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Abstract

Zr-2.5Nb-0.5Cu alloy is considered as a potential replacemehteafirrent Inconel X750 alloy for future
spacer installations in CANDUreactors. They are designed to be placed in the annular space between
pressure and calandria tubes to support thespretubeand prevent it from coming into contact with the
calandria tube. During their service lifetime, they are exposed to a high flux of fast neutrons and-multiple
directional loads. Therefore, it is important to study the effect of irradiation omitmstructure,
microchemistry, and mechanical property of this alloy. In this dissertation, the effect of ion irradiation, heat
treatment, alloying elements, pegisting crystal defects on the microstructure and irradiation hardening
was investigated tbelp us have a better understanding of this alloy before its application.

Chaptes 1 and 2 present a general introduction to the current investigated material and a literature review
to previous related studie€haracterization of the microstructure apibcipitates of the a®ceived
material is presented in ChapterTBree types of microstructure and three types of second phase particles
are detected in the -asceived material. A comparison between annealing in TEM thin foils and bulk
material is disfayed in Chapter 4. Thehange of microstructure and precipitates is significantly slower in
TEM thin foils than in bulk material, due to the presence of the foil surfaces. Chapter 5 reports the
precipitate stability in the three types of microstructurelannheavy ion irradiation. The starting
microstructure shows a remarkable influence on the precipitate stability; the precipitates are more stable in
the microstructure with a high density of point defect sinks. Che@tend 7 cover the impact of allogn
elements Nb and Cu on the loop formation and hardeinir€y alloys under selfon irradiation. The
existence of Nb and Cexhibitsa significant influence on the loop density and Burgers Vector of loops
obtained, aswellas p r e c iamm subseduéhardeningehaviour In Chaptes8 and 9, pure Mg was

used as amnalogueof Zr to provide additional insight into the influence thatstal internal defects, such

as grain boundaries and gliding dislocations, have on the loop formation during ioradiditiceably
different loop formationbehaviourwas observed in the vicinity of a grain boundary under electron

irradiation. The prexisting dislocations also displayed a noteworthy impact on the loop formation.
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Chapter 1

Gener al i ntroducti on

1.1 Zr alloys in nuclear industry

Zr alloys are used as structural components for-lghd heavywater nuclear reactors because of
their low capture crossection to thermal neutrons and their good corrosion resistance [1]. The
most commonly used alloys are Zircal®yZircaloy-4, Zr-2.5Nb, and Z2.5Nb-0.5Cu (Table 4

1), with Zr-Excel being developed for CANDU Supercritical Water Reactor (SCWR) system [2].
Zircaloy-2 and-4 are singlgphase material with a relatively random distribution of second phase
par t i cl| &rsgrainsn3]. infziecaldyR, Cr, Fe, and Ni are added to improve the corrosion
resistance, while maintaining the good mechanical presdet]. Zircaloy4 is similar to Zircaloy

2 in many properties except for a slightly better corrosion resistance, which is achieved by the
removal of Ni. The addition of Nb in Z2.5Nb alloy is aimed at improving the creep resistance of

Zr under inreactoroperation, even though the presence of Nb might slightly degrade the corrosion
resistance compared with Zircal@y[5]. This significant improvement of creep resistance led to
the replacement of Zircale® by Zr-2.5Nb for Pressure Tube (PT) in 1964-ZZ8Nb-0.5Cu alloy

was originally used as spacers between the PT and the Calandria Tube (CT) to prevent the contact
of PT and CT. The presence of Cu in the alloy is to improve the material strength, so that it could
bear the load from the PT and heavy wa@r &lthough the Genriched second phase particles

will decrease the corrosion resistance [7]; however, with the consideration of the working
conditions of the garter springs (dry €@owing in the space), the degradation of material
properties from coosion will only have very limited impact. Even though many Zr alloys have
been developed in order to satisfy the nuclear industry demand for improving reactor safety, the
degradation of material property duringractor service, such as creep, hardenimg) delayed

hydride cracking (DHC) still exists and slows further development of the nuclear industry,



especially when for example, the SCWR next generation CANDU reactor requires materials to

have a much higher working temperature (~ 500 €).

Table 1. Chemicakomposition of common Zr alloys for nuclear application

Alloying Zircaloy2 Zircaloy4 Zr-2.5Nb  Zr1Nb Excel 21-2.5Nb-
element 0.5Cu
Sn (wt. %) 1.2-1.7 1.21.7 -- 0.91.1 3.5 --
Fe (wt. %) 0.070.2  0.180.24 <650ppm <550ppm  -- -
Cr (wt. %) 0.050.15 0.07-0.13 <100ppm -- -- --
Ni (wt. %) 0.030.08 -- <35ppm <200ppm - --
O (ppm) 9001300 9001400 900-1300 <1000 - 900-1300
N (ppm) <80 <65 <65 <60 <60 <65
Nb (wt. %) -- - 2.42.8 1.0 0.8 2.42.8
Cu (wt. %) -- -- -- -- -- 0.30.7
Mo (wt. %) -- -- -- -- 0.8 --
H (ppm) <25 <25 <5 <15 -- <25
C (ppm) <270 150400 <125 <200 - <270
Cl(ppm) <20 - <0.5 -- -- --
P (ppm) -- - <10 -- -- --
Fuel tube Fuel tube Pressure  Fuel tube CANDU Garter
and plug and plug tube and  end GEN \Y; spring
Used for . .
material material material plug i pressure il
for BWR, for  PWR o ppwr vwver b€ for PHWR
PHWR and PHWR material




1.2 Spacers in CANDU reactor

liner
tube

shield
plug

positioning

foeder assembly

\

-

bellows end-fitting
calandria tube
spacer

Fig. 1-1. Schematic diagram of a CANDU fuel channel [8].
The fuel channel of CANDWuclear reactor comprises a 2r5Nb PT, a Zircaloy CT, and four
spacers. Fig.-1 is a schematic illustration of the fuel channel of a CANDU reactor core. The PT
contains the natural UCfuel, encased in Zircaleg sheathing, and heat transport fluidiQOD
operating at temperatures from 250 € ~ 270 € at the inlet to 290 € ~ 310 € at the outlet. The
CT containing lowtemperature moderator operates at the temperature around 60 ~ 70 €. The
spacers are placed in the annular gap between PT and CT totsinepPT and prevent it from
coming into contact with the CT [8]. Due to the PT sagging and resting on the spacer, the working
temperature of the spacer is differémt the pinched (bottom) part and the-pinched (top) part
[9]. Fig. 1-:2 shows ascheméic of the working temperature of the spacers in the annular space. In
the pinched part, there will be a thermal stress because of the temperature gradient between PT and
CT, which might contribute to spacer failure. Such a faitangld lead to the conta of PT and

CT and result in PT fracture and cooltedkage



Serimg  COLD MODERATOR
(60°C-70°C)

Fig. 1-2. Schematic map of the working condition of the spacers I@BANDU fuel channel
1.3 Objectives
This research aims of this dissertation are to study the microstructural, micistchernd
mechanical evolution of Z2.5Nb-0.5Cu under irradiation. We also aim to study the influence of
large preexisting defects oiirradiationinduceddislocation loop formatiofehaviour pure Mg
will be used as aanalogueof Zr. Specifically, theobjectives are:
1) To characterize the microstructure and precipitates of thecasved Zf2.5Nb-0.5Cu spacer
material and study their stability under different heat treatment methods;
2) Tounderstand the effect of irradiation on the defect formatitboying element redistribution,
and hardening in the Z£.5Nb-0.5Cu alloy;
3) To study the effect of crystal internal defects, such as grain boundaries and dislocations on the
loop formation.

1.4 Thesis overview
The research in this dissertation will peesented in manuscript format. There are 7 individual
journal papers includeckither published, submitted or to be submitted. Chapter 1 is a general
introduction to this dissertation. Each part of the work will be introduced individually in the

following chapters.



- Chapter 2 reviews the phase transformation, alloying element, radiation damage theories, research
techniques, and relevant studiesimadiationinduceddefects, phase instability, alloying element
redistribution and hardening in Zr and itkogs.

- Chapter 3 investigates the microstructure and precipitates of #fezeased Z¥2.5Nb-0.5Cu

alloy.

- Chapter 4 presents a direct comparison of annealing in TEM thin foils and bulk material of Zr
2.5Nb0.5Cu.

- Chapter 5 reports the stability ofggipitates in Z2.5Nb-0.5Cu under irsitu heavy ion
irradiation.

- Chapter 6 displays the irradiation defects and hardeningibzilloys under selion irradiation.
Three types of alloys, pure Zr,-2t5Nb, and Zi5Nb, were used for the comprehensitady.

- Chapter 7 is focused on the effect of the addition of Cu on irradiation induced defects and
hardening in a ZNb alloy.

- Chapter 8 studies the dislocation loop formation in the vicinity of a grain boundary in pure Mg
under electron irradiation.

