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Abstract Radiation damage induced in Zircaloy-4 by

2.6 MeV proton irradiation at low doses was studied. Our

aim is to emulate the effect of neutron irradiation during

early stages of irradiation. X-ray diffraction analysis

reveals that the domain size remains constant, while the

microstrain increases after irradiation to a dose of

0.017 dpa. The micro-hardness, nano-hardness and

Young’s modulus are found to decrease after irradiation to

a dose of 0.017 dpa. These indicate, respectively, the for-

mation of a high concentration of point defects, probably

vacancy type, and a decrease in the second phase precipi-

tates size.

Keywords Zircaloy cladding material � Dislocation loops �
Vacancy type defects � Micro-indentation method

Introduction

Zirconium alloys are widely used in nuclear technology as

fuel cladding, structural materials and pressurize pipe due

to their interesting properties. It exhibits a good resistance

to radiation damage, good corrosion resistance and very

low thermal neutron absorption cross section. Proton-

induced damage in structural materials has been exten-

sively investigated in the past decade in order to emulate

the neutron irradiation effects [1–9]. It was found that

proton and neutron irradiation produce comparable

mechanical and structural properties behavior [10–12].

However, most of these investigations were conducted at

high temperature (300–350 �C) and high dose. For author’s

knowledge, there has been very little research reported on

Zircaloy-4 behavior under low irradiation doses. Although,

such data are needed to understand the defect formation

during the early stage of irradiation. The purpose of the

present study is therefore to ascertain the defects structure

induced in Zircaloy-4 at low irradiation dose. The main

goal of the present work has been to emulate the neutron

effects during early stage of irradiation. However, we are

also interested to estimate the contribution of protons

injected in cladding by fast neutron elastic collision with

hydrogen atom of the reactor coolant water to the total

aging associated with degradation. The latter process is not

dominant, but significant. Nauchi and Kameyama [13]

have estimated for the first time the number of protons

injected into LWR fuel cladding materials using MCNP

and SRIM codes. They have found that the increment of

hydrogen content in claddings by such process is estimated

to 5*12 wt-ppm at 40 MWd/kgHM burn-up for boiling

water reactor operating conditions.

Note that the hydrogen uptake by Zircaloy due to the

corrosion under research reactor operating conditions

(*60 �C) is insignificant. Therefore, the present study

includes proton-induced damage in pre-hydrided Zircaloy

with hydrogen content lower than 70 ppm as can be found

in cladding of nuclear research reactor. Furthermore, due to

the high scattering cross section recoil proton with energy

of 2 MeV may induce high displacement defects along

their path which affect the mechanical and structural
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properties of the core structural components. In the present

study X-ray diffraction (XRD) has been used to study the

structural and microstructural properties evolution.

Mechanical tests were also conducted to evaluate the

hardness and Young’s modulus.

Experimental

The sample investigated in this study is a recrystallized

Zircaloy-4 sheet with a thickness of about 2 mm. The

chemical composition of the main elements is 1.6 wt% Sn,

0.21 wt% Fe, 0.08 wt% Cr, 0.1 wt% O, 0.29 wt% (Fe?Cr)

and 97.7 wt% Zr. Small pieces with size of about 5 mm 9

5 mm, were cut from the same zirconium plate by a dia-

mond saw. The sample is noted Zy-4. Sample hydriding

was carried out using hydride equipment at 400 �C.

Because the study is devoted to structural material used in

the research reactor, the hydrogen content introduced is

lower than 70 ppm. The sample is noted (H-Zy).

2.6 MeV proton beam irradiation was performed at

iThemba LABS, South Africa using Van de Graaff accel-

erator. The irradiations were carried out at room tempera-

ture in a vacuum chamber at 5 9 10-6 mbar with proton

flux of 1013 p/cm2 s. The ion beam was focused to a

diameter of 6 mm. The displacement damage calculated

using SRIM 2003 code with displacement energy of 40 eV

and using the ‘‘Quick’’ Kinchin and Pease damage calcu-

lation is shown in Fig. 1 [14]. The maximum damage (peak

damage) is induced at depth of about 43 lm corresponding

to the projected range of 2.6 MeV protons in zirconium.

The number of displacement per atom (ndpa) was calculated

using Eq. (1) [15].

ndpa ¼
/ � Nd � A
q � d � NA

ð1Þ

where / is the proton fluence, Nd is the number of dis-

placements per ion, A is the molecular mass of the target

material, q is the density, d is the penetration depth, NA is

Avogadro’s number. The ndpa at peak damage corre-

sponding to proton fluences of 1016 and 1017 p/cm2 are,

0.0017 and 0.017 dpa, respectively.

