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Abstract

Zirconium alloys are of great importance to the nuclear industry as they have been widely used
as cladding materials in light-water reactors since the 1960s. This work examines the behaviour
of these alloys under He ion implantation for the purposes of developing understanding of the
fundamental processes behind their response to irradiation. Characterization of zircaloy-4 sam-
ples using TEM within situ 6 keV He irradiation up to a uence of:2 10Yions cm 2 in

the temperature range of 298 to 1148 K has been performed. Ordered arrays of He bubbles
were observed at 473 and 1148 K at a uence of 110'ions cm 2in Zr, the hexagonal
compact (HCP) and inZr, the body centred cubic (BCC) phases, respectively. In addition, the
dissolution behaviour of cubic Zr hydrides under He irradiation has been investigated.

Keywords: Radiation damage, Zirconium alloyls, situion irradiation, Hydrides, Bubble
lattices

1. Introduction

Zirconium alloys have been widely used in the nuclear industry since the 1960s as nuclear fuel
claddings because of their corrosion resistance, low thermal neutron absorption cross sections
and their desirable mechanical properties [1-6].

In a nuclear reactor, neutron irradiation causes changes to the microstructure and properties
of both structural and fuel materials. In the case of Zr alloys, it has been reported that disloca-
tion loops are the most common type of damage observed which increase in size and decrease
in density with increasing neutron irradiation temperature [7]. The formation and growth of
vacancy-type dislocation loops!| [8] has been associated with the swelling of zircaloy-2 and -4
by Gri thset al. [9]. Gilbertet al. observed in post-irradiated zircaloy-2 that (ntransmuta-
tion reactions, mainly from°B and O impurities, lead to the preferential nucleation of cavities
on grain boundaries[7]. The low concentration of He, presence of dislocation loops, low energy
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for vacancy formation and relatively-high atomic volume of Zr have been connected with the
absence of voids in neutron irradiated Zr and its alloys[4, 77, 10, 11].

lon beam irradiation has been applied as a powerful technique to test alloys and other mate-
rials prior to their use in nuclear reactors[12]. As well as avoiding the hazards associated with
induced radioactivity, it is possible to reach the damage levels of a conventional light-water
reactor ( 2 dpdf year * [13]) in minutes to hours compared to rates in materials test reactors of
between 10 to 20 dpgear ! [12]. By careful selection of the ion irradiation parameters such as
damage rate and temperature, it is possible to simulate the conditions experienced in a nuclear
reactor[12] 14].

One area of particular interest has been the implantation of inert gases such He, Xe and Ar
into metals|[15] and much work has been done for mangdint systems including iron and its
alloys [16], tungsten [17=19], copper [20], nickel [21], molybdenum [22, 23] and carbon [24]
which are important for both ssion and fusion reactors.

There have been numerous studies looking into theces of irradiation on Zr alloys [4—
6,25, 26]. Raret al. [27] studied the eects of 800 keV Kr ions on the microstructure of
the alloy Zr-Nb-Fe-Cu-Ni observed via transmission electron microscopy (TEM) durisitu
annealing after irradiation at temperatures from 700 to 1225 K. The authors reported that the
size of Kr bubbles was strongly dependent on the annealing temperature and time: bubbles were
observed with diameters of around 2.1 nm at 700 K, 2.7 nm at 875 K and 8.9 nm at 1140 K
after 180 minutes of annealing. An exponential empirical formula was proposed for the growth
behaviour which was attributed to the increased mobility of Kr ions in #rgphase.

Pagancet al. [28] performed 650 keV Kr irradiatiom situ within a TEM on four di erent
Zr alloys. Bubble formation was observed in all four alloys and at all irradiation temperatures.
However, no clear relationship was found between the bubbles sizes and the irradiation temper-
ature in the range from 573 to 973 K.