- Chapter 9 covers the effedf pre-existing dislocations on the dislocation loop formation in pure
Mg under electron irradiation.
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Chapter 2

Literature Revi ew

2.1 CANDU spacers: history and problem

In early CANDU units, the spacer material was2ZsNb-0.5Cu alloy and the spring was designed

to be loose fitting. In 1983, the PT in Pickering NGS "A" Unit 2 read®reloped a critical
throughwall crack and failed by fast fracture after 342 days of continuous full power operation [1].
Later examination revealed that the PT failure was due to the movement of2tNB0.5Cu

spacers. The loodéting spacer was faond to be very susceptible to movement during reactor
assembly and operation [1]. Due to the uncertainty in the span between some spacers and the
potential for it to be larger than expected, PT to CT contact could occur. Such contact leads to the
potentialfor hydride blister formation and growth if the hydrogen concentration at the contact

| ocation exceeds t he(BBThdndistiatesra delaged my@ritei craak framh r e s h
the defect place [2]. Subsequently, specialized spacer locatioapositioning (SLAR) tools were
developed to locate the spacers and also relocate them [3], and for later installations, the spacer
design was changed from loefiting to tight-fitting. At the time of the accident, the material (of

the tightfitting space) was changed to Ndased X750.

The current spacer material used in the CANDé&Actor is thus a tigHitting Ni-based Inconel X

750 alloy. However, recently it has been found that the Incof¥&Xspacers are subjectsevere
irradiation damage and potential property degradation after lergputor exposure [4]. That is,

the components containing Ni are subjected to the transmutations by absorption of neutrons at

thermal energies, leading to the formation of heliunitesvin the material [46].

VY £%0UVw T (2-1)
LW €9V T (2-2)
Lw €%9vw O (2-3)



The agglomeration of helium cavities to grain boundaries and phase boundaries results in a loss of
ductility of the Inconel X750 [5, 6]. Due to the property degradation of the Incoréb® spacers,

the Zr2.5Nb-0.5Cu alloy is being reonsidered as a potential replacement for Incoréb& alloy

for future spacer installation$here is no void formation in Ziloys under neutron irradiation [7]

and also the change of spring fitting type from loose to tight and the development of SLAR tools
means the movement of spacers in the annular gap are controllable, although the issue of
irradiationinducedcreep and gneth will still need to be assessed. The proposed.ZNb-0.5Cu

spacers would have a similar geometry to the current Incofi@spacer; a closed helical shape,
made from wires of the rectangular crgestion. They are held in place with the help ofrdlg

wire passing through the axis of the spring, the ends of which arevefutitd to form a ring around

the PT tube.

2.2 Alloying elements in Zr alloys

Addition of alloying elements or performing heat treatments is often considered as an effective way
to improve the properties of pure metals. Pure Zr has a low yield strength and poor corrosion
resistance. Therefore, to improve the engineering properties of Zr, the addition of alloying elements
are considered. However, due to the neutron physics anpabialsapplication of Zr in the nuclear
industry, only the alloying elements that have low neutron capture-secisn would be
considered for alloy development, such as O, Sn, Nb, Mo, Cu, Fe, Cr, and Ni [8]. Two requirements
must be satisfied by the atdn of alloying elements. Firstly, the elements have to improve the
engineering properties such as mechanical properties (strength, ductility, growth, creep, etc.) and
corrosion resistance under hot water conditions. Secondly, the mechanical propeytystich as
microstructural and the microchemical chafguced loss of dudily, growth and creep under
in-reactor neuton irradiation condition should be controllable.

Fe, Cr, and Ni, at their usual concentrations (less than 2.0%, T-4plarefully s ol ubl e i n

phase[9l 1] . However, in the U phase, their solubi

t
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and 200 ppm for Cr at the maximum solubility temperaturel@]2 Various phases have been

obtained in pure binary systems such as Lateses with cubic or hexagonal structure (Z&fel

ZrCry), and Zintl phase with a bogyentered tetragonal C16 structure(dy [15]. In Zircaloys,

Zry(Ni,Fe) and Zr(CrFe)2 might form by the substitution of Fe into Ni and Cr inNirand ZrCe,

respectively [15].

Nb is a b stabilizer that can extend the bcc
and pure Nb at high temperatures. The addition of Nb was reported to benefit the corrosion
resistance under reactor operating temperatuhee Nb was fully precipitated in small particles

[16, 17] and also the complexity of phase transformation eflZralloys makes mechanical

property i mprovement feasible. Water quenching
transformation, atar ma | ¥ phase transformation or retent
to the precipitations of b phase, U phase and/

Sn was originally added to improve the creep resistance. Low concentrations of 1.2% ~ 1.7% is
originally added to in@ase the corrosion resistance (Tablk), by mitigating the deleterious
effects of nitrogen [18]. However, it is found that iffilde Zr, the presence of Sn deteriorates the
corrosion resistance [19]. Therefore, the modern trend is to reduce the anediim vsder to
maintain good creep properties [20].

2.3 Microstructure evolution by thermal treatment in Zr alloys

The performance of dnased alloy components is crucially dependent on the microstructure of the
material which can be tailored by suitathermal treatment of the alloys. Zr alloys have shown a
variety of phase transformations and these phase transformations can be divided into two
categories: diffusionless and diffusional phase transformations [21]. The diffusionless
transformation, suchash e mar t ensi ti ¢ t r aphasd tansformdtion@ectursand a't
when the material is quenched from the Hige mp e r-phase field; there is not sufficient time

for solute alloying elements to diffuse and they are trapped in their origeslGh the other hand,



the diffusional transformation is of a much slower pace and alloying elemenisoasd by

diffusion during heat treatments. This category includes the tempering of quenched martensite,

i sothermal ¥ phase tyrphaseplfedpitaton.t i on, and seconda
In dilute ZrkNb  a | | o-phase untdehgees iartensitic transformations up to about 8.0% Nb,
provided the cooling rate exceeds a certain critical value [22]. Those martensites can be broadly
classified into lath and plate typeaded on their morphologies [2B]. In the lath morphology,

martensites are grouped together in parallel arrays within a packet and several such packets make
up t he vol umegraios Two tyges gb arientation disfributions of laths in a given

packet have been reported. In one case, laths belonging to the same orientation variant are stacked
together with a small angle boundary separating the adjacent laths while in the other, alternate laths

are twin related [22, 23]. In the plate morphologg #ticular plates form along different variants

of the habit planédepending on their burgers relationship) c ont i nu o u sgrains.phar t i t i o
first generation plates span across the entire grain of the parent phase. The partitioned grain is then
further partitioned by the second generation plates which are shorter in length and the process
continuedill the transformation is nearly complete.

At h e r-Znt b-Zrfransformation has been found to prevail over the martensitic transformation
withincr e asi ng c¢ o ngabilizingrelermentsin Zr allbys [B3, 24]. Provided an alloy has

the composition in the range where martensite transformation starting temperature is lower than
the ¥ starting t espoe traasformation wi take placawhenequenchihg b
from the b phase field. For compositions | owe
guenching from the b phase field. I n the comp
guenching from t healbs of iledadd pthoa steh & ifed rdmawtiildn o
soluter i ch b phase [25]. The morphol ogy of the at
particles aligned along one of the <l1itlirections [23].

During the tempering of the martensitee b phase is found to precipitate from the martensite

along the boundaries or in the plate interior. IANEr alloys, the phase transformation sequence,
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i.e. the sequence of formation of@rn r i ¢ h e d-Zrbwitip20% BB orNEB nr i ched b ph:
(MNb,wi th 85% Nb) is det er mi n eptasebopservet im theiiddbs c i bi | i
phase diagram [26]. Generally, annealing between 500 € and 610 € will lead to precipitation of

b-Zr, while annealing below 500 € or above 610 € will cause the precipit i on -Zoand bot h b
b-Nb [26-28].

Isothermalb-t o - transformation takes place when agingdhia b-phasematrix at temperatures

bel ow 450 AC. Both cuboidal and el | i-Nbsalloyisdal =
[24]. Usually,thesie of the ¥ precipitates forming by i s«
~ 20 nm and they were arranged along the (100
precipitation from the b phase is ¢théephase rel at
separation by spinodal mechanism proceeds, the concentration fluctuation leads to the lowering of

Nb content in periodically spaced regions in t
in these Nb lean regions. Ultimately a compgositn i s reached when ¥ phas:
thermodynamically possible. Continuous rejection of the Nb from the adjacent regions promotes

the subsequent growth of the particles until an equilibrium is reached beyond which rejection of
niobium in the suounding matrix is not feasible. This leads to the formation of large size cuboidal

¥ particle spaced -biyclma @ hpmasegi on of the NbD
2.41rradiation defects in Zr Alloys

2.4.1Neutroni zirconium interaction

In a reactor core, Zr alloys are subgtto a fast neutron flux (E > 1 MeV). The atoms would be
displaced from its crystallographic sites due to the elastic interaction between the fast neutrons and

the atoms [8, 29]. During the collision, part of the kinetic energy would be transferreddogtte

atom. For a typical fast neutron of 1 MeV, the mean transferred erigrgythe Zr atom is’Y

¢ @ Q¢8, 29]. If the transferred energy is lower than the threshold enesytE target atom

cannot leave its original site, which woulduks$n the vibration of the target atom and subsequently
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crystal heating. However, if the transferred is higher than this value, the atom will escape from its
initial position and this atom is called the primary knockacatom (PKA). The PKA continues to
interact with the other atoms of the alloy along its path. On average, half of its current kinetic
energy is transferred to the collided atom at each atomic collision, since they have equal masses.
The collided atoms will then interact with other atomastbreating a displacement cascade within

the crystal (Fig. Z). A displacement cascade will experience four stages of evolution [29]:

1) Collisional stage: the PKA initiates a cascade that continues until no more atoms are displaced
from their original es (usually less than 1 ps). At the end of this stage, the damage consists of a
large number of selhterstitials and vacancies.

