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Abstract 

 

This work assesses the potential of proton irradiation to simulate the neutron damage to the matrix 

and laves phase Zr(Fe,Cr)2 precipitates in Zircaloy-4. Isothermal proton irradiation has been 

performed on Zircaloy-4 samples at irradiation temperatures ranging from 250-350°C. Two-step 

proton irradiation was also performed to enhance the amorphization of and iron loss from the laves 

phase Zr(Fe,Cr)2 precipitates. The irradiated microstructures, including dislocation loops and rafts 

near SPPs, were observed in proton irradiated Zircaloy-4, which are consistent with neutron 

irradiated material at a similar damage level. The amount of irradiation-induced hardening after 

proton irradiation was similar to post neutron irradiated data. The significant amorphization of the 

SPPs and concurrent Fe redistribution observed on neutron irradiated materials can be effectively 

emulated using a two-step proton irradiation on Zircaloy-4. Hence, the neutron irradiation effect 

on Zircaloy-4 can be mostly captured using the two-step proton irradiation described in this study. 

 

1. Introduction 

This work is being conducted as a part of the Mechanistic Understanding of Zirconium Corrosion 

MUZIC-3 Consortium, investigating irradiation-induced corrosion acceleration mechanisms in 

zirconium base alloys. As discussed in detail in Ref. [1], the long-term post-transition corrosion 

rates of Zircaloy-4 are significantly accelerated in a PWR radiation environment over that observed 

with non-irradiated specimens in an autoclave environment. In-reactor post-transition corrosion rate 

acceleration by as much as 30 to 40 times that of long-term out-of-reactor autoclave rates are 

observed at irradiation temperatures of ~270◦C to 310◦C. This in-reactor acceleration decreases 
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with increasing irradiation temperature, becoming only a factor of ~3 to 4 times the long-term 

autoclave corrosion rates at 350◦C. As a result, there is a greater in-reactor corrosion acceleration 

at low temperatures.  

 

Interestingly, as illustrated in Ref. [1], the PWR radiation environment has little effect on the pre-

transition corrosion rates of Zircaloy-4, even after extended times in the environment, over 1200 

days at 270◦C, under neutron flux conditions as high as 1x1014 neutrons/cm2-s (E>1MeV) and to 

damage levels as high as 17 dpa. This indicates that displacement interactions of neutron 

irradiation with the growing pre-transition oxide film itself do not significantly affect the rate-

limiting transport processes of oxygen and electrons through this passivating layer, approximately 

half of which was established in autoclave pre-filming. The relative insensitivity of Zircaloy 

pretransition corrosion to irradiation in the PWR environment is consistent with the uncertainty in 

the literature about whether the radiation environment of a PWR caused any acceleration of 

Zircaloy corrosion [2]. This observation is also consistent with recent short-time in-situ proton 

irradiation corrosion tests, showing no measurable corrosion acceleration of Zircaloy-4 under 

proton irradiation conditions simulating dpa rates occurring under high-flux neutron-irradiation 

conditions in a PWR environment, ~1.7x10-7 dpa/s [3]. It is not surprising that significant 

enhancement is not instantaneous but rather requires some period before fully manifesting itself. 

 

The corrosion data presented in Kammenzind et al. [1] indicate that two factors significantly 

increase the observed in-reactor corrosion rates of Zircaloy over that observed in an autoclave. 

One is pre-irradiation of the Zircaloy metal, and the second is applying a thicker post-transition 

corrosion film before insertion into the in-reactor environment. Indeed, several other factors (as 

reviewed by Cox [4]), can contribute to the enhanced post-transition corrosion rates observed in-

reactor on Zircaloy-4 clad fuel rods. These factors include high hydride concentration at the 

surface of rods near end-of-life [5–8], and potential concentration of lithium from the bulk water 

into the corrosion film as a result of boiling within the film [9–11]. While these effects must be 

accounted for to accurately model the overall corrosion behavior of Zircaloy clad fuel elements, 

they are not direct effects of the radiation environment but more from heat transfer out of the fuel 

rods. Such effects can be duplicated in out-of-reactor environments. The hydride and lithium 
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effects mentioned above are absent from the Advanced Test Reactor (ATR) test samples [1], as 

there is virtually no heat flux emanating from them, and hydrogen contents of the samples are 

relatively low, even after fluences of greater than 100 × 1024 n/m2 in the high flux, 270°C to 

310°C temperature environments. Thus the large corrosion accelerations observed in Zircaloy-4 

in Ref. [1] directly result from the radiation environment. 

 

It is well known that extended neutron irradiation alters the starting non-irradiated microstructure 

and microchemistry of Zircaloy-4 in several ways. The high-fluence effects of neutron irradiation 

on the base metal have been demonstrated to affect corrosion rates in post-irradiation autoclave 

corrosion tests [12,13]. Its impact is accentuated in the in-reactor environment [1], where 

sustained corrosion acceleration (especially once a post-transition corrosion film with a porous 

outer oxide layer develops) is much more significant than observed in the post-irradiation 

autoclave exposures (without the irradiation environment). As demonstrated by Kammenzind et 

al. [1], the fact that the presence of a fossil oxide film on the surface of previously non-irradiated 

corroding samples accelerates the in-reactor corrosion of zirconium alloys in its own right, 

combined with the observation that this acceleration is increased with increasing fluence as 

second phase particles (SPPs) in the Zircaloy-4 metal are altered by irradiation suggests that some 

aspects of the radiation environment are acting synergistically with the corrosion film formed 

from the irradiation damaged base metal to accelerate corrosion rates further in-reactor. 

 

The overall goal of this program is to utilize proton irradiation as one tool to separate out the effect 

of irradiation damage to the metal on the accelerated corrosion from the effects of heterogeneous 

radiolysis within the fossil oxide discussed in Ref. [1,14]. Proton irradiation has been used to study 

the mechanical response of zirconium alloys in lieu of neutron irradiation due to its quick 

turnaround time and low activation of the metal [15–18]. Although previous studies have 

demonstrated its feasibility in inducing loop formation and simulating post-neutron-irradiated 

mechanical behavior, only a limited number of these studies explored the post-irradiation 

microstructure and microchemistry of the SPPs or the effect of irradiation conditions on their 

evolution. A good summary of what has been published can be found in Ref. [19]. However, as 

summarized above and discussed in Ref. [1], it is the SPP microstructural and microchemical 

evolution that is hypothesized to be one important factor in the corrosion performance of Zircaloy-
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4 in a PWR environment. Hence, this work explores the use of proton irradiation to emulate 

neutron damage of the microstructural and microchemical evolution of the SPPs and matrix in 

Zircaloy-4 and determines the best proton irradiation conditions and practices that can reproduce 

the microstructural and microchemical evolutions observed under neutron irradiation of Zircaloy-

4 in a PWR environment.  