Some studies have addressed theats of He implantation on the microstructure of Zr
alloys. Zeeet al. [29] reported the occurrence of blisters on the surface of Zr-2.5Nb (wt.%)
alloy during 50 keV He implantation at temperatures from 100 to 773 K. They concluded that
when the alloy is cold worked prior to irradiationNb precipitates could act as trapping sites
resulting in the development of He bubbles at a uence of 50'/ions cm 2. Anotherin
situ TEM annealing study was performed by Shemal. [30] with the alloy Zr-Sn-Nb-Fe-

Cr. They irradiated with 400 keV He ions and observed that the mean size of the He bubbles
increased with irradiation temperature from 300 to 1173 K and with He uence fr&m D0’
to5 10Yions cm 2,

In addition to studies of bubbles in Zr alloys, several papers have aimed to understand the
behaviour of Zr hydrides (ZrH) which may lead to delayed fracture and embrittlement in Zr
alloys under in-service conditions [31-+35]. Hydrides are stable or metastable compounds of the

IDisplacement-per-atom or dpa: at one dpa every atom has, on average, been displaced from its lattice site
once.
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ZrH system and are preferentially formed at grain boundaries during both cooling and corrosion
processes [36]. Metallic hydrides are brittle, exhibiting high thermal conductivity, high electri-
cal resistance, high hardness and are often associated with the embrittlement in Zr alloys [37].
Below 873 K, the stable phase of the ZrH system ishich has a face-centred cubic (FCC)
structure with a H content from 0 to 62 at.%. Two other phases are reported: the face-centred
tetragonal (FCT, the-phase) which is a metastable phase observed below 873 K in the same H
content range as thephase, and the-phase which is also FCT and occurs when the H content

Is higher than 64 at.% at temperatures below 973 KI[37, 38].

Carpenter and Waters [39] performediarsitu TEM annealing study to explore the disso-
lution of hydrides up to 700 K. After annealing, the incomplete dissolution of hydrides was
concluded to increase the dislocation density. The authors also perfonrsigd TEM electron
irradiation of Zr to a dose of 0.065 dpa at room temperature showing that the irradiation can
prevent dislocations from annihilating during thermal dissolution. The obsenest ef dislo-
cation pinning was associated with the formation of point defect clusters and jogs induced by
the electron irradiation.

To date, there have been no studies which have used the technique of TEM sitthHe
ion implantation to explore the microstructural evolution of Zr alloys. In this work, a TEM study
with in situion irradiation has been performed on zircaloy-4 under 6 keV He bombardment. The
irradiated samples have been examined at four temperatures within the range from 298 to 1148
K so as to match the temperatures of a LWR under normal operation and during loss of coolant
scenarios and to investigate the drences in the damage microstructure of t@e, Zr and

ZrH phases.

2. Materials and methods

2.1. Samples studied

The material used in this work was zircaloy-4 with the composition Zr-1.45Sn-0.2Fe-0.1Cr
(wt.%) and a melting pointT,) of 2123 K. Prior to the TEM sample preparation, the al-

loy was chemically etched with a solution containing 5% of HF, 35% of HM@d 60% of
deionised water (vol.%). Optical micrographs after etching revealed the presence of equiaxed
grains which may indicate that the alloy was cold worked and then annealed.

2.2. TEM sample preparation

Samples 3 mm in diameter were punched from a thin foil and mechanical polishing was per-
formed using SiC paper from 120 to 1200 grit in order to reduce the thickness. The samples
were electropolished using a Struers TenuPol-5. A recipe from [40] was adapted for use with
this system: an electrolyte of 10% of HGJ@nd 90% of CHOH (vol.%) at a bath temperature
of 233 K with a ow rate set to 30 (arbitrary units as indicated on the TenuPol-5 display). Elec-
tropolishing was performed to perforation and the samples were then washed in methanol and
dried in air. Figur¢[L shows a high-resolution TEM image obtained after the sample preparation.
3