2) Thermal spike: the energy that transferred to the displaced atoms is so high that the volume of
the displaced atoms antuet neighboring atoms are effectively melted. The duration of this stage is
about 0.1 ps.

3) Quenching stage: when the high energy is transferred to the surrounding atoms, the energy
quickly reduces and the molten zones return to the quenched statetagbisnght last longer,

about 10 ps and during this stage, stable defects form through the formation of point defects or
defect clusters.

4) Annealing stage: this stage is the further development of the defects and it might last a very long
time, up to seeral months depending on the irradiation conditions, until all the defects escape from
the cascade location and form stable structures.

Fig. 21 shows a molecular dynamics (MD) simulation of the evolution of a cascade in Cu at room
temperature [29]. Fi®-1a and Fig. 2Lb correspond to the early stages of the cascade and near the
final state. In the early stage, the cascade expands to a large scale but lasts only 2 ps; then it shrinks

until stable defect structures form.

12
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Fig. 221. MD simulation of a 30keV displacement cascade in Cu at 300K at 2ps (a) ar
18ps (b) into the collision [29].
2.4.2Displacement cascade estimation
The number of displaced atoms inside the cascade was first estimated by Kinchin and fPease (K

Formula) [29]. The total numbef wacancy and selhterstitial pairs{ ) is:
0 — (2-4)

where Eis the total kinetic energy ar@ the value of the threshold displacement energy averaged
over all crystallographic directions.

The K-P Formula was latemodified by Norgett et al. [281] by taking electron stopping power
into account, which is called the NRT model (Norgetibinsofi Torrens model) now. The total

number of vacancy and séffterstitial Frank pairst{ ) is:

0 (2-5)
O is the total energy of PKA; is the energy lost in the cascade by electron excitatioriQand
is the damage energy available for elastic collisions (inelastic losses such as electron excitation

subtracted frontotal PKA energy). The displacement efficienktys 0.8 and is independent of the

total energy of PKA or temperature.

13



According to the NRT model, the number of displaced atoms within the cascade in the case of a 22
keV PKA and using a displacement eneof¥0 1 10 Us 0 ¢ ¢.1WVith the consideration

of the free path of the neutron (several cm) and the thickness of the Zr cladding (less than 1.0 mm),
only one PKA is expected to be created during its travel through the cladding. Therefore, if the
PKA creation rate per volume in the material and the fast neutron flux in the reactor are known, the
displacements per atom (DPA) per volume and per second can be calculated. It was estimated by
many authors [2, 15, 32] that a fluenceg@ o p m ¢ 'O p0 ‘Qwcorresponds to a

damage of 1 dpa.

(a) COLLISION EVENTS (b) COLLISION EVENTS
: Vacancies Produced (X-P) ’E Vacancies Produced (X-P)
s s
T "
g E 9
2 19 - 3
b ® -
) s ue 7
= 5 B
"~ 3 ~ 5
3 3
¥ ¥ A
-—
- A 3
g g .
- I 3
z 2 - 3
2 ) 0 4 L 4 L 2 0
0A ~Target Depth - Ten 0A - Target Depth - 10 um

Fig. 22. SRIM calculations showing the damage profile of 5 MeV (a) and 20 MeV (b) Kr

ions implantation in Zr calculated using the threshold displacement energy &= 40 eV.

2.4.3Irradiation damage calculation by SRIM

SRIM (Stopping and Range of lons in Matter) program was developed by James F. Ziegler and
Jochen P. Biersack around 1983 and now is widely used in the field of ion implantation
research and radiation material science [33]. SRIM is basedMonte Carlo simulation
method, namely the binary collision approximation with a random selection of the impact
parameter of the next colliding ion [33].

It can output data such as the thdémensional distribution of the ions in the solid and its

parameters, such as penetration depth, its spread along the ion beam, and the concentration of
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vacancies during irradiation. The acquired vacancy concentration can be used in the calculation of

the DPA [34]:

$0! (2-6)
where%.is the fluence in ions/ctpand N is the atomic number density in atomé/drhe damage
rage is obtained from SRIM simulations. The atomic number density is acquired from the atomic
weight O ), material density’) and Avogad).ods number (
- — (2-7)

For Zr, a threshold displacement energy @£EB0 eV is commonly used in DPA calculations and

a fluence ot & Y p 1 ions will create 1 DPA damage in the material. An example of damage
profiles calculated by SRIM inrdising 5 MeV and 20 MeV Kr ions implantation energy is shown

in Fig. 22.

2.4 4lrradiation -induced dislocation loops

Irradiationrinduceddislocation loops in hcp material have been investigated by many authors with
different irradiation methods in the past several decade4{B3n general, dislocation loops with
Burgers vectors of <a> (g= g), <¢> (c=Tt 1t tgnd <c+a> (c+ap gol @ mo) nucleating on

PPTI T, TI TTU T, p PPTT p have been reported. In 1975, Foll akikens [48] proposeda simple

model relating loop habit planes with the c/a ratio. Their model is based on the relative packing

density for different planes, which changeshasc/a ratio varies from one metal to another. When

the c/a ratio is greater that o the basal (0001) plane is the principal dislocation loop nucleation

plane. When the c/a ratio is less théplc, the prism pptt 1tplanes are the principal loop

nucleation plaes. According to this model, the principal loop habit plane of all the hcp metals

except Zn and Cd should bgptt 1t(Table 21).
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Table 2-1. Lattice parameters of typical hcp crystals [45].

Lattice parameters (A

Crystal
a c cla
UBe 2.286 3.584 1.568
U-Hf 3.195 5051 1.581
Ru 2.706 4.282 1.582
U-Ti 2.951 4.684 1.587
Gd 3.636 5.783 1.590
U-zr 3.231 5.148 1.593
Re 2.760 4.458 1.615
UCo 2.507 4.070 1.623
Mg 3.209 5.211 1.623
Ideal packing - - 1.633
Zn 2.665 4.947 1.856
Cd 2.979 5.617 1.886

Griffith s [45] reviewed the previous reports on the loop formation preferential planes and found

that there are a number of exceptions. For instance, the appearanc@ o  loops on the

pyramidal planes, andrt Tt tgnd- ¢ go loops on the basal plane has been reported in Zr

[46, 47, 49], Mg [50] and Ti [47] under neutron, jamdelectron irradiation. The formation of <c>
component dislocation loops on basal or pyramidal planes was attributed to the effect of impurities
[37,39, 49, 51], cascades [45] and local stresses in the material [46].

In Zr, the formation of dislocation loops has been widely investigated because of its special use in
the nuclear industry. All four types fadiatiorrinduceddislocation loops lying othe prismatic,

basal and pyramidal were found in early studies [34, 37, 39, 456 43L53].
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2.4.5<a> loops in Zr
Neutronirradiationinduced<a> dislocation loops were comprehensively studied by Jostsons et al.
in zonerefined Zr at irradiation tengratures ranging from 300 € to 435 € [51]. It was found

thatonly—- p @m loops exist in neutroirradiated Zr and they have a nedge character with

the loop normal showing a range of scatter with a tendency to rotate towards one of the neighboring
pptt Ttand to a lesser extent towardsTt 1. @ heir shape is elliptical with the loop minor axis
within the (0001) plane, whereas the loop major axis is in the vicinity of [0001]. This ellipticity is
marked for vacancy loops and increases with loop sizeinberstitial loops tend to be circular.

The loops increase in diametbut decrease in density with theciease b the irradiation
temperature. Both vacancy and interstitial loops were successfully characterized for all irradiation
conditions. At 350 € the numbers of interstitial and vacancy loops are almost equal; but at 400
€, the proportion of vacancy loops increases to about 70% and this drops to lower than 20% at
temperatures above 450 €. There are large gtaigrain variations in the intetgial and vacancy
content of the dislocation loops and the amount of vacancy loops (around 70%~90%) is always in
excess of interstitial loops [49].