 

2. Experimental  

2.1 Material and sample fabrication 

Fully recrystallized Zircaloy-4 in 1 mm sheet stock was used in this study. The alloy composition 

of the supplied material is listed in Table 1. The material was processed for corrosion resistance 

in a PWR environment. All final processing steps for the sheet material were performed in the 

single alpha-phase field. The final plate received a recrystallization anneal in the high alpha-

phase field following rolling. The final annealing parameter "A" was approximately 1x10-16 [20], 

where A is defined as 

 

A= ∑ ti exp (-40,000/Ti)         (1) 

 

where ti is the time of annealing step i in hours, and Ti is the temperature of annealing step i in 

Kelvin. This processing produced second phase precipitates with a mean size on the order of 0.24 

µm. The final material has equiaxed grains with a mean grain size of about 15 µm. The final 

texture represents alpha-phase rolled and annealed plate product with the majority of the basal 

poles perpendicular to the plate surface, split up to 30 degrees in the transverse direction.  This 

material received the same processing and has the same starting microstructure as the specimens 

discussed in Ref. [1] and [21]. The starting microstructure is more fully described in Ref. [22].   

 

Matchstick-size bars of geometry 2×20×1 mm were produced out of the sheet stock using electric 

discharge machining (EDM). Samples were then mechanically ground and polished to a mirror 

finish using SiC sandpaper and colloidal silica, respectively.  

 

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

 

Alloy Sn Fe Cr O Si Al H 
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Zircaly-4 1.55 0.22 0.11 0.14 0.01 0.003 0.0005 

 

2.2 Proton irradiation experiment  

The Zircaloy-4 samples were proton irradiated at the Michigan Ion Beam Laboratory using a 3 

MV Pelletron accelerator. A 2 MeV proton beam was delivered to the sample surface at a current 

density of 41 µA/cm2 (2.6×1014 protons/cm2-s). Multiple irradiations were carried out at various 

temperatures to study the effects of irradiation temperature on alloy microstructure evolution. 

SRIM was employed to simulate displacement damage events in the target material using 2 MeV 

protons as projectiles. The Quick Kinchin-Pease mode was applied in this study, as Stoller et al. 

[21] recommended, with a displacement energy of 40 eV for Zr, Fe, and Cr. The proton irradiation 

dose (dpa) level was calculated at a depth of 3-5 µm below the irradiated surface. This reference 

depth was chosen considering the future characterization of the irradiated microstructure, as typical 

FIB lift-out samples are 10 -15 µm in width and 5-6 µm in height. The dose calculated at 3-5µm 

below the surface would be appropriate to represent the dpa level of the lift-out. At this penetration 

depth, a proton fluence of 7.8×1019 protons/cm2 would impart about 5 dpa of damage to the sample 

at a damage rate of ~1.62×10-5 dpa/s, which is about two orders of magnitude greater than peak 

damage rates experienced as a result of neutron irradiation in a PWR environment. The calculated 

proton damage profile and proton distribution profile are illustrated in Figure 1.  

 

Figure 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 [23], with the 

displacement energy of 40 eV, and assuming a proton fluence of 7.8×1019 protons/cm2
. 
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Proton irradiations were conducted at five isothermal irradiation temperatures (250°C, 280°C, 

310°C, 330°C, and 350°C) and using a two-step temperature profile (-10°C then 350°C). For each 

isothermal irradiation temperature, six individual bars were irradiated through the multi-step 

irradiations to produce a set of samples with three different doses. As illustrated in Figure 2, Zone 

1 (highlighted in red) was irradiated to 3.4 dpa in Step 1, with an irradiation area of 6×6 mm; 

followed by opening the left beamline slit up by 6 mm (6×12 mm irradiating area), allowing an 

additional 1.1 dpa to be accumulated in Zones 1 and 2 in Step 2; finished by opening the right slit 

to the full width (6×18 mm), and allowing an additional 0.5 dpa to be accumulated on all three 

zones. Each irradiation zone consists of two bar samples, bounded by two dummy bars (dark grey) 

on either side. J-type thermocouples (TC) were attached to the dummy bars to calibrate a 2-D 

FLIR® Thermal Imaging System that monitored the temperature at multiple locations for each 

irradiation throughout the experiment to generate a temperature histogram. Temperature control 

was maintained using an electric cartridge heater and pressurized air cooling of the back of the 

irradiation stage and yielded an average 2σ variation of <3°C. Heat conduction between the stage 

and the samples was through a layer of molten indium. The vacuum chamber pressure of each 

irradiation was maintained below 10-7 torr (< 1.3×10-5 Pa). 

 

In addition to these five isothermal irradiation temperatures, a two-step irradiation was conducted 

consisting of a -10°C irradiation followed by a 350°C irradiation. The -10°C irradiation was 

conducted using a dedicated liquid nitrogen cooled irradiation stage. The sample was mounted on 

a copper block via a layer of indium as the heat conductor. The copper block was thermally 

insulated and only connected to a liquid-nitrogen-cooled copper rod. The initial temperature of the 

sample without a proton beam was recorded to be as low as -163°C. With the proton beam on the 

sample, the surface temperature rose to -10°C. The low-temperature irradiation was then followed 

by a 350°C irradiation to promote Fe redistribution and dislocation loop formation.  
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Figure 2. Schematic of sample arrangement and irradiation steps to achieve different dose levels 

in different regions. 

 

2.3 Characterization techniques (FIB, TEM/STEM, EDS, APT, microhardness) 

Transmission electron microscopy (TEM) lamellae were prepared in an FEI Helios Nanolab 650 

focused ion beam (FIB) system at the Michigan Center for Materials Characterization (MC2) at 

the University of Michigan. Lift-out procedures applied in this work consists of two steps. First, a 

lamella was rough cut and lifted out onto a copper grid. Second, a liquid nitrogen cooled cryo-

stage was utilized while carrying out the thinning process at -150°C. The cryo stage acts as a cold 
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finger to reduce the hydrogen partial pressure near the sample surface and significantly reduce the 

kinetics for hydrogen adsorption, absorption, and diffusion. The cryogenic thinning procedure 

ensures that the TEM lamellae are free of artifact δ hydride precipitation [24].  

 

Dislocation loops were imaged in STEM bright-field (BF) mode using an FEI TF30 microscope. 

The dislocation loops were characterized using hand-counting techniques and the ImageJ software 

package to measure the dislocation loop diameter and number density from the STEM-BF images. 