2.3. In-situ irradiation and annealing within a TEM: MIAMI-1 facility

Specimens were irradiated with 6 keV He ianssitu within a TEM at four temperatures: 298
(0.14T1,), 473 (0.24,,), 973 (0.49 ) and 1148 K (0.5%;,) using a double-tilt heating holder
in a JEOL JEM-2000FX operating at 200 kV in the MIAMI-1 facility at the University of
Hudders eld [41]. Theion uxwas % 10"%ions cm 2 s ! measured at the specimen position.
The TEM samples were horizontal in the microscope with the ion beam &td@30 the electron
beam. Images and videos were captured using a Gatan ORIUS SC200 digital camera. Through-
focal imaging was performed in order to optimally image bubbles with defocu8&ihm and
their sizes were measured using the software ImageJ [42].

The Monte-Carlo computer cod&topping and Range of lons in Matté8RIM) [43] was
used to calculate the damage pro le following the procedure suggested by Stodler[44].
This yielded a damage level of 16 vacancies per incident ion which was used to convert uences
into dpa using 100 nm as the sample thickness. In this work, the zircaloy-4 samples were
irradiated up to a uence of:Z 10Yions cm 2 corresponding to 5.0 dpa.

3. Experimental results

3.1. Zr hydrides

Hydrides were observed as precipitates in the matrix, preferentially located near to grain bound-
aries, and exhibited needle-like elongated shapes with lengths varying from 0.IrtoTheir
presence in the samples is attributed to H pick-up during the electropolishirig [36, 38, 40].

Figure[2 features TEM micrographs of a hydride with a length of around 500 nm. Note
that the di raction pattern has two derent crystalline zone axes: one corresponding to #re
phase and another to th&rH phase. A dark- eld image (gurEZb) obtained using the 20)0
re ection from the hydride ( gurg Pc) and con rms its crystalline nature.

Indexing was performed using the JCPDS database [45] and additional references available
in the literature([48, 47]. Hydrides were indexed as being FCC corresponding teptieese as
reported previously [38]. The elongated geometry andatition patterns were in agreement
with observations of similar precipitates in the literature [37].

3.1.1. In-situ annealing behaviour

An annealing experiment was performed in order to assess the hydride stability with increasing
temperature. Figuig 3a shows a zircaloy-4 microstructure featuring hydrides with size lengths
varying from 0.01 to 2 m at room temperature. Figures 34 fo 3d show the same microstruc-
ture as the temperature increased from 273 to 673 K: all the hydrides were thermally dissolved
at around 823 K. According to the ZrH phase diagram reported by Zewzek [48], no hy-

dride precipitation is expected in Zr above temperatures of around 823 K. Figure 3e shows the
resulting microstructure clear of hydrides at 1148 K after annealing.



3.1.2. Hydride stability under in situ irradiation

As the hydrides were found to be thermally stable at temperatures below 650 K, two experiments
were performed with 6 keV He ions at room temperature and at 473 K to assess their behaviour
under irradiation. At room temperature and a uence of 1 10'ions cm 2 (3.2 dpa), it is
evident from gure 4 that the Zr hydrides remain stable under irradiation. However, preferential
nucleation and growth of He bubbles at ZrH-Zr interfaces was observed.

In a di erent experiment, the irradiation-induced dissolution of Zr hydrides was observed
at the irradiation temperature of 473 K. Figlije 5a shows three hydrides at a grain boundary.
As the uence increased, the hydrides were observed to slowly dissolve inZthematrix and
after 16 10%ions cm 2 (3.0 dpa), the phase transition was complete. Fiflire 5d shows the
microstructure after irradiation with no hydrides observable however, residual “skeletons” could
be seen at the original locations of the dissolved hydrides.