Electron irradiation (1 MeV) induced <a> dislocation loops were studied by Griffith in iodide

grade Zr(above 99.95% purity) at 440 € [46, 54, 55]. <a> loops have all three types of Burgers

vectors, i.e- p @, - p¢p mand- ¢p p Tand 30% more loops are withpgp Ttthan with

- p @ or- ¢p p mBoth interstitial and vacancy loops exist and the content of vacancy and
interstitial loops is almost the same. However, the numbesicEncyand interstitial loops are not

equally distributed among the three types of <a> Burgers vectors. The loops pgjth thave
more vacancy type than interstitial type, while thep p mioops have an opposite trend of

- p¢p T In contrast, the p g loops have equal numbers of interstitial and vacancy types.

17



Heavy ion (K#") irradiation was carried out by Yiagt al. in pure Zr at temperatsrieom 300 €

to 500 € [34]. They observed the nucleation of <a> loops in the TEM foils. Their size increases
nearly linearly with the irradiation dose at all investigated temperatures and reaches a maximum of
around 10m. Their density also has the same increasing trend as the size, and a saturation was not
observed at high temperatures (> 400 €). The nature of the loops was not characterized because
of their small size.

Comparison ofrradiationrinduceddislocation l@ps in Zr alloys by neutron, electron and heavy

ion irradiation is shown in Table-2 From the table, one can easily find the differences between

the three types of bombardment particles. Electron irradiation creates the largest loops in all, while

heavyions generate the smallest loops.
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Table 2-2. Irradiation -induced <a> type dislocation loops in Zr alloys under different irradiation methods.

Irradiation Irradiation Damage level Loop density
Sample Mean diameter(nm) Ref.
method Temperature 3 ) (dpa) ( a )
300 0.8 18.6 0.5 [56]
AnnealedzZr
400 0.74&2.2 50.0~56.0 ~0.09 [57]
250 0.7 6.0~11.6 1.3~4.0 [57]
300 0.8 6.5 1.9 [56]
Neutron AnnealedZircaloys 340 2.2 8.0~10.0 0.8~5 [57]
400 2.2 16.0~23.0 ~0.5 [57]
500 0.62 >100.0 Rare [56]
300 0.8 7.0 Not Given [56]
AnnealedzZr-2.5Nb
400 0.74 37.0 Not Given [56]
Electron lodide-grade Zr 440 0.1 70.0~100.0 Not Given [46]
Heavy ion 0.008 2.0 0.1 [34]
Pure Zr 300
(Kr?) 0.3 7.0 2.0 [34]
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2.4.6<c> loops in Zr

<c>loops have attracted more attention because their formation is correlated to irradiation growth.
Early reports claimed that there was no evidence of <c> component dislocation loop formation
from neutron irradiation at 400 € and above to a fluence up top T neutrons/m (1.6 dpa, >

1.0 MeV) [57, 58]. However, the vacancy faulted dislocation loops with Buvgetsrs ofA
- ¢ mo onthebasalplane have been reported in high purity Zr irradiated at 450 € to a fluence

of p& p T neutrons/m (2.0 dpa, >1.0 MeV) [49]. Analysis showed that these loops appeared
only in some batches of zomefined material at irradiation temperatures in excess of 450 C.
Griffith et al. performed neutron irradiation in annealed Zr, Zirc&pwnd Zircaloy4 at
temperature ranging from 80 € to 465 € with a fluence up @® p 1 neutrons/r(2.3 dpa,

> 1.0 MeV) [39]. They found that there is no evidence for <c> component loops produced by
irradiation at 80 € to a fluence afgt p T neutrons/m At 287 T, there is ne<c> component

loop formation to a low fluenc@@t p 1 neutrons/ri 1.6 dpa); but for a high fluencg ( p T
neutrons/m, 12 dpa), there is a high concentration of <c> component loops. At 427 T, <c>
component defects were observed even at a low flug@re @ 1 neutrons/my 1.6 dpa). The
number of observable dislocation segments increases at higher fluedcep (1t neutrons/y

6.8 dpa). All the <c> component dislocation loops are faulted basal plane loops having Burgers
vectors ofA - ¢ mo . The <c>component dislocation loops are-faulted having Burgers
vectors ofA 1t Tt Tripllowing an annealing at 600 € for 1 h. The reaction is thought to be the
occurrence of the reaction:¢ qo - ¢t ¢ o 71 1T . Prhe nature of the resultant loops is

determined to ®vacancyin character, indicating that the faulted loops in thigrasliated material
are alsovacancyin character because interstitial loops could not convert to vacancy loops by post
irradiation annealing. Second phase particles are found to aféefdrthation of <c> component

loops. It was found by Griffith et al. [39] that the basal plane vacancy loop are higher in number
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near the intermetallic particles in Zircaldyfor temperatures between 287 € and 307 € at
fluences above p T neutrons/m(7.6 dpa).
The existence of <c> component defects is also observed in pure Zr under electron irradiation to a

very high dose, 10 dpa [59]. The most detailed and systematic studies were performed by Griffith

et al. [46, 54, 55]. They observed that theéatiation loops often have Burgers vectordof -
¢mgo ,- p @0 and T a temperatures between 300 € and 500 €. Fhe ¢ o

loops arevacancyin nature lying on the basal plane andthep go loops are interstitial in

character having pyramidal complex (pyramidal/basal) habit planes at 400 €. Theat 1tlpops
arevacancyin character at 450 € and the formation of this type of loop is largely dependent on
the foil normal.

The presence of <c> component loops is also seen in @avwradiatel pure Zr and ZExcel

alloys [34, 53].However due to the small size of the loops, the Burgers vectors and the nature of
the <c> component loops were not determined.

2.4.7Irradiation -induced precipitate instability

The stability of precipitates is cradly important when assessing the mechanical properties and
corrosionbehaviourof reactor materials. It is known that irradiation has a remarkable effect on
precipitate stability. It may cause the dissolution, precipitation, growth and/or amorphization o
precipitates, redistribution of alloying elements and other associated microstructural changes.
These changes will affect the material performance ingéors, such as corrosidrehaviar and
irradiation growth. Generally, a finer size and more hoenegus distribution of precipitates
benefitthe corrosion resistance in Zircaloys [60, 61]. IANEr alloys, supesaturation of Nb in the
matrix was demonstrated to degrade cNMbrithersi on
f r o-&r U-@ris rdcommended [16, 17, 62]. It is reported that irradiation growth is related to
the presence of <c> component vacancy dislocation loops on the basal plane and Fe concentration

in the matrix [2, 63]. It is believed that an increase of the Fe solutegwaton promotes the
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formation of <c> dislocation loops [63]. Furthermore, interfaces of incoherent precipitates can act
as effective sinks for interstitials and vacancies to recombine and decrease the propensity for
accelerated growth [64]. As Fe hasignificant effect on the diffusionaharateristics of vacancies

in Zr, an increasing Fe concentration in the matrix may also decrease the magnitude of the
irradiation growth rate [2, 65].

2.4.7.1Amorphization

Amorphization occurs when the rate of damagoduction (redistribution of atoms) exceeds the
rate of thermal recombination towards the equilibrium crystalline phase [66]. At low temperature,
irradiationinduceddefects would stay at their original places with little annealing taking place
[67]. In this temperature regime, the dose for producing amorphization is independent of the
temperature. At a certain critical level of damage, there is a driving forceefochtinge of short

range order to longange order to reduce the system energy and when this critical value reached,
the amorphization happens [67].

The transformation of particles froorystalline state to amorphous state in Zr alloys bagn
studied by many authors [15,-68]. It has been demonstrated [15; /&[] that the crystalline to
amorphous transformation for a particular intermetallic precipitate is dependent on temperature,
flux, andfluence Here, a study of the precipitate lstdy of different intermetallic particles in
Zircaloy-2 and Zircaloy4 by Griffith et al. [15] is used to illustrate the amorphizati@haviour

of distinct particles under irradiation. The samples of Zirc@@nd-4 were neutron irradiated at
temperatires ranging between 70 € and 300 € up to a dose of 20 dpa. In those two alloys, the
main second phase patrticles are the intermetallic precipitates(Nf,Ze) and Zr(Cr, Fe) Their
responses to irradiation are listed in Tabi@[25]. At low tempeatures (< 80 €), both types of
particles become amorphous. At intermediate temperatures (250 €~330 €), tiNi,ZFe)
particles remain crystalline, whereas the Zr(Cr; pajticles become amorphous. The amorphous
transformation depends on the localmpmsition within the particle and occurs when the relative

Cr content is high or if there is a depletion of solute below the stoichiometric value. At high
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temperatures (365 €~435 €), both the ANi, Fe) and Zr(Cr, Fe)intermetallic particles are
crystdline, but undergo radiatiemmduced dissolution. The crystallste-amorphous
transformation starts at the periphery of particles, and then the amorphous rim moves inward until
the whole precipitate becomes fully amorphous. The chemical concentratide pittin the
precipitates also exhibits two distinct zones corresponding to the two different states: the crystalline
core and the amorphous periphery. The amorphous layer exhibits a much lower iron content than
crystalline core dropping from the standlasalue of 45 at.% to below 10 at.%. It is suggested by
Griffith [15] that iron may be in some form of irradiatiinmduced interstitial state in irradiated-Zr

alloys and may then diffuse interstitially out of the intermetallic particles.
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Table 2-3. Structure of intermetallic precipitates in neutron irradiated Zircaloy -2 and-4 [15]