Characterization methods

After irradiation the structure modifications are observed

using XRD, X’ PERT PRO MPD in the Bragg–Brentano

geometry: the X-ray source was a copper tube

(CuKa = 1.540,598 Å) and a PIXcel 1D detector was used

for X-ray detection. The 2h scan range was 20�–80� with a

step size of 0.026�. The mechanical tests were performed

using micro-durometer MHT 10, Zeiss and nano-indenter

CSM instruments at room temperature. Micro-hardness

measurements were performed using Vickers indenter with

loads of 1 N (100 g) and load time of 5 s. Nano-indenta-

tion measurements (nano-hardness and Young’s modulus)

were made using Berkovich indenter with load of 0.3 N

(30 g) and load time of 10 s. The micro-hardness, nano-

hardness and Young’s modulus values were measured

using similar method adopted by Yan et al. [9], where

seven indentations were tested for each experiment

parameter. The maximum and minimum values were

removed, and the average of residual five indentations was

taken for each experiment parameter. Before analyses, the

samples were submitted to fine polishing and then chemi-

cally etched in 10% HF ? 45% HNO3 ? 45% distilled

water.

Results and discussion

Structural analysis

Figure 2 shows the XRD patterns of Zy-4 and H-Zy sam-

ples before irradiation. The main observed diffraction

peaks at 0002ð Þ; 0011
� �

; 1012
� �

; 1013
� �

; 0004ð Þ corre-

spond to the a-Zr hcp phase. As can be seen, from the XRD

pattern, all diffraction peaks are little bit shifted towards

lower diffraction angle in the case of the H-Zy sample

compared to the Zy-4. An example of the (0002) peak shift

is shown in the inset. This indicates the expansion of the

hexagonal lattices due to the hydrogen interstitial atoms

[16]. According to Williamson-Hall (W-H) technique, the

line broadening is due to the contribution of small particle

size and microstrain [17]. Using this approach, the integralFig. 1 SRIM calculations of ndpa for 2.6 MeV protons at fluence of

1017 p/cm2
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breath b is related to the domain size Dv and microstrain e
by:

bcosðhÞ
k

¼ 1

Dv

þ 4e
sinðhÞ
k

� �
ð2Þ

where h is the Bragg angle. A plot of bcosðhÞ=kð Þ as a

function 4 sinðhÞ=kð Þ (Fig. 3) gives the domain size and

microstrain. The obtained results are reported in Table 1.

From the Table 1, one can see that the domain size is

almost constant after 2.6 MeV proton irradiation. While

the microstrain increases for both Zy-4 and H-Zy samples

due to the point defects formation, probably vacancy types.

Indeed, the strain fields induced around the vacancy due to

the atomic bond compression may explain the microstrain

increase. However according to Kai et al. [2] data, the

second phase particles size (SPP’s) decreases when

Zircaloy-4 is irradiated by 1 MeV proton to low dose

(0.01 dpa). It is worthwhile to notice that the microstrain

corresponding to H-Zy sample is higher than that of Zy-4.

This means that the presence of Hydrogen atom in inter-

stitial position induces additional stress.

Mechanical properties

Micro-hardness of Zy-4 and H-Zy samples before and after

irradiation is depicted in Fig. 4. From this figure one can

see that the micro-hardness values of both Zy-4 and H-Zy

decreased a little bit after irradiation to a dose of

0.017 dpa. It is reduced with about 6% for Zy-4 and 4% for

Fig. 2 XRD patters of Zy-4 and H-Zy samples before irradiation.

The inset curve show the shift of (002) peak position of H-Zy sample

compared to the Zy-4 one

Fig. 3 W–H plot for virgin and irradiated Zy-4 and H-Zy samples

Table 1 Microstress and domain size values determined from W–H

plots

Dose (dpa) Dv (Å) e (%)

Zy-4 H-Zy Zy-4 H-Zy

Unirradiated 794 671 2.1 9 10-4 3.4 9 10-4

0.0017 694 – 3.1 9 10-4 –

0.017 758 775 3.8 9 10-4 6.0 9 10-4

Fig. 4 Micro-hardness of Zy-4 and H-Zy before and after 2.6 MeV

proton irradiation
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H-Zy compared to the initial value of 280 and 230 Hv

respectively. It is found from earlier findings that micro-

hardness increases when Zircaloy-4 is irradiated by 2 MeV

proton at high doses ([1 dpa) [7].