3.2. The eect of temperature on damage microstructure of zircaloy-4

In contrast to the observations following irradiation at 273 K, at 473 K one-dimensional bubble
lattices (also referred to as bubble rafts) were observed after the hydride dissolution. In this
case, a bubble lattice was observed in th& with the phase con rmed by the diaction
pattern shown in gurcﬂ6c. Figur@ 6a and b show bubble lattices7at 10'7ions cm 2 (3.2
dpa)and & 10'ions cm 2 (4.8 dpa), respectively. The upper insets in gs 6a and b are fast
Fourier transforms (FFTs) of the images with the bright lobes corresponding to the orientation
and periodicity of the bubble lattice.

In another experiment on theZr matrix at 973 K, bubbles became observable in the TEM
ata uence of around@ 10%ions cm 2 (1.0 dpa) and grew as the damage increased as shown
in gure [/} However, at this temperature no bubble lattices were observed.

On increasing the temperature to 1148 K and thus above the  massive phase tran-
sition at 1120 K[[49], a bubble lattice was also observed to form at a uence of approximately
1:1 10ions cm 2 (2.1 dpa). Figurg]8 shows the evolution of the microstructure of zircaloy-4
during irradiation. Figur|8d is the diaction pattern of theZr phase indexed with parameters
from the literature[[45]. The FFT insets indicate that the bubble lattice orientation changed as
the uence increased due to tilting of the thin foil during the irradiation.

It was possible to assess the bubble growth behaviour as a function of the irradiation tem-
perature by measuring the size of bubbles in the zircaloy-4 irradiated microstructures. Fig-
ure[9 shows that the sizes of the bubbles were approximately the same when bubble lattices
were observed at 473 K (in theZr phase) and 1148 K (in theZr phase) at a uence of
1.7 10Yions cm ? (3.2 dpa).

Coalescence of bubbles was observed in the experiments at 973 and 1148 K when the uence
exceeded® 10ions cm 2 (3.0 dpa). Figurels| 7c andl 8¢ show the zircaloy-4 microstructure
at these temperatures af2 10Yions cm 2 (5.0 dpa). When the uence was increased from
1.6 10Yons cm?2to 27 10Yions cm 2, bubbles continued to grow and the average
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sizes at 973 and 1148 K were approximately Bm and &8 nm, respectively. Although the
bubble lattices were formed in both th&r and Zr phases at 473 and 1148 K, respectively,
the phenomenon was not observed at 298 and 973 K during implantation oZthghase.
Figurel9 compares the average bubble sizes at the foereft temperatures and at uences of
1:7 10Yions cm 2 (3.2dpa)andZ 10Yions cm 2 (5.0 dpa).

4. Discussion

Hydrides are formed when the H concentration exceeds the terminal solid solubility ofi Zr [38].
The presence of ZrH in the microstructure of Zr alloys leads structural components of LWRs
to fail by several possible mechanisms as reported in the scienti c literature. These include
delayed hydride cracking [32—34], H-related fractliré [50] and embrittlernent [35].

Under in-service conditions, corrosion of Zr alloys can take place in a LWR [1, 51]. This
causes the release of H which is able towdie throughout the matrix where it remains in solid
solution resulting in a stable or metastable precipitaté [33]. The current work shows that He
implantation has a signi cant eect on the Zr hydrides: at 473 K they are slowly dissolved with
He bubbles nucleating and growing after the dissolution ( glifes 4 &and 5). This process was
found to be dierent from the thermally-assisted dissolution during annealing as observed in
the experiment shown in guig 3. Under the experimental conditions used in the current work,
the thermally-assisted dissolution was faster and occurred at a higher temperature compared to
the irradiation-assisted dissolution.

In contrast to the work of Carpenteral. [39], the current work at 298 K showed that the He
bubbles started to accumulate around ZrH-Zr interfaces prior to irradiation-induced dissolution.
At this temperature, the dusional mechanism of He trapped in vacancies is due purely to direct
collisional displacements of lattice atoms promoted by the ion irradiation [52] as depicted in
gure [L0a(i). The dense dislocation networks surrounding hydrides as reported by Cagienter
al. [39] were not observed in the current work.