Displacement damage Fluence( Structure
Alloy Reactor Temperature ()

W v dpa s Zr(Cr,Fe)2 Zr2(Ni,Fe)
11 15 0.6 80 Amorphous Amorphous
DIDO 11 6 2.5 80 Amorphous Amorphous

(UKAEA) 17 1 04 280 Crystalliné Crystalline

17 5 2 280 Amorphous Crystalline

<1 <2 <1.0 77 Amorphous Amorphous

o 4 12.5 6 77 Amorphous Amorphous
PHWR <0.5 <1 <0.5 250 Crystalline Crystalline

(OH) 0.6 2 0.9 250 Duplex (10 nm)  Crystalline

1.5 4 2.1 250 Duplex (25 nm§  Crystalline

5 15 7.2 277 Amorphous Crystalline

1 Non uniform structure of amorphous regions in a crystalline matrix.

2 Non uniform structure of crystalline regions in an amogshmatrix.

3 Amorphous layer thickness given in brackets for particles having a duplex crystalline/amorphous structure.
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EBR-11(GE) 80 20 6.2 402 Crystalline Crystalline
1.5 2 1 287 Duplex (10 nm§  Crystalline
BWR
8 9 35 287 Duplex (40 nm§  Crystalline
(GE)
Zr-4 .
16 18 8.5 287 Duplex (90 nm§  Crystalline
PWR 1 1 0.5 307 Crystalline Crystalline
(CE) 16 18 8 307 Duplex (80 nm§  Crystalline

26



2.4.7.2Alloying elementredistribution

Under irradiation, there are two reasons for the redistributioriayfiad) elements in the material:
ballistic sputteringand diffusion. The collision between atoms ballistically drives the target atoms
out of their original places. If thdisplacement is large enough, the atoms might go out of the
precipitates and either form precipitates or d
in the matrix. Therefore even for the same type of precipitates, they might have totatlyntliffe
redistributionbehaviourunder irradiation with different dose rate, material, heat treatment history
and/or variation of stoichiometric value. For example, ZK€s particles were found to more

easily become amorphous in Zircal®dyhan in Zircaloyd under neutron irradiation [15]. A direct
explanation for this is the concentration difference of Cr in Zirc2land-4, which means the
stoichiometric ratio between Fe and Cr is different. During irradiation, a large number of defects
such as point dects, clusters, and loops are generated [74, 75], which dramatically raises the solute
solubility limit from that in the thermal equilibrium state. Hence, this improved solubility would
facilitate the diffusion of sputtered solute atoms into the matrike ballistic sputtering, the

di ffusion process also depends on the fispacedc
crucially dependent on the temperature. Generally, at a lower temperature, the ballistic sputtering
dominates the redistribution; ahigher temperature, the diffusion rate increases and both processes
work. However, if the temperature is so high that the coalescence rate of vacancies and SlAs is fast,
there will be littleirradiationinducedelement redistribution other than theripahduced element
redistribution.

In many materials, both dissolution and precipitation have been reported under irradiation [64, 68
72, 7687]. For example, in Z2.5Nb Coleman et al. [88] showed that Nb dissolved and re
precipitated during irradiation &0 € and postirradiation annealing at 500 €, respectively.
Kruger and Adamson [80] also inferred the dissolution of Nb from the changes in the diameters of
t h e\Nb precipitates in NS2 (Zr-1Nb-1Sn0.2Fe) under neutron irradiation to 3 dpa at 300 C.

However, Perovic et al . [ 83] f o-Arrudder ndutaoh t her «
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irradiation to 0.54 dpa at 310 €, in Z2.5Nb. Cann et al. [77] reported the precipitation of Nb from
the supersaturatediZ2.5% Nb matrix. Similar precipitatiobehaviourwas also observed in Zr
1Nb [89]. Those differences are probably due to the difference in types of ions for irradiations,

flux, and dose.
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Fig. 23 Change of yield strength, UTS, and elongation of Zircale® under different

irradiation temperature: (a) low temperature (< 100 €), (b) high temperature (320 €~360
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Fig. 2-4. Variation of stressstrain curves with temperature, for annealed transverse
Zircaloy-2 specimens ufirradiated and irradiated to 8 =70 (E>1MeV): (a)
tensile testing strainstress curves for irradiated Zircaloy-2; (b) comparison of irradiated

and un-irradiated Zircaloy -2 at different temperatures [104].
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2.5Irradiation hardening in Zr Alloys

Under irradiation, there will be an increasf the material strength and a loss of the ductility. The
reason for this is thought to be the irradiation created defects and precipitation esagupsron

which might act as obstacles for operating (source hardening) and moving the dislocattoms (fr
hardening) [29]Considerablevork has been done aiming to understand the hardéeimaviour

of the material under irradiation and the basic mechanisms behind#twsadous [7, 90-115]. In

Zr alloys, previous studies are mainly focused on the tensile properties of the irradiated material
[93, 99, 102, 104, 106, 113, 116, 117].

In Zircaloy-2 and Zircaloy4, neutron irradiation was carried out by Higgy and Hammad [101] at
50€ to 360 € up to a fluence ofp® o p m €& (2.26 dpa). They found that both materials
showed considerable hardening and loss of ductility at all temperatures {FigTRe rate of
hardening for high temperature irradiation was higher than thiviclemperature irradiation. At
elevated temperaturgradiationinducedchanges in yield stress showed saturation at a fluence of
18t p 1 €74 , while no saturation was observed after elevééeaperature irradiation up to a
fluence oft8&t p 1 £€X& . A test made by Onchi et al. [104] in annealed Zirc#laiming to
understand the post irradiation annealing effect on the hardening is shown ir4Fig.iclear

that there is a constant increase in the hardness even after post irradiation ammiaingaterial

at all testing temperatures. Within expectation, the increase of temperature decreases the hardness
and increases the elongation. InZbNb, work done by Bose et al. [118] with*Zelfion
irradiation to a maximum dose of 30 dpa (8 MaYj)oom temperature in the pressure tubes showed
that there was an increase in the hardness after irradiation. Irradiation caused a decrease of hardness
ratio on the transverse normal (TN) plane relative to that on the axial normal (AN) and radial
normal RN) planes from 1.3 and 1.2 to 1.04 and 1r88pectively. They suggested theddiation
induceddefects altered the operation of slip systems in Zr. {2.2Nb-0.5Cu, post irradiation

examination was carried out on the garter springs removed froamlidiWR after 8 and 15 Hot
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Operating Years (HOY), corresponding to a dose of 8 and 15 dpa [116]. For the same amount of
residual extension, the spacers after 15 HOY required higher load than that after 8 HOY. This
indicates continued irradiation hardeninih increasing fluence. Spacers from both channels (15
HOY and 8 HOY) could withstand a load up to 10 kg without undergoing any breakage, but an
obvious decrease of ductility is observed after irradiation.

The irradiationrinducedincrease in yield stress often expressed by the powaw function:

YA [0 (2-8)

wheren the displacement per atolmandn are the regression coefficients [97, 119]. At low doses,

the exponenh has been measured to be about 0.5 for many metals; at higher theseds a
tendency towards saturation in irradiation hardening [97]. In Zr alloys, the same trend is also
reported, depending on the temperature, processing history and alloying elements in the matrix.
The change in yield stress showed saturation dtuende oft p m €¢f& (0.6 dpa) for
Zircaloy-2 andv p 1t €fa  (0.75 dpa) for Zircaloy at the temperature below 373 K, while

no saturation was observed at the temperature between 593 K and 633 K to a flgshae of

p 1 efd (2.31dpa)9o0, 101. In Zr-Nb alloys, the saturation was noticed at a fluence of

p T EFGd (4.53 dpa)in coldvorked Zr2.5Nb from neutron irradiatiofi03]; in a recent study

in Zr-1.8Nb by C*ion irradiation, the saturation was found to be around 1.81@@h Eventhough

early investigations displayed different doses for the material to reach a saturation of yield stress
change, the trend is similar, that is, the continuous increase of irradiation dose would lead the yield
stress toward saturation.

References

[1JFi el d GJ, Dunn JT, Cheadle BA. Analysis of
Unit 2 Nuclear Systems Department. Canadian Metallurgical Quarterly 1985;81:181

[2] Holt RA. In-reactor deformation of coldorked Zii 2.5Nb pressure tubes. JoursélNuclear

Materials 2008;372:18214.

30

t



[3] HopkinsJR. Proceedings of the Second International Conference on CANDU Maintenance.
Canadian Nuclear Society; 1987.