The characterization of precipitate and matrix compositions was performed using the FEI Talos 

F200X scanning/transmission electron microscope (S/TEM) instrument equipped with high 

counting rate energy-dispersive x-ray spectroscopy (EDS) at the University of Michigan. The 

collected EDS signal was processed into weight/atom percentages for quantitative analysis using 

the Cliff-Lorimer method [25].  

 

The atom probe tomography (APT) analysis was conducted at the Idaho National Laboratory (INL) 

using a Local Electrode Atom Probe (LEAP) system in a manner to minimize background noise 

for quantification of signals in the mass spectrum. The APT specimens from the proton irradiated 

Zr-4 sample were prepared by standard lift-out, and milling procedure using an FEI Quanta 3D 

FEG focused ion beam (FIB) instrument at INL. Data acquisition was performed on a Cameca 

LEAP 4000X HR instrument.  

 

Microhardness tests at room temperature were conducted on all the irradiated materials. A Vickers 

Hardness indenter (Buehler MICROMET® II Hardness Tester) was employed to measure the post-

irradiation microhardness at a load of 50 g, using 30 indentations per measurement. Measurements 

were made pushing into the outer irradiated face of the samples. The indent is about 20 µm by 

20µm in size and penetrates inward through about 80 % of the proton penetration depth. 

3 Results  

 

The result section consists of the characterization of the as-received and proton irradiated samples 

consisting of SPP amorphization and damage microstructure. Within each sub-section the 

isothermal irradiation results will be presented first, followed by the two-step irradiation results.  
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3.1 As-received Zircaloy-4 

Processing of the Zircaloy-4 used in this study was described earlier and is the same as that used 

in the corrosion studies in Ref. [1], the microstructural and microchemistry study in Ref. [22], and 

the neutron irradiation effects study in Ref. [21]. The non-irradiated microstructure of the Zircaloy-

4 in the as-received condition is summarized as follows. The rolled and recrystallization annealed 

sheet is in the α-zirconium phase, consisting of equiaxed grains with an average grain size of 15 

µm. The mean SPP sizes are on the order of 0.24 µm as previously characterized [22]. Among 

other possible precipitates identified in Zircaloy-4, only the C14 type hexagonal close-packed 

laves phase Zr(Fe,Cr)2 SPPs were observed and characterized in this study. 

 

In Figure 3a, a TEM image shows the as-received alloy matrix, with a sparse appearance of 

bending contours and dislocation lines. As shown in Figure 3b, the BF image of the SPP exhibited 

contrast stripes, namely stacking faults, which are often observed in the C14 Laves phase [25,26]. 

Figure 4 shows EDS elemental maps and line profiles for a non-irradiated SPP that exhibits 

uniform Fe and Cr distribution (at the resolution of the EDS technique). The alloying element 

composition of the SPP is at ~ 45 at.% Fe and ~ 19 at.% Cr, which equates to a Fe/Cr (at/%) ratio 

of ~ 2.3, agreeing well with the reported value of ~2±0.56 in the non-irradiated condition [22,26].  
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Figure 3. TEM Bright-field images of as-received (a) metal matrix and (b) Zr(Fe,Cr)2 laves phase 

SPP.  

 

 

Figure 4. EDS elemental maps of an unirradiated hcp C14 Laves phase precipitate, and the 

integrated elemental distribution profile across the precipitate, with an average Fe/Cr ratio of 2.3. 

(For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Page 11 

3.2 Proton Irradiation 

 

3.2.1 Amorphization of SPPs  

Isothermal proton irradiations were conducted to doses of 0.5, 1.6, and 5 dpa at five irradiation 

temperatures (250°C, 280°C, 310°C, 330°C, and 350°C) to investigate total damage and irradiation 

temperature effects on laves phase SPP amorphization. Across the range of temperatures, only 

partial amorphization of the SPPs was achieved. An amorphous rim is observed to develop at the 

interface between the matrix and the Zr(Fe,Cr)2 precipitates implying the transformation starts at 

the SPP perimeter and moves inward towards the center. As shown in Figure 5 for samples 

irradiated at 280°C, the amorphous rim thickens as the damage level increases. Amorphous rim 

thickness measurements at all the irradiation temperatures, as a function of dose and temperature, 

are graphically summarized in Figure 6. A general trend for increasing amorphous rim thickness 

with increasing proton irradiation dose and decreasing irradiation temperature is observed. 

 

Figure 5. TEM bright-field images of amorphized rim evolution of SPPs as a function of damage 

level, SPPs in the depth of 2-5 µm below the irradiated surface were examined on the 280°C  proton 

irradiated samples (0.5, 1.6, and 5 dpa), whereas the 12 dpa SPP was examined in a lift-out that 

was taken at a depth of 20-22 µm below the irradiated surface on the 5 dpa specimen, near the 

peak damage region illustrated in Figure 1. 
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Figure 6. Amorphization rim thickness determined by STEM/TEM and APT (280°C, 7 dpa sample) 

as a function of irradiation temperature and damage level. The 12 and 15 dpa samples were 

obtained at a depth of 15 and 20 µm beneath the irradiation surface. (Error bars represent ranges 

observed in ppts measured under the given irradiation conditions. Typically, at least 5 precipitates 

per condition.)  

 

 
Figure 7 TEM bright-field images of a) completely amorphized SPPs after proton irradiation at -

10°C up to 2.5 dpa of damage, and indicated locations for the subsequence images, b) high-

resolution TEM image of the amorphized SPP, and c) EDS line profile across the SPPs, indicated 

as an arrow in image a). 

 

Following the first step of the two-step proton irradiation (-10°C, to 2.5 dpa), the SPPs were 

observed to be completely amorphized, as shown in Figure 7a. The high-resolution TEM image in 

Figure 7b confirms the absence of crystallinity in the amorphized region. In Figure 7c, the Fe and 

Cr concentrations observed within the amorphized SPPs agreed well with the non-irradiated case 
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in Figure 4, even at 2.5 dpa. The amorphous state of the SPPs was preserved following the second 

step of 2.5 dpa at 350°C. 

 

3.2.2 Fe loss from SPPs 

All elevated temperature, isothermal irradiation conditions produce insignificant amorphization 

rims on the order of 10-20 nm, shown in Figure 5. It is important to note that, due to the very thin 

dimensions of the amorphous rim regions of the precipitates in the isothermal proton irradiated 

samples, the majority of the SPP remains as crystalline, and the composition remained near the 

stoichiometry of the original SPP. Hence, only the first 100 nm of SPP at the matrix/SPP interface 

was analyzed for any chemical composition changes, as illustrated in Figure 8 (a-b). EDS analysis 

was only carried out on SPPs that contain an edge-on section through the thickness of the lift-out, 

and the SPP/matrix interface was tilted parallel to the electron beam to minimize any overlapping 

effects from the matrix. All EDS maps were collected on the same instrument with identical 

parameters. The raw data obtained on the percentage of alloying element (i.e., Fe+Cr) loss was 

also corrected against non-irradiated SPP references for more accurate assessment.  