When the hydrides dissolved under ion irradiation in the experiment at 473 K, the He di
sivity in the matrix is believed to be characterised by a combination of direct displacements and
replacements as studied by Trinkaisl. [52]. The latter mechanism occurs when a substitu-
tional He atom is converted into an interstitial atom due to its replacement by a self-interstitial
atom as depicted in gure 10a(ii).

In the current work, the experimental evidence suggests that a combinationestuli
mass-transport mechanisms play roles in the hydride irradiation-assisted dissolution at 473 K.
As the uence increased at 473 K, direct displacements, replacements and self-interstitial dif-
fusion are all expected to have contributed to the knock-out of hydrogen atoms from the ZrH
precipitate leading to the irradiation-assisted dissolutioh [52]. The dissolution was not observed
at 298 K at which temperature only the displacementdion mechanism takes place with ir-
radiation. Figuré 10b is a schematic of the Heuwdiional mechanisms in solids proposed by
Trinkauset al. for the case of ZrH irradiation-induced dissolution.

6



The bubble lattice phenomenon was rst reported by Sass and Eyre in[1973 [53, 54]. Var-
lous mechanisms have been proposed to account for bubble lattice formation including elastic
interactions between the bubbles|[55]. A bubble lattice in Zr was reported by Evans and Mazey
[56] due to Kr implantation at 673 K in which they associated the two-dimensional anisotropic
di usion of self-interstitials atoms (SIA) with the ordering phenomenon and some more-recent
computer simulations have attempted to shed light on the issue [57, 58].

The current work reports the observation of He bubble lattices in zircaloy-4 at 473 K and
1148 K in two di erent crystalline structures (HCP and BCC). The bubble ordering in zircaloy-

4 was found not to be three dimensional, but rather the bubbles were aligned in planes or rafts
in agreement with previous observations![56]. For both tAeand Zr phases, the average
bubble size was similar which therefore indicates that the physical dimensions of bubbles in an
ordered array are not dependent on the structure of the parent Zr phase.

According to Thompson [59], the equilibrium condition for a gas bubble in a solid is when
the rates of arrival and departure of vacancies and He at a given bubble are exactly the same and
this will occur at a speci ¢ size of bubble. At this equilibrium, a gas bubble does not shrink or
grow. This suggests that when bubble lattices were observed in @otand Zr at di erent
temperatures, the equilibrium condition was the same in each case as the measured sizes of He
bubbles are similar. This is not the case when bubble lattices were not observed at 298 K and
973 K.

A further interesting nding of the experiments presented here is the wide range of tempera-
tures and two crystallographic phases in which bubble lattices were observed to form. Vacancies
are expected to be immobile at 298 K and mobile at 1148 K [52, €0, 61]. Furthermore, both the
mechanisms and the rates of He asion are known to be governed by theeets of temperature
and irradiation([52]. Therefore, interstitials will be the point defect species which exhibit most
consistency of behaviour being rapidly mobile at both temperatures at which bubble lattices
were observed to form suggesting that they may be the critical driving force for the ordering
mechanism. Whether or not the dision of self-interstitials may be critical to the formation of
He bubble lattices in zircaloy-4, as suggested by Evans and Mazey for Kr bubble lattices in Zr
at 673 K [56], is the subject of ongoing further investigations.

5. Conclusions

In this work, a study of He ion implantation of zircaloy-4 was perfornresitu within a TEM.
The di erences between theZr and Zr phases have been discussed in terms of irradiation
uence and temperature. The major outcomes of this work can be summarized as follows:

The stability of Zr hydrides during irradiation was studied. The irradiation-induced dis-
solution of hydrides was observed at 473 K and to have completed by a uence of
1.7 10Yions cm 2 (3.2 dpa). The mechanism is suspected to bewint from that

for thermal dissolution reported by previous authors.
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A combination of atomic displacement and replacement mechanisms allowed the dif-
fusion of He in Zr under irradiation is suggested as a possible explanation for hydride
dissolution observed at 0.Z22.