[4] Zhang HK, Yao Z, Morin G, Griffiths M. TEM characterization ofrigactor neutron irradiated

CANDU spacer material Inconel-X50. Journal of Nuclear Materials 2014;45198

[5] Zzhang H, Yao Z, Daymond MR, Kirk MA. Cavity morphology ilNabasedsuperalloy under

heavy ion irradiation with cold p#@jected helium. |. Journal of Applied Physics
2014;115:103508.

[6] Zhang H, Yao Z, Daymond MR, Kirk MA. Cavity morphology ilNabasedsuperalloy under

heavy ion irradiation with hot pri@jected helium. Il. Journal of Applied Physics 2014;115:103509.

[7] Adamson RB. Effects of neutron irradiation omicrostructure and properties of Zircaloy.
Zirconium in the Nuclear Industry: Twelfth International Symposium: ASTM International; 2000.

[8] Konings R. Comprehensive nuclear materials: Elsevier; 2011.

[ 9] Ari as D, Abr i at a-ZrdoRium) Sydieen. Balletin Hfr Alloy BHagseo mi u m
Diagrams 1986;7:2344.

[ 10] Arias D, Abr iZeconaum)kRtem. Bulletin oF Adlay Phase(Diagraoma
1988;9:597604.

[ 11] Nash P, Jay an-Zifconing systdmh RulletihiofiAlfloy Phéshdrankse |
1984,5:1448.

[ 12] Stupel MM, Bamberger M, Wei ss BZ. Det er mi
spectroscopy. Scripta Metallurgica 1985;19:489

[ 13] Zou H, Hood GM, Roy JA, Schul t z-ZRA , Jack
secondary ion mass spectrometry study. Journal of Nuclear Materials 1994;2243.239

[14] Holt RA, Causey AR. The effects of intergranular constraints on irradiation growth of

Zircaloy-2 at 320 K. Journal of Nuclear Materials 1987;150:386

31



[15] Griffiths M, Gilbert RW, Carpenter GJC. Phase instability, decomposition and redistribution
of intermetallic precipitates in Zircale® and-4 during neutron irradiation. Journal of Nuclear
Materials 1987;150:586.

[16] Jeong YH, Lee KO, Kim HG. Correlation betwewitrostructure and corrosidrehaviourof

Zri Nb binary alloy. Journal of Nuclear Materials 2002;3029

[17] Park 3Y, Choi B-K, Jeong YH, Jung ¥H. Corrosionbehaviourof Zr alloys with a high Nb
content. Journal of Nuclear Materials 2005;340:287

[18] Krishnan R, Asundi MK. Zirconium alloys in nuclear technology. Proceedings of the Indian
Academy of Sciences Section C: Engineering Sciences 19858:41

[19] Wei J, Frankel P, Polatidis E, Blat M, Ambard A, Comstock RJ, et al. The effect of Sn on
auoclave corrosion performance and corrosion mechanismg BriZkb alloys. Acta Materialia
2013;61:420a14.

[20] Harada M, Kimpara M, Abe K. Effect of alloying elementauniform corrosion resistance of
zirconiumbased alloys in 360 C water and 400 C stedirconium in the Nuclear Industry: Ninth
International Symposium: ASTM International; 1991.

[21] Banerjee S, Mukhopadhyay P. Phase Transformations: Examples from Titanium and
Zirconium Alloys: Elsevier Science; 2010.

[22] Banerjee S, Krishnan R. Martéis Transformation in ZirconiuaNiobium Alloys. Acta
Metallurgica 1971;19:131&.

[23] Tewari R, Srivastava D, Dey GK, Chakravarty JK, Banerjee S. Microstructural evolution in
zirconium basedlloys. Journal of Nuclear Materials 2008;383:143

[24]DeyGK, Singh RN, Tewar:. R, Sri vasiplaseanzD, Bane
rich Zr-Nb alloys. Journal of Nuclear Materials 1995;224-546

[ 25] Perovic V, Weatherly GC, Si mpson CJ. Hy dr

Metallurgical983;31:138191.

32



[26] Williams C, Gilbert R. Tempered structures of a2z wt% Nb alloy. Journal of Nuclear
Materials 1966;18:1686.

[27] Banerjee S, Vijayakar SJ, Krishnan R. Precipitation in zircomighium martensites. Journal

of Nuclear Material4976;62:22939.

[28] Luo CP, Weatherly GC. The precipitatibehaviournf a Zr-2.5 wt pct Nb alloy. Metallurgical
Transaction®\ 198819:115362.

[29] Was GS. Fundamentals of Radiation Materials Science: Metals and Alloys2007.

[30] Norgett MJ, Robinson MTTorrens IM. A proposed method of calculating displacement dose
rates. Nuclear Engineering and Design 1975;33:50

[31] Singh BN, Zinkle SJ. Defect accumulation in pure fcc metals in the transient regime: a review.
Journal of Nuclear Materials 1993;2062229.

[32] Holt RA, Bickel GA, Christodoulou N. Effect of fast neutron fluence on the creep anisotropy
of Zri 2.5Nb tubes. Journal of Nuclear Materials 2008;3734.30

[33] Ziegler JF, Biersack JP. The Stopping and Range of lons in Matter. In: Bromlegdid@,
Treatise on Heawon Science: Volume 6: Astrophysics, Chemistry, and Condensed Matter.
Boston, MA: Springer US; 1985. p. 929.

[34] Idrees Y, Yao Z, Kirk MA, Daymond MR. In situ study of defect accumulation in zirconium
under heavy ion irradiain. Journal of Nuclear Materials 2013;433H%/.

[35] Karim ASA, Whitehead ME, Loretto MH, Smallman RE. Electron radiation damage in H.C.P.
metal$ I. The determination of the threshold displacement energy in Zn, Canddgi. Acta
Metallurgica 1978;26:9%-81.

[36] WhtteheadVE, Karim ASA, Loretto MH, Smallman RE. Electron radiation damage in H.C.P.
metal$ 1l. The nature of the defect clusters in Zn and Cd formed by irradiation in the HVEM.
Acta Metallurgica 1978;26:9833.

[37] Griffiths M. A review of mcrostructure evolution in zirconium alloys during irradiation.

Journal of Nuclear Materials 1988;159:1208.

33



[ 38] Griffiths M, Faul kner -tianiumSlbwnhl eofs Nudrear. Neut
Materials 1983;119:18907.

[39] Griffiths M, Gilbert RW. The formation of &omponent defects in zirconium alloys during
neutron irradiation. Journal of Nuclear Materials 1987;150819

[40] Griffiths M, Gilbert RW, Coleman CE. Grain boundary sinks in nedin@diated Zr and Zr
alloys. Journal of Nuclear Merials 1988;159:40%6.

[41] Jenkins ML. Characterisation of radiatidamage microstructures by TEM. Journal of
Nuclear Materials 1994;216:156.

[42] Khan AK, Yao Z, Daymond MR, Holt RA. Effect of foil orientation on damage accumulation
during irradigion in magnesium and annealing response of dislocation loops. Journal of Nuclear
Materials 2012;423:1321.

[43] Woo CH. Defect accumulatiohehaviourin hcp metals and alloys. Journal of Nuclear
Materials 2000;276:9Q03.

[44] GuldenT, Bernstein |. Dighcation loops in irradiated zirconium. Philosophical Magazine
1966;14:108-01.

[45] Griffiths M. Microstructure evolution in hcp metals during irradiation. Philosophical
Magazine A 1991;63:8387.

[46] Griffiths M, Loretto MH, Smallman RE. Anisotropic digiution of dislocation loops in
HVEMZrradiated Zr. Philosophical Magazine A 1984;49:@13

[47] Jostsons A, Blake RG, Kelly PM. Characterization of dislocation loops in nduiadiated
titanium. Philosophical Magazine A 1980;41:903

[48] H. Fdl MW. A simple method for the analysis of dislocation loops by means of the inside
outside contrast on tr aphysicastasus solaina) BV58t:5B.on mi cr
[49] Jostsons A, Blake RG, Napier JG, Kelly PM, Farrell K. Fallbops in neutroirradiated

zirconium. Journal of Nuclear Materials 1977 ;68 -2/

34



[50] Hossain MK, Brown LM. Electron irradiation damage in magnesium. Acta Metallurgica
1977,25:25764.

[51] Jostsons A, Kelly PM, Blake RG. The nature of dislocatiorpdoim neutron irradiated
zirconium. Journal of Nuclear Materials 1977;66 586

[52] Northwood DO, Fidleris V, Gilbert RW, Carpenter GJC. Dislocation loop generation and
irradiation growth in a zirconium single crystal. Journal of Nuclear Materials 1871@830.