In Figure 8(c), at a damage level of 5 dpa, the Fe+Cr loss peaks at 330ºC for the isothermal 

irradiations with a mean value of ~14 % depletion, whereas the two-step irradiation sequence 

achieved a ~29 % depletion. It should be noted, however, alloying element depletion fails to 

correlate with the amorphization behavior observed in Figure 6. As the irradiation temperature 

increased from 280 to 330ºC, there was an increase in alloying element depletion from the near 

interface region of the SPP, although amorphization rim thickness decreased at higher irradiation 

temperatures.  
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Figure 8 Schematic of the alloying element loss analysis from EDS line profile across an SPP, (a) 

non-irradiated SPP composition profile in the first 100 nm, (b) composition profile of the SPP after 

proton irradiation, (c) percentage of (Fe+Cr) loss as a function of irradiation temperatures and 

methods (i.e., isothermal or two-step).    

 

Following the two-step irradiation sequence, not only did the SPPs remain amorphous, they also 

exhibited Fe depletion on the periphery of the particle, Figure 9. This depleted region appears to 

be on the order of ~50 nm, which is significantly thicker than that produced with isothermal proton 

irradiations to 5 dpa in the temperature range of 250ºC to 350ºC (Figure 6). Iron and chromium 

levels in the center of the ~300 nm particle remain close to the non-irradiated case (e.g., at Zr ~ 33 

at.%, Fe ~ 45 at.%, Cr ~ 20 at.%) shown in Figure 4 for as-received material.  
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Figure 9 Bright-field STEM image and EDS maps of laves SPP after a two-step proton irradiation 

sequence. The diffraction pattern of the entire precipitate with a ring reflection shows its 

amorphous nature. EDS maps of amorphous laves phase precipitate revealed its core-shell 

structure with a Fe depleted shell. EDS line-scan profile indicates the chemical composition across 

the precipitate indicated by the white arrow. Rafts are apparent in the STEM image and Fe map, 

and their positions are indicated by the arrows. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 

 

 

Due to the limited detection level of STEM-based EDS techniques, the matrix Fe content was 

determined using atom probe tomography. In Figure 10a, after irradiating with protons to 2.5 dpa 

at -10°C, the matrix Fe content is the same as the as-received material, with no visible Fe clusters 

or segregations. However, when the same sample was irradiated at 350°C for an additional 2.5 dpa, 

a large number of Fe clusters had developed with an average cluster size of 5-10 nm, as shown in 

Figure 10b. The overall matrix Fe concentration after the two-step irradiation sequence rises from 

no measurable Fe level to ~ 0.08 at. %. 
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Figure 10 Atom probe tomography volumetric reconstructions of the needles that were taken from 

a) single-step liquid nitrogen cooled -10°C proton irradiation to 2.5 dpa,  no measurable Fe content 

can be found in the needle, and b) same bar being irradiated again isothermally at 350°C to an 

additional 2.5 dpa, multiple Fe clusters has been identified and overall Fe content of the needle is 

0.08 at.%. 

 

 

3.2.3 Raft formation near SPPs 

Non-uniform distributions of rafts of defects have been observed in the matrix near precipitates 

following neutron irradiation [1,16]. In Figure 11, such “rafts” are typically observed in the vicinity 

of SPPs after proton irradiation. The 3D distribution of the rafts around an SPP can be visualized 

by the schematics shown in Figure 11, where the rafts appear to originate from the SPPs and extend 

150-200 nm into the matrix. In Figure 11 (a-c), the rafts are observed as early as 1.6 dpa at an 

isothermal irradiation temperature of 250°C. However, as isothermal irradiation temperature 

increased to 280-330°C, the rafts were not observed until the damage reached ~5 dpa. Raft 

formation was not observed after isothermal irradiation at 350°C even at 5 dpa. The magnified 

image shown in Figure 11d, indicates that these rafts consist of individual nano-sized features 

clustered linearly. The planes on which these rafts reside coincide with the basal planes. The image 

was taken from the <11-20> zone axis, with the beam parallel to the g=0002 systematic row. The 

spacing between the rafts is 15-20 nm. Idrees et al. also observed <a>-component loops after heavy 

ion irradiation, arranged along the trace of the basal plane in rafts, with ~ 20 nm spacing between 

the rafts [28]. Raft formation was also observed after the two-step irradiation sequence, Figure 9, 

with a width of ~10 nm, similar to the literature value for <a> loops observed in neutron irradiated 

materials.  
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Figure 11. Bright-field TEM images taken from near a <11-20> zone axis, with two beam g=0002 

diffraction conditions. Chemical rafts are observed in the vicinity of SPPs in Zircaloy-4 that was 

proton irradiated at a) 250°C to 1.6 dpa, b) 280°C to 5 dpa, c) 330°C to 5 dpa, via through-thickness 

cross-section FIB lamella preparation, where rafts are only observed in the nearby matrix; and d) 

proton irradiated at 280°C to 5 dpa where lamella containing an amorphous SPP with the 

overlapped matrix that contains rafts, and each raft can be seen as a stack of individual loops 

arranged linearly. 

 

Detailed elemental maps shown in Figure 12 indicate these chemical rafts are enriched with Fe 

and some traces of Cr. The Fe map also reveals the same nano-sized features in these rafts in Figure 

12. Clustering of alloying elements to these planar features has also been observed in neutron and 

proton irradiated Zircaloy-2, where Fe and Cr segregation lead to clustering or precipitation around 

SPPs [29,30]. In Figure 9, similar linear features were observed near the SPP in the matrix in the 

two-step irradiation sequence.  
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Figure 12. Chemical rafts observed in a linear formation parallel to the basal planes next to a 

Zr(Fe,Cr)2 precipitate irradiated with a proton beam at 280°C to 5 dpa (top right). Dark-field STEM 

image of the region highlighted in Figure 11b, and elemental maps of Zr, Fe, and Cr. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

 

3.2.4 Dislocation Loops 

A representative STEM bright-field image of loops observed in proton irradiated Zircaloy-4 after 

isothermal irradiation, Figure 13a, shows the Corduroy effect caused by <a> loop clustering in a 

linear configuration. Loop sizes of 15-25 nm are observed in the 330 ºC and 350 ºC isothermal 

irradiated samples, at doses >2.5 dpa.  

