests, the least corrosion resistant 
material was the as-manufactured, high-annealing parameter, non- 
pre-irradiated Zircaloy-4 (Region C in Fig. 9). Pre-irradiation, 
considerably improved corrosion resistance (Region D in Fig. 9). 
However, when pre-irradiation also caused SPP amorphization (Re-
gion H in Fig. 9) or SPP amorphization with Fe loss (Region I in 
Fig. 9) corrosion resistance was degraded, leading to non-uniform 
corrosion.

• The fact that pre-irradiation of the Zircaloy-4 slightly improves the 
SIC corrosion behavior is not characteristic of a PWR corrosion 
environment. However, it is characteristic of a BWR corrosion 
environment, further supporting the radiolysis calculations that 
suggest the radiolytic environment in these SIC tests is more 
oxidizing than what typically exists in a PWR.

• Although somewhat confounded by the greater radiolysis occurring 
in these tests compared to the bulk channels of a typical PWR, the 
results suggest that the in-reactor corrosion acceleration observed in 
Zircaloy-4 in a PWR environment is a synergistic response to multi-
ple factors, including irradiation-induced modifications to the base 
metal and the radiolytic environment at the corroding surface. The 
proton irradiation used in these SIC tests created a more oxidizing 
environment than typically found in the bulk of a PWR, even with 
hydrogen overpressure, supporting the possibility that heteroge-
neous radiolysis within a post-transition corrosion film could simi-
larly create a more oxidizing environment than exists in the bulk 
coolant channels of a PWR.
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