[53] Idrees Y, Yao Z, Sattari M, Kirk MA, Daymond MR. Irradiation induced microstructural
changes in ZExcel alloy. Journal of Nuclear Materials 2013;441:-538

[54] Griffiths M, Loretto MH, Smallman RE. Electron damage in zirconium: |. detegtture and

loop character. Journal of Nuclear Materials 1983;11522.3

[55] Griffiths M, Loretto MH, Smallman RE. Electron damage in zirconium: Il. Nucleation and
growth of eccomponent loops. Journal of Nuclear Materials 1983;1153823

[56] GilbertRW, Farrell K, Coleman CE. Damage structure in zirconium alloys neutron irradiated
at 573 to 923 k. Journal of Nuclear Materials 1979;84487

[57] Northwood DO, Gilbert RW, Bahen LE, Kelly PM, Blake RG, Jostsons A, et al.
Characterization of neutron adiation damage in zirconium allogs an i nt ernati onal
robinodo experiment. Journa9. of Nuclear Materi al
[58] Northwood DO, Herring RA. Irradiation growth of zirconium alloy nuclear reactor structural
components. Journal of Materiaty fEnergy Systems 1983:1296.

[59] Carpenter GJC, Watters JF. A study of electron irradiation damage in Zirconium using a high
voltage electron microscope. Journal of Nuclear Materials 1981;3@213

[60] Sabol GP, Comstock RJ, Weiner RA, LarouereSBgnutz RN. Irreactor corrosion
performance of Z4 RLOE and zircaloy

Zirconium in the nuclear industry: Tenth International Symposium: ASTM International; 1994.

35



[61] Anada H, Nomoto K, Shida Y. Corrosiorbehaviourof Zircaloy-4 sheets produced under
various hotrolling and annealing conditions.  Zirconium in the Nuclear Industry: Tenth
International Symposium: ASTM International; 1994.

[62] Kim HG, Jeong YH, Kim TH. Effect of isothermal annealing on the corroseraviourof

Zri xNb alloys. Journal of NMclear Materials 2004;326:123.

[63] Griffiths M, Gilbert RW, Fidleris V. Accelerated irradiation growth of zirconium alloys.
Zirconium in the Nuclear Industry: Eighth International Symposium: ASTM International; 1989.
[64] Russell KC. Phase stabilitypder irradiation. Progress in Materials Science 1984;284329

[65] King AD, Hood GM, Holt RA. Feenhancement of setf i f f u s-Zr.dJournal of Nudlear
Materials 1991;185:1781.

[66] Motta AT. Amorphization of intermetallic compounds under irradiadi A review. Journal

of Nuclear Materials 1997;244:250.

[67] Motta AT, Howe LM, Okamoto PR. Amorphization kinetics of Zr3Fe under electron
irradiation. Journal of Nuclear Materials 1993;205:883

[68] YangWJS Tucker RP, Cheng B, Adamson RB. Préaies in zircaloy: Identification and the
effects of irradiation and thermal treatment. Journal of Nuclear Materials 1986;1-3%185

[69] YangWJS Precipitate stability in neutreiradiated Zircaloy4. Journal of Nuclear Materials
1988;158:7180.

[70] Etoh Y, Shimada S. Neutron irradiation effects on intermetallic precipitates in Zircaloy as a
function of fluence. Journal of Nuclear Materials 1993;2099

[71] P&heur D, Lefebvre F, Motta AT, Lemaignan C, Charquet D. Effect of irradiation on the
predpitate stability in Zr alloys. Journal of Nuclear Materials 1993;205515

[72] Brimhall JL, Kissinger HE, Charlot LA. Amorphous phase formation in irradiated
intermetallic compounds. Radiation Effects 1983;77:933

[73] Motta AT, Lemaignan C. A ba#itic mixing model for the amorphization of precipitates in

Zircaloy under neutron irradiation. Journal of Nuclear Materials 1992;1982.77

36



[74] Griffiths M. A review of microstructure evolution in zirconium alloys during irradiation.
Journal of Nuclear Mterials 1988;159:19P18.

[75] Griffiths M, Styles RC, Woo CH, Phillipp F, Frank W. Study of point defect mobilities in
zirconium during electron irradiation in a higbltage electron microscope. Journal of Nuclear
Materials 1994;208:3234.

[76] HerringR, Loretto M. Neutron irradiation induced effects in Zircalbyn Phillips, GJ (Ed)
Proceedings of the Canadian Nuclear Society sixth annual conference 1985:693.

[77] Cann CD, So CB, Styles RC, Coleman CE. Precipitation i@.2Kb enhanced by proton
irradiation. Journal of Nuclear Materials 1993;205:2@7

[78] Francis EM, Harte A, Frankel P, Haigh SJ, Jalern& D, Romero J, et al. Iron redistribution in
a zirconium alloy after neutron and proton irradiation studied by erbsggrsive Xray
spectroscpy (EDX) using an aberratietorrected (scanning) transmission electron microscope.
Journal of Nuclear Materials 2014;454:387.

[79] Griffiths M, Phythian W, Dumbill S. Comment on-Bestribution in Zr2.5Nb pressure tubing.
Journal of Nuclear Materials993;207:35%.

[80] Kruger RM, Adamson RB. Precipitabehaviouiin zirconiunmbased alloys in BWRs. Journal

of Nuclear Materials 1993;205:24D.

[81] Nelson RS, Hudson JA, Mazey DJ. The stability of precipitates in an irradiation environment.
Journal ofNuclear Materials 1972;44:3130.

[82] Nuttall K, Faulkner D. The effect of irradiation on the stability of precipitates-BZWT%

Nb alloys. Journal of Nuclear Materials 1977;67-B31

[83] Perovic V, Perovic A, Weatherly GC, Purdy GR. The distributd Nb and Fe in a Z2.5

wt% Nb alloy, before and after irradiation. Journal of Nuclear Materials 1995;22023

[84] Shen HH, Peng SM, Xiang X, Naab FN, Sun K, Zu XT. Proton irradiation effects on the
precipitate in a 4r1.6Sn 0.6Nl 0.2Fé 0.1Cr alloy.Journal of Nuclear Materials 2014;452:335

42.

37



[85] Sundell G, Thuvander M, Tejland P, Dahlb&k M, Hallstadius L, Andrén HO. Redistribution
of alloying elements in Zircaleg after inreactor exposure. Journal of Nuclear Materials
2014,454:1785.

[86] Grif f it hs M, M¢ | 1 e a nphasddstability inTZE BINbsptessurey tubesf U]
foll owing neutr on i r-phasd stability). Micron(1995;266688 st udy of
[87] Motta AT, Faldowski JA, Howe LM, Okamoto PR. In situ studies of phase traregiorns in
zirconium alloys and compounds under irradiation. Zirconium in the Nuclear Industry: Eleventh
International Symposium: ASTM International; 1996. p.597

[88] Coleman CE, Gilbert RW, Carpenter GMetherly GC. Phase stability during irradiation.
AIME Symposium Proceedings: ASM International; 1980.

[89] Shishov V, Nikulina A, Markelov V, Peregud M, Kozlov A, Averin S, et al. Influence of
Neutron Irradiation on Dislocation Structure and Phase CompositimBdise Alloys. Zirconium

in the Nuclear Industry: Eleventh International Symposium, ASTM STP 1295 1992603

[90] Byun TS, Farrell K. Plastic instability in polycrystalline metals aftaw temperature
irradiation. Acta Materialia 2004;52:15%08.

[91] Makin MJ, Minter FJ. The mechanical properties of irradiated niobium. Acta Metallurgica
1959;7:3616.

[92] Makin MJ, Minter FJ. Irradiation hardening in copper and nickel. Acta Metallurgica
1960;8:6919.

[93] Coleman CE, Mills D, van der Kuur J. Defornmatiparameters of neutron irradiated Zircaloy

4 at 300€C. Canadian Metallurgical Quarterly 1972;11+310.

[94] Hardy D. The effect of neutron irradiation on the mechanical properties of zirconium alloy
fuel cladding in uniaxial and biaxial tests. Irraghat Effects on Structural Alloys for Nuclear
Reactor Applications: ASTM International; 1970.

[95] Tenckhoff E. Review of deformation mechanisms, texture, and mechanical anisotropy in

zirconium and zirconium base alloys. Journal of ASTM international 2(XEB50.

38



[96] Azzarto FJ, Baldwin EE, Wiesinger FW, Lewis DM. Unirradiateeqile and postrradiation

low strain rate tensile properties of zircakbyJournal of Nuclear Materials 1969;30:2D08

[97] Byun TS, Farrell K. Irradiation hardenirfgehaviourof polycrystalline metals aftelow
temperaturérradiation. Journal of Nuclear Materials 2004;326%56

[98] Cupp CR. The effect of neutron irradiation on the mechanical properties of zircarb¥
niobium alloy. Journal of Nuclear Materials 1962;6: 8L

[99] Farrell K, Byun TS, Hashimoto N. Deformation mode maps for tensile deformation of reutron
irradiated structural alloys. Journal of Nuclear Materials 2004;3358671

[100] Hashimoto N, Byun TS, Farrell K, Zinkle SJ. Deformation microstructureeotron
irradiated pure polycrystalline metals. Journal of Nuclear Materials 2008329Part B:94-52.