 

Figure 13 STEM bright-field image of loops observed on proton irradiated Zircaloy-4,  

a) <a> loop formation showing Corduroy contrast after 2.5 dpa at 350ºC, b) <c> loops edge-on in 

two beam g=0002 diffraction condition appears as dark line segments after 2.5 dpa at 350ºC. 

 

Figure 13b shows <c> loops observed in the same sample as Figure 13a, at a slightly different 

orientation. The electron beam was parallel to the basal plane in Figure 13b. Since the <c> loops 

form on the (0001) basal planes with <c> component Burger vectors, the <c> loops are observed 

edge-on as projected line segments. The <c> loop densities were estimated at 3.34×1020 m-3 for the 

2.5 dpa 350 ºC sample and 8×1020 m-3 for the 5 dpa 330 ºC. The average size of the <c>-loop is 

typically 150 nm.  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Page 19 

 

Upon completion of the two-step irradiation sequence, <a>-loops are clearly visible in Figure 14a, 

where the Corduroy effect caused by <a> loop clustering is also seen. The <a>-loop density in 

Figure 14b is estimated to be approximately 5.3×1021 m-3, similar to the results obtained on proton 

irradiated Zircaloy-2 by Harte et al. [29]. Figure 14b indicates the <a> loop sizes are on the order 

of 25±9 nm. In projection, some of the <a> loops appear to be parallel with the beam, showing as 

line features as indicated by the black arrows in Figure 14b. Loops on the other prism planes appear 

to be elliptical with a darker contrast. Figure 14c and 14d are STEM images taken under g=<0002> 

two-beam imaging conditions illustrating <c>-loops are also observed in the two-step irradiated 

sample, with a size of 100-150 nm. The arrows indicate where the <c>-loops were located, and it 

should be noticed that <a>-loops were absent where <c>-loops were present, which has also been 

reported by Harte et al., [29] on proton irradiated Zircaloy-2.  

 

Figure 14 STEM images of loops observed after the two-step proton irradiated Zircaloy-4, a) 

bright-field image of <a>loop formation showing Corduroy effect, and b) zoomed-in image of the 

area of interest showing in a) with some of the edge-on <a> loops (indicated by the black arrows) 
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appearing as line features, c) and d) are <a> and <c> loops (<c>-loops are indicated by arrows) 

imaged under two-beam g=0002 diffraction conditions near the <11-20> zone axis. 

 

3.2.5 Irradiation Hardening 

Vickers microhardness data from proton irradiated samples obtained for each irradiation condition 

are plotted in Figure 15. The hardness data indicates that microhardness increases rapidly with 

increasing proton dose in the low damage range and tapers off above 1-2 dpa, matching other 

published results obtained on proton irradiated Zircaloy-4 at similar irradiation temperature and 

doses [18]. Interestingly, a general trend is observed in Figure 15 for an increased hardness at any 

given dose, with increased irradiation temperature. This is opposite the trend under neutron 

irradiation [31]. 

 

Values of the hardness following the two-step irradiation fell between those obtained from 280°C 

to 350°C isothermal irradiations, Figure 15. The slightly increased hardness compared to the lower 

bound 280°C irradiation may be contributed by the Fe cluster formation observed earlier in Figure 

10b, during the second half of the irradiation.  
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Figure 15 Dependence of the Vickers microhardness number on irradiation dose level (dpa) and 

irradiation temperature on isothermal and two-step proton irradiated Zircaloy-4.  

 

4 Discussion 

 

This section will compare the microstructures of the SPP and matrix of the proton irradiated 

samples, such as SPP amorphization, Fe redistribution, and irradiation hardening, to microstructure 

observations from the neutron irradiated samples.  

 

5.1 Amorphization of SPPs 

At LWR operating temperatures (270 -350°C), the SPPs typically evolve under neutron irradiation 

in two ways, amorphization (occurring in the lower temperature range and starting at damage 

levels of only a few dpa) and dissolution (occurring only after very high damage levels at all 

temperatures). This discussion will address the extent of SPP amorphization as a function of 

irradiation damage and Fe and Cr loss from the amorphized SPP and its redistribution into the 

matrix.  

 

Laves phase SPP amorphization under neutron irradiation at LWR operating temperatures 

typically starts at the outer surface of the SPP and progresses inwards with increasing fluence. It 

has been reported by Etoh and Shimada [32], where the partially amorphized SPP consists of a 

crystalline core surrounded by an amorphous rim layer. As neutron fluence increases, a complete 

amorphization of the SPP can be achieved. In the current study, isothermal proton irradiation, even 

at high damage levels ( ~ 15 dpa) at the LWR operating temperatures (280-350°C), has only 

resulted in partial amorphization of the SPPs, with only a small fraction of the precipitate 

amorphized. Conversely, as Kammenzind et al., indicated, at comparable damage levels under 

neutron irradiation (13 dpa, or 9×1021 n/cm2, E> 1 MeV) amorphous rims extending ~100 nm into 

the SPP are observed.  

 

Griffiths et al. [33,34] and Gilbon et al. [35] determined that the amorphization process under 

neutron irradiation is proceeding at a rate of ~ 10-13 nm per 1025 n/m2, E > 1 MeV (~ 1.45 dpa), 

which is ~ 7-9 nm per dpa. Motta [36] and Bajaj [21] also support this amorphization rate in 

neutron-irradiated Zr(Fe,Cr)2 precipitates. Bajaj shows an even higher amorphization rate is 
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possible in the lower end of the LWR operating temperature range of ~ 260°C. The isothermal 

proton irradiations in this study are producing amorphous rims in the second phase Zr(Fe,Cr)2 ppts 

at a rate of ~ 3-4 nm per dpa or less (for the 1.6 dpa samples), which is less than one-half of the 

rate occurring under neutron irradiation.  

 

The compendium of information produced in this study using proton irradiation temperatures 

ranging from 250ºC to 350ºC shows that amorphization of laves SPPs in Zircaloy-4 occurs more 

slowly as a function of dpa than does neutron irradiation. The amorphization rate from both neutron 

and proton irradiations is shown in Figure 16a as a function of the damage rate. In general, damage 

rates under proton irradiations are at least two orders of magnitude higher than under LWR neutron 

irradiation conditions. However, the data suggests amorphization rates as a function of dpa under 

neutron irradiation are indeed higher than under proton irradiation. The slower amorphization rate 

as a function of dpa occurring under proton irradiation is a factor of 2-3 lower than the bulk of the 

neutron irradiation data, despite the two orders of magnitude higher damage rate as a function of 

time. 