Nano-indentation measurements given nano-hardness

and Young’s modulus as a function of dose are presented in

Fig. 5. As can be seen, nano-hardness and Young’s mod-

ulus decreased after irradiation for both Zy-4 and H-Zy

samples in accordance with the micro-hardness results. The

average nano-hardness is reduced from 2.57 to 2.37 GPa

for Zy-4 sample (a decrease of 8%), and from 2.39 to

2.35 GPa for H-Zy sample (a decrease of 2%). The

Young’s modulus of Zy-4 and H-Zy samples before irra-

diation are respectively, 97 and 91 GPa. These values

reduced to 72 GPa for Zy-4 sample (a decrease of 26%)

and to 79 GPa for H-Zy sample (a decrease of 12%) after

irradiation to a dose of 0.017 dpa. As can be seen the

variation of Young’s modulus is more important compared

to the nano-hardness indicating that damage structure

generated by 2.6 MeV proton irradiation is dominated by

point defects in accordance with XRD results. Indeed it is

known that Young’s modulus is closely related with the

atomic bonding and crystal structure [18]. It is worthy to

note that the relative reduction in the micro-hardness,

nano-hardness and Young’s modulus compared to the

unirradiated sample is lower for H-Zy sample than that of

Zy-4. This indicates that the rate of reduction of hardness

upon irradiation is lower in the case of pre-hydrided zir-

caloy due to the presence of hydrogen interstitial defects.

Discussion

Energetic incident particle induces high point defects (va-

cancies and interstitials) concentration along their path in

structural materials. At high irradiation doses, when, the

point defects become supersaturated, vacancy and inter-

stitial clustering occur and collapse into voids and dislo-

cation loops. These lead to the microstructure and

mechanical properties changes. The microstructure modi-

fications induced by ion irradiation in structural materials

have been investigated in numerous papers. Most of the

authors agreed that the microstructure modification such as

domain size is due to the dislocation loops formation

[19–21]. In contrast, the irradiation induced hardening

mechanism in structural material is not well understood. In

ceramic materials the irradiation hardening is caused by the

point defects and small defect clusters see Ref. [22] and

reference therein. Jagielski et al. [23] attributed the hard-

ness changes in 320 keV Kr-irradiated sapphire to the total

amount of accumulated damage, whereas, the Young’s

modulus to the amorphization of the crystalline structure.

Recently, Yan et al. [21] suggested that the hardness

changes observed in 6.37 MeV Xe26? ions irradiated Zr-

1Nb is due to the contribution of microstructure of dislo-

cation loops, vacancy-type defects and SPP’s. Moreover,

Kai et al. [2] found that the Zr(Fe, Cr)2, (hcp) phase was

gradually dissolved after irradiation to a dose of 0.01 dpa in

1 MeV proton irradiated Zircaloy-4. Above the latter dose

a new Zr(Fe, Cr)2, (fcc) phase was formed and grown to a

larger size. This behavior is consistent with the hardness

evolution observed in the present study at low dose (0.017

dpa) and Zu et al. [7] results at high dose ([1 dpa).

Therefore, it can be suggested that the SPP’s size con-

tribute significantly to the Zircaloy-4 hardening.

Conclusions

Zircaloy-4 fuel cladding materials as well as pre-hydrided

Zircaloy-4 at about 70 ppm were bombarded with 2.6 MeV

protons at low dose (0.017 dpa). The resulted radiation

damage was characterized using XRD techniques. Radia-

tion hardening was also investigated using micro-indenta-

tion and nano-indentation tests. The irradiations induce

microstrain increase without change in the domain size.
Fig. 5 Nano-hardness (a) and Young’s modulus (b) of Zy-4 and

H-Zy samples before and after 2.6 MeV proton irradiation
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This explains that the irradiated microstructure at low dose

is dominated by the point defects, probably vacancy-type.

It is found from mechanical tests that the micro-hardness,

nano-hardness and Young’s modulus is reduced after

irradiation at low doses.

Taking into account Kai et al. [2] results, the hardness

decrease is attributed to the decrease of the SPP’s size.

Thus, we suggest that the SPP’s size contribute signifi-

cantly to the Zircaloy-4 hardening change. According to

this experimental data, three main conclusions may be

addressed: (i) during the early stage of irradiation, the

second phase precipitates size decreases. Further study

using transmission electronic microscopy (TEM) is needed

to confirm the result. (ii) The hydrogen uptake by Zircaloy-

4 even in a small quantity influences the crystalline struc-

ture and defects microstructure. (iii) Taking into account

Nauchi and Kameyama results, where the recoil process is

a part of hydrogen absorption mechanism of light-water

reactor (LWR) fuel cladding, it is necessary to consider the

defect generated by recoil protons in the aging manage-

ment of core structural material.
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