Bubble lattices were observed to form during irradiation at 473 and 1148 K in tvay-di

ent crystalline phases Zr and Zr) at around the same uence. In the latter case of 1148
K, the di usion of vacancies and interstitials is faster than at 473 K and the observation
of bubble lattices has not been reported previously.

Under the conditions for which bubble lattices were observed, the average size of the
bubbles was equal in theZr and Zr phases at the same uence.

Application of TEM within situion irradiation to di erent crystalline phases of zircaloy-4
has provided a useful means to investigate thects of 6 keV He ions as a function of uence
and temperature. Further studies remain to be performed in order to understand the physical
mechanisms that contribute to the formation of bubble lattices under irradiation at low and high
temperatures and to con rm the proposed mechanisms for irradiation-assisted dissolution of Zr
hydrides.
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Figure 1: High-resolution TEM image obtained at room temperature from an electropolished sample of zircaloy-4.
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Figure 2: Hydride characterisation with (a) bright- eld image, (b) dark- eld image formed using t@ (Q@ride
re ection and (c) a FCC diraction pattern (from the hydride) mixed with the HCP crystal structure corresponding
to the parent phase. The scale marker in (a) applies to both micrographs.
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Figure 3:In-situ annealing of zircaloy-4 showing hydride dissolution between room temperature and 1148 K: (a)
room temperature; (b)# 4 s during the temperature ramp; (¢) 8 s; (d) t= 10 sat 823 K; (e) microstructure at
1148 K. The images have been extracted from a video recorded darsitg TEM heating and therefore the eld

of view varies slightly due to thermal drift.
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Figure 4: TEM images captured in (a) bright- eld under-focused conditions and (b) bright- eld over-focused
conditions of the microstructure of zircaloy-4 irradiated at room temperature (298 K). The dashed ellipse highlights
the accumulation of He bubbles on the boundary of a hydride. The scale marker in (a) also applies to (b).
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Figure 5: TEM images of hydrides dissolving under 6 keV He irradiation at 473 K: (a) prior to irradiation; (b-c)
hydrides dissolving; and (d) the resulting microstructure after irradiation exhibiting a high areal density of He
bubbles. The scale marker in (a) applies to all the micrographs in the gure.
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Figure 6: Bubble lattices at 473 K: (a) at 3.2 dpa and (b) at 4.8 dpa. Thiadlion pattern (e) con rms theZr
phase. The FFT insets in (a) and (b) exhibit bright lobes con rming the bubble lattice periodicity. The scale marker
in (a) also applies to (b) and the marker in (c) also applies to (d).
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Figure 7: Bubble evolution as a function of uence in zircaloy-4 implanted with 6 keV He at 973 K: (a) 0 dpa, (b)
1:7 10Yions cm ? (3.2 dpa) and (c)Z 10Yions cm 2 (5.0 dpa). The scale marker in (a) applies to all the
micrographs in the gure.
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Figure 8: TEM micrographs of zircaloy-4 microstructure irradiated using 6 keV He ions at 1148 K showing (a) an
example of a bubble lattice atll 10ions cm ? (2.1 dpa) and at a (d)1 10'ions cm 2 (3.2 dpa) with (f)
the di raction pattern con rming theZr phase. Coalescence of bubbles (c) was observed at'’ions cm ?

(5.0 dpa). The scale marker in (a) also applies to (d) and the marker in (b) also applies to (e).
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Figure 9: Bubble size versus implantation temperature of zircaloy-4 irradiated with 6 keV He ions. The error bars
in the vertical axis are the standard deviations from the statistical analysis.
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Figure 10: (a) Di usion mechanisms of He in the Zr matrix [52]: (i) a collisional displacement and (ii) a replace-
ment event. (b) The equivalent mechanisms in the ZrH microstructure which can remove H atoms from solid
solution leading to hydride irradiation-assisted dissolution.
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