 

 

Figure 16 The amorphization rate of Zr(Fe,Cr)2 SPPs as a) a function of damage rate; b) a function 

of irradiation temperatures. Neutron irradiation and other proton irradiation data are empty and 

solid markers, respectively. Neutron fluence data were converted using an average value of 

0.6×1025 n/m2 per dpa [37].  
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The irradiation temperature also has a pronounced effect on the amorphization fraction of the SPP, 

as shown in Figure 16b, in which the amorphization rate decreases with increasing temperature for 

both neutron and proton irradiations. The amorphous rate of SPP follows a roughly linear 

relationship with a negative slope as a function of irradiation temperature, as shown in Figure 6. 

Irradiation-induced SPP amorphization is expected to show an inverse irradiation temperature 

dependence since the higher temperature will increase the tendency of back-diffusion, impeding 

the radiation-induced redistribution of alloying elements or amorphization of the crystalline phase. 

The same observations from both neutron and proton irradiations are further supported by the 

irradiation-induced amorphization model developed by S.X. Wang et al. [38], which assumes that 

amorphization is related to a crystallization efficiency parameter A. For low values of A, as would 

be expected for low irradiation temperatures, the accumulation of the amorphous fraction as a 

function of the dose is an exponentially increasing function. As irradiation temperature decreases, 

the dose for amorphization also decreases exponentially. This was shown by the two-step 

irradiation in which the SPPs were completely amorphized after 2.5 dpa at -10°C. Data from [33] 

suggests that critical amorphization temperature (Tc-a) for laves phase precipitates in Zircaloy 

under neutron irradiation in an LWR environment is above 80ºC, and maybe approaching 280ºC 

under high neutron flux conditions. The two-step proton irradiation performed in this study 

suggests that Tc-a for laves phase precipitates in Zircaloy under proton irradiation could be as low 

as -10ºC. 

 

The data in Figure 6 shows that as irradiation temperature increases, all the datasets for different 

damage levels appear to converge to a “non-amorphization” point at about 380-400°C, where the 

current proton irradiation conditions would likely be insufficient to amorphize the Zr(Fe,Cr)2 SPPs. 

This upper-bound temperature limit inferred from the proton irradiation data is slightly higher than 

the upper-bound temperature reported in [46] for neutron irradiation, which is at ~ 330°C, but 

likely still higher based on the 330 ºC data in [21]. In typical commercial power reactors, the 

thermal energy below ~330°C is insufficient to maintain long-range order in the hcp Zr(Fe,Cr)2 

precipitates, and these intermetallic SPPs gradually become amorphized. In this proton irradiation 

study, it appears thermal energies above 380-400°C may be required in order to maintain long-

range order at the dpa rates used in this study. The required higher temperature under proton 
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irradiation inferred in this study may result from the two orders of magnitude greater damage rate 

occurring under the proton irradiation conditions used, as illustrated in Figure 16a. 

 

Another factor that influences amorphization is the cascade size caused by the irradiating particle, 

which relates to the local density of the defects. The cascades created by neutron irradiation and 

proton irradiation are very different in morphology and size, with cascades caused by neutron 

irradiation being much larger and denser. As illustrated by Was and Allen, in Ref. [39], neutrons 

produce the largest cascade size, similar to heavy ions, with protons producing significantly 

smaller cascades. The effect of cascade size was established in this study by irradiations conducted 

at the same temperature and damage rate as the proton irradiations, but using self (Zr) ions. The 

Zr self ions completely amorphized the SPPs in Zircaloy-4 by 1.6 dpa at 250°C. (to be included in 

a forthcoming paper).  

 

5.2 Alloying elements redistribution 

The diffusion of Fe in Zr is by an interstitial diffusion mechanism, yielding a Fe diffusion rate that 

is several orders of magnitude faster than Zr self-diffusion [40]. The amorphization of Zr(Fe, Cr)2 

precipitates under neutron irradiation at LWR operating temperature is always accompanied by Fe 

depletion in the amorphous region [36]. Francis et al. [15] have also observed Fe depletion from 

the Zr(Nb,Fe,Cr) SPPs during proton irradiation, starting from the periphery of the particle. This 

observation has been confirmed under both isothermal proton irradiation (Figure 12) and two-step 

proton irradiation (Figure 9) in this study, where Fe content dropped from ~45 at.% (original SPP 

Fe level) to ~25 at.%. There is significantly more Fe remaining in the core region (amorphized or 

crystalline) of the irradiated SPP, than in the Fe depleted amorphous rim, in agreement with 

neutron irradiated SPPs observed in Ref. [21]. As illustrated in Figure 8, the loss of alloying 

elements peaked at 330°C under isothermal irradiation conditions. There is likely to be a threshold 

temperature for alloying element depletion between 330 and 350°C, where amorphization and 

depletion of Fe become difficult due to the elevated thermal energy and the favorable condition to 

maintain long-range ordering in a crystal. The changing stoichiometry of the precipitates under 

irradiation is likely enhanced by the greater mobility of Fe than Cr in the surrounding Zr matrix 

under irradiation. However, this Fe depletion was only observed when irradiation temperature is 

high enough for sufficient Fe mobility. The experiment conducted at -10°C to 2.5 dpa (Figure 7c), 
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where no Fe was detected in the matrix (Figure 10a), demonstrated that even with full 

amorphization of the SPP, Fe redistribution would not occur due to the insufficient thermal 

diffusion of Fe. It implies that amorphization is a necessary but not sufficient to distribute Fe away 

from the Zr(Fe,Cr)2 precipitates; thermal diffusion and irradiation enhanced mobility of Fe must 

also be acting synergistically. Hence, the second part, high-temperature irradiation of the two-step 

approach, was designed primarily to enhance Fe redistribution.  

 

The redistribution of Fe from the amorphous part of the SPP to the matrix is a diffusional process 

with irradiation enhancement, i.e., increased defect concentrations and dislocation loop structure. 

Determination of volumetric matrix Fe content via APT has been conducted in this study. However, 

due to the non-uniform redistribution of Fe from the amorphized SPP into the matrix, the APT 

measurement results were largely dependent on proximity to SPPs, hence resulting in large scatter 

of the data. On the contrary, the SPP iron loss measurements at 5 dpa summarized in Figure 8, 

offers a meaningful representation of the total alloying element redistribution from a source 

standpoint.  

 

The APT technique is a powerful tool to capture the interfacial details between SPP and matrix, 

due to the high spatial resolution and volumetric visualization. For the case of irradiation at 280°C 

to 7 dpa shown in Figure 17 (a-b), the APT needle captured the various interfaces between an SPP 

and the matrix. By adjusting the iso-concentration threshold for Fe, the amorphous rim on the SPP 

surface was shown to have considerably lower Fe concentration compared to the SPP bulk 

composition. Moreover, the platelet features in Figure 17 (a-b) extending out of the amorphous 

rim into the matrix share many features in common with the chemical rafts observed around the 

SPP by TEM in Figure 11. In Figure 17c, where the amorphous rim is orientated such that the rim 

is edge-on, the thickness of the rim is 17 nm. The chemical composition across the matrix/SPP 

interface is shown in Figure 17d, where the Fe concentration in the amorphous rim shows a plateau 

at ~ 20 at. %. The bulk SPP Fe concentration is consistent with the EDS data collected on a non-

irradiated SPP shown in Figure 4, at ~ 45-50 at.%. The Fe/Cr ratio in the amorphous region is at ~ 

0.7, which is significantly lower than the value measured for the crystalline core of the SPP at ~ 

2.7 (slightly higher than average value of 2.3). In Figure 17e, the reconstructed volume is 

orientated such that the "chemical rafts" are edge-on. The chemical profile across these rafts is 
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illustrated in Figure 17f along the cylindrical volume indicated in Figure 17e, with an average of 

17 at. % Fe in the raft. The typical thickness of these rafts is 7-10 nm, which is consistent with the 

<a>-loop sizes observed in both proton and neutron irradiated materials.  

 

 

 

 

Figure 17. APT measurement taken at an SPP/matrix interface from Zircaloy-4 that was proton 

irradiated at 280°C to 7 dpa, a) reconstructed volume using an iso concentration surface threshold 

of 20 at.% Fe showed in magenta and Zr in gray, and b) reconstructed volume using a 14 at.% Fe 
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iso-concentration threshold, c) reoriented volume that shows the amorphous rim is edge-on, d) 

composition profile of the arrow line shown in c), e) reorientated volume that shows rafts is edge-

on and parallel with the basal plane, and f) the chemical profile across two rafts shows in e).  

 

 

 

5.3 Dislocation loops  

Loops size and densities 

With increasing neutron irradiation temperature, <a> loop diameter increases, and loop number 

density decreases [42,43]. While it is challenging to identify whether a particular loop is interstitial 

or vacancy in character, there is general agreement that a higher fraction of <a> loops are 

interstitial at irradiation temperatures below approximately 300ºC and a higher fraction are 

vacancy loops at irradiation temperatures above approximately 400ºC [44]. Typical <a>-loop 

diameters of 7-22 nm and number density ranging from 5x1020 - 5x1022 defect/m3, are reported in 

many publications [45,46], with irradiation temperature close to 350ºC and neutrons fluence above 

1x1025 n/m2. At temperatures of 300ºC or below, loop diameter ranges between 5 and 50 nm [45], 

and a higher loop number density have been observed. Past proton irradiation studies at irradiation 

temperatures of 350ºC appear to reasonably emulate <a> loop formation in Zircaloy-4 [18,29]. 

Figure 18(a-b) show the <a>-loop number density and size obtained from the current study plotted 

alongside literature data published previously on proton and neutron irradiated Zircaloys. The <a>-

loop number density of the two-step irradiation conducted in this study agrees well with other 

proton irradiations at 350ºC, while it is ~6-7 times lower than the neutron data at similar dose 

levels. Thus, the two-step proton irradiation reasonably reproduces the <a>-loop microstructure in 

Zircaloy-4 as it would be expected from neutron irradiations.  

 

At higher irradiation damage conditions of ~5 dpa (or ~3x1025 n/m2) or more under neutron 

irradiation, depending upon the irradiation temperature, <c>-loops begin to form on the basal plane. 

<c> component loops tend to be significantly larger than the <a>component loops, with a density 

that continues to increase as irradiation dose increases [45,47]. Tournadre et al. [48] showed that 

<c> component loops emerged under proton irradiation at a dose similar to that in the reactor case. 

In this proton irradiation study, <c>-loops are commonly observed in high dose level samples 

irradiated at temperatures of 330ºC and 350ºC. (No <c> loops were observed through 5 dpa at the 

lower irradiation temperatures.)  The loop sizes and the loop densities are in the range of that 
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observed under neutron irradiation, as illustrated in Figure 18 (c-d). In summary, both the <a>- 

and <c>-loops have been observed in our isothermal and two-step proton irradiations, and the sizes 

and number densities of the loops are consistent with the neutron and other proton irradiation data 

available in the literature.  The fact that <c> loop formation in this study is only observed after 

high dose irradiations at temperatures of 330 ºC and 350 ºC may be a further indication that the 

matrix iron content is greatest following high dose proton irradiations at the higher temperatures 

of 330 ºC to 350 ºC.  Matrix iron concentration has been identified as one factor potentially 

stabilizing <c> loop formation [49].  

 

 

 

Figure 18 Comparison of dislocation loop density and size. In a) and b), the <a>-loop volumetric 

density and size with irradiation dose are plotted against data from other proton or neutron-

irradiated results. The <c>-loop density and size as a function of dose are plotted in c) and d). The 

dimension of the <c>-loop in d) are the measurements of the projected length of <c>-loops in a 

direction parallel to the g=0002 systematic row. A conversion factor of 0.6x1025 n/m2 per dpa was 

used for converting the neutron fluence to dpa [37]. 
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Rafting of <a>-loops  

<a>-loop rafting is observed after neutron irradiation, where <a> type loops are aligned in rows or 

layers parallel with the basal plane with the appearance of light and dark bands of contrast, also 

known as "Corduroy" contrast [50]. Interstitial and vacancy loops are located in alternate rows in 

these light and dark bands, explaining why the two types of loops can co-exist in the irradiated 

microstructure. Our observations, shown in Figure 11 (a-c), confirm that proton irradiation at 

similar damage levels and irradiation temperatures can produce such microstructural features 

analogous to neutron irradiation.  

 

Fe-rich features appearing as rafts every few dozen nanometers were observed in the EDS and 

APT analysis shown in Figure 9, Figure 12 and Figure 17. Since Fe solubility in α-zirconium is 

extremely low, 0.006 -0.03 wt. % [42,51–53], most alloyed Fe will be in the form of SPPs in the 

as-manufactured, non-irradiated material. Fe clustering in the matrix will be very difficult unless 

a large concentration of Fe is dissolved into the matrix. Significant <a>-loop formation occurs in 

zirconium at lower damage levels than does significant Fe redistribution out of the laves phase 

particles [45]. Thus, ordered Fe-rich clustering has not been generally observed in the matrix of 

proton irradiated Zr by TEM, except for areas in the SPP vicinity [16,29]. The formation of Fe-

rich rafts near SPPs was observed throughout the isothermal proton irradiation conditions in this 

study, even at a temperature as low as 250°C to a damage level as low as 1.6 dpa, with SPPs being 

only minimally amorphized (as shown in Figure 11a). 

 

This localized Fe redistribution has also been reported in other studies of zirconium alloys that 

were subjected to neutron irradiations. Kammenzind et al. [1], and Holt & Gilbert [54], observed 

raft formation near SPPs in Zircaloy-4 at 300°C after neutron fluence of 8x1025 n/m2 (~13.3 dpa). 

Sawabe & Sonoda [55] observed Fe and Cr rich clusters to periodically appear near the SPP after 

six cycles in a BWR at 283°C. The spacing between these rafts in the neutron-irradiated Zircaloy-

2 was ~ 23 nm, which is in good agreement with the current proton irradiation study on Zircaloy-

4 shown in Figure 11d. It is speculated that if <a> loops form before Fe segregates to them, then 

the loops in the chemical rafts should be at a similar size compared to the loop size found in the 

matrix, as observed. From TEM analysis in Figure 9, the <a> loops in the matrix, being ~ 10 nm 
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in diameter, are of the same size compared to the Fe-rich rafts near the SPPs as shown in Figure 

17f. 

 

From our APT results, there are mixed observations on Fe cluster formation in the matrix. A 

spectrum of results was observed, ranging from no cluster formation (e.g., the detection limit for 

Fe in some APT tips) to a large concentration of Fe clusters found in the matrix with cases of 

periodic clustering of Fe-rich features (e.g., APT reconstructed volume shown in Figure 10b). This 

is evidence for the proposed mechanism that Fe found in the form of clusters was supplied by 

nearby amorphized SPPs, and the density of these Fe clusters would follow a diffusion gradient 

away from the SPPs. Indeed, this would explain the observation of rafts only found near an SPPs 

in TEM analysis.  

 

5.4 Irradiation hardening 

Irradiation hardening measured in this study is mostly consistent with literature data on proton 

irradiated experiments [18], but less than that under neutron-irradiation [56]. A comparison of 

hardness data between this study and other proton or neutron irradiations is presented in Figure 19. 

Irradiation hardening in Zircaloy-4 increases quickly and then levels off beyond a dose of ~ 2 dpa. 

This behavior has also been observed by Shimada and Nagai [56] on Zircaloy-2, where the 

hardness value was saturated at 275 HV after neutron irradiation at 400°C to a fluence of 3.2x1025 

n/m2, (E> 1 MeV), approximately 4.6 dpa. The hardening effect that was observed in proton 

irradiated samples can be attributed mostly to increased <a> loop density as damage level increases 

at any given irradiation temperature. Cockeram et al., observed irradiation-induced hardening on 

neutron-irradiated Zircaloy-4 using tensile samples and also attributed the hardening effect to an 

increase in the number density of <a> loops [31]. The density of the <a> loop reaches a steady-

state level at a neutron fluence of about 1x1025 n/m2 (E>1MeV), which is about 1.5 dpa [57]. The 

<a> loop density reaching steady-state at ~1.5 dpa under neutron irradiation also coincides with 

the hardness measurements obtained on proton irradiated Zircaloy in the literature and this study. 

At a similar dose level, the proton irradiated Zircaloy-4 demonstrates a similar transition behavior, 

although at slightly lower hardness values.  
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Figure 19 Comparison of Vickers hardness measured in the present study and literature data for 

proton (solid symbols) [18,58] and neutron irradiated Zircaloy-2 [47,56,59,60](empty symbols) in 

the temperature range from 288 - 400 ºC. The factor for converting neutron fluence to dpa is 

0.6x1025n/m2.  

 

At higher irradiation temperatures, the hardening effect was expected to be lower than under lower 

temperature irradiation. Neutron irradiation conducted at higher irradiation temperatures tends to 

result in a larger <a> loop size and lower <a> loop number density, resulting in a lower irradiation 

hardening effect [31]. This has also been observed when comparing loop sizes between low-

temperature isothermal proton irradiation (280ºC-310ºC) to two-step irradiation results, where the 

loop size doubled in the latter irradiation. However, increased hardening was generally observed 

at higher irradiation temperatures, both at 330 and 350ºC than occurred at 280ºC and 310ºC (Figure 

15). Other microstructural or microchemical evolution processes occurring during irradiation to 

higher doses, such as the redistribution of alloying elements from precipitates into the matrix, 

alloying element segregation and clustering within the matrix, and precipitation of new phases, all 

will  contribute to hardening. Indeed, from the APT analysis of the proton irradiated samples in 

this study, increased Fe clustering at higher dose levels is observed, especially at the higher 

irradiation temperatures, as shown in Figure 10. The fact that increased irradiation hardening 

occurs under proton irradiation with increasing irradiation temperature may further indicate that 

increased clustering is occurring under the higher temperature proton irradiation conditions, with 

increased iron levels leaving the SPPs and entering the matrix. 
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5 Conclusion  

The significant findings related to the capability of proton irradiation to emulate neutron 

irradiations microstructural and microchemical effects in Zircaloy-4 are as follows:  

 Isothermal proton irradiation in the temperature range of 250ºC to 350ºC produces <a> and 

<c> type dislocation loops (in terms of morphologies, loop densities, and sizes) in the Zr 

matrix similar to that observed under neutron irradiation at these temperatures, irradiated 

to similar dpa levels. The dislocation microstructures observed on isothermally irradiated 

samples resulted in an increase of hardness of the sample, generally consistent with the 

neutron data. However, only a small fraction of each SPP was amorphized at the 

matrix/SPP interface, significantly less than the neutron data, especially when compared to 

lower neutron irradiation temperatures (260°C to 310°C). This also manifests in a smaller 

amount of Fe and Cr redistributing out of the ppts into the surrounding matrix than occurs 

under neutron irradiation. 

 The two-step proton irradiation sequence produced complete amorphization of the SPPs 

and Fe redistribution into the matrix that was in good agreement with that after neutron 

irradiation at the lower end of the LWR operating temperature range.  Rafting in the matrix 

near the SPP was also apparent after a two-step irradiation sequence, similar to neutron 

irradiation results. Measured <a>- and <c>-loop number densities were comparable to that 

produced under neutron irradiation, producing a similar hardening behavior.  

 The two-step proton irradiation not only produced damage structures and irradiation 

hardening effects that were seen in isothermal irradiations, it also enhanced amorphization 

and Fe redistribution of the SPP. Hence, the two-step proton irradiation best emulates the 

neutron irradiated microstructure of Zircaloy-4 at the lower end of the LWR operating 

temperature range. 
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