[101] Higgy HR, Hammad FH. Effect of neutron irradiation on the tensile properties of zizaloy
andzircaloy4. Journal of Nuclear Materials 1972;24527.

[102] Howe LM, Thomas WR. The effect of neutron irradiation on the tensile properties of
zircaloy-2. Journal of Nuclear Materials 1960;2:28@.

[103] Langford WJ, Mooder LEJ. Metallurgical properties of irradiated-eaicked Zr2.5 wt%

Nb pressuwe tubes. Journal of Nuclear Materials 1971;39:202.

[104] Onchi T, Kayano H, Higashiguchi Y. The inhomogeneous deformation behaviour of neutron
irradiated Zircaloy2. Journal of Nuclear Materials 1980;88:22%.

[105] Onimus F, B&hade-1. A polycrystdline modeling of the mechanichehaviourof neutron
irradiated zirconium alloys. Journal of Nuclear Materials 2009;3847463

[106] Onimus F, B&hade JL, Duguay C, Gilbon D, Pilvin P. Investigation of neutron radiation
effects on the mechanicdlehaviow of recrystallized zirconium alloys. Journal of Nuclear
Materials 2006;358:1789.

[107] Onimus F, Monnet |, B&hade JL, Prioul C, Pilvin P. A statistical TEM investigation of
dislocation channeling mechanism in neutron irradiated zirconium alloys. Jairduclear

Materials 2004;328:16%9.

39



[108] Ribis J, Onimus F, B&hade JL, Doriot S, Barbu A, Cappelaere C, et al. Experimental study
and numericamodellingof the irradiation damage recovery in zirconium alloys. Journal of Nuclear
Materials 2010;403: 1846.

[109] RossRoss PA, Hunt CEL. The ireactor creep of coldiorked Zircaloy2 and Zirconium

2.5 wt % niobium pressure tubes. Journal of Nuclear Materials 1968;26:2

[110] Suganuma K, Kayano H. Irradiation hardening ofJfalloys. Journal of Nucte Materials
1983;118:2341.

[111] Yao Z, Schaublin R, Victoria M. The microstructure and tensile properties of pure Ni single
crystal irradiated with high energy protons. Journal of Nuclear Materials 2003 B0 Part 1:374

0.

[112] Yao Z, Schéaublin RVictoria M. Tensile properties of irradiated Cu single crystals and their
temperature dependence. Journal of Nuclear Materials 2008329%art B:112-82.

[113] Himbeault DD, Chow CK, Puls MP. Deformatibahaviourof irradiated Zf2.5Nb pressure
tube maerial. Metallurgical and Materials Transactiohd99425:13545.

[114] Williams CD, Ells GE. The influence of niobium in irradiation strengthening of dilutétzr
alloys. Philosophical Magazine 1968;18:76&

[115] Huang PY, Mahmood ST, Adamson RB. Effeof thermomechanical processing on in
reactor corrosion and pestadiation mechanical properties of Zircal@dy Zirconium in the
Nuclear Industry: Eleventh International Symposium: ASTM International; 1996.

[116] Dubey JSShriwastawRS, Kumar A, Shia PK, Rath BN, Kumar S, et dPost irradiation
examination of tight fit garter springs from Indian PHWR. Journal of Nuclear Materials
2015;462:208L3.

[117] Fregonese M, R@nard C, Rouillon L, Magnin T, Lefebvre F, Lemaignan C. Failure
Mechanisms ofrradiated Zr alloys related to PCI: Activated slip systems, localized strains, and
iodine-induced stress corrosion cracking. Zirconium in the Nuclear Industry: Twelfth International

Symposium: ASTM International; 2000.

40



[118] Bose B, Klassen RJ. Effectdf+ ion irradiation on the mechanical anisotropy 6fZb%Nb
pressure tube material. Journal of Nuclear Materials 2010;4083.38

[119] Blewitt TH, Coltman RR, Jamison RE, Redman JK. Radiation hardening of copper single
crystals. Journal of Nuclear Maigs 1960;2:27-08.

[120] Yang HL, Kano S, Matsukawa Y, Shen JJ, Zhao ZS, Duan ZG, Chen DY, Murakami K, Li
YF, Satoh Y, Abe H. Tensile properties and microstructure Hb1.BNb alloy subjected to 140

MeV C4+ ion irradiation. Journal of Nuclear Materia(slZ;495:13&5.

41



Chapter 3
Study of microstruct 2 eS5-EmxXdCyprC@ANDU t

spacer materi al

Abstract

Synchrotron Xray diffraction, scanning electron microscopy, and transmission electron
microscopebright field and high angle annular dark field were employed to investigate the
microstructure and precipitates of aZBbNb-0.5Cu alloy wire, with potential application as a

spacer in the CAND®reactor design. Results show that three types of microstructumeistan

the alloy: Widmadist yrtaéms stwi t dtowd eyggns@vichi pi t at
precipitatesAt the sametime t hree types of seconNb ZpQuande part
ZroFe, which have different distributions within the micrastr t u r e-Nb prlebiptated are
observed to be extensively distributed among
Widmanstdten structure, whereasthe@n and ZsFe pr eci pi t ates are only
boundaries. The orientation a¢ébns ofthe ZICu pr eci pi t at es-Zwi &Mbdr Bspec
are found to bemmp o ¥ mmnmp TOP Xppnnmand mpo W npp ,

TIop T cpp respectively.

Keywords: Zr2.5Nb-0.5Cu; STEM, microstructure; precipitatesieotation relationship

3.1Introduction

In CANDU® Gen Il nuclear power plants, four spacers are placed in the annular space between a

Zri 2.5Nb pressure tube (PT, in contact with the primary coolant, approximately 300 €) and a

Zircaloy-2 calandria tubéCT, in contact with the moderator, around 80 €) to support the PT and

4CANDU® is the egistered trademark of Atomic Energy of Canada Ltd. (AECL) used under exclusive license by
Candu Energy Inc.
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prevent it from coming into contact with the CT [1]. The current spacer used in the CANDU
reactor is anickel basednconel X750 alloy; however, it has been found that the Incon@bX
spacers are subject to severe irradiation damage and potential property degradation after long in
reactor exposure [2]. That is, the components containing nickel are subjected to the transmutation
by absorption of neutrons at thermal energies, leairthe formation of helium cavities in the
material [24]. The agglomeration of helium cavities to grain boundaries and phase boundaries
results in a loss of ductility of the Inconet?60 [3, 4]. Zr2.5Nb-0.5Cu alloy is considered as a
potential replacenm for Inconel X750 alloy for future spacer installations, since there is no void
formation in zirconium alloys under neutron irradiation [5], although the issueaafiation
inducedcreep and growth will need to be assessed. The proposz8Mp-0.5Cuspacers would

have a similar geometry to the current Inconef50 spacer; a closed helical shape, made from
wires of rectangularcross sectionThey are held in place with the help of a girdle wire passing
through the axis of the spring, the ends of Whice spetvelded to form a ring around the coolant

tube; in the case of the Indian Pressurized Heavy Water Reactors (PHWRS) the girdle wire is
Zircaloy-2 [6].

In fact Zr-2.5Nb-0.5Cu spacers were already widely used in early CARIBdactors. They were
designed to be loodéting and hence were found to be susceptible to movement during reactor
assembly and operation [7]. Due to the uncertainty in the span between some spacers and the
potential for it to be larger than expected,tBTCT contact could occur. Such contact leads to the
potential for hydride blister formation and growth if the hydrogen concentration at the contact

| ocation exceeds the Oblister formation thres
location andrepositioning (SLAR)tools were developed to locate the spacers and also relocate
them [8], and for lateinstallationghe spacer design was changed from lddseg to tight-fitting

[9]; at the samdime the material was changed Mi-basedX750. However, the subsequent
innovations and the ireactor degradation of X750 properties mean the use-af5&ib-0.5Cu

spacers is again being considered.
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Although there is the potential for significant improvements regarding the design of 2tteNEr

0.5Cu spaers, the working condition for the spacers is relatively unchanged. Duriegator
service, the spacers will be subjected to multghtectional loading. Early studies [10] reported

that diametrical expansion of the PT by 4% would impose a maximunoidad kg on the spacer

which corresponds to a stress of around 98 MPa. Apart from this tension (axial to the spacer) the
spacer experiences other loads arising from the PT sagging and resting on thewdpaber
imposes a diametrical compressive loatilmated to be about 2.8 kg/tyd0]. Though a flowing

dry carbon dioxide gaseous environment is maintained, contamination by moisture due to leakage
of heavy water is often detected in the annular space, which results in the potential formation of
brittle deuteride/hydride phases in the form of platelets within the material. Recent examinations
by Dubey et al. [6] ompostirradiatedspacers from Indian PHWRs revealed that small hydride
platelets were observed, being uniformly distributed across the wisssections after 15 hot
operating years. In addition to mudtkial loads and hydrogen/deuterium pickup, as the spacers are
located in the core region of the reactor the spacer itself is exposed to high temperatures and fast
neutron fluxes, and this caes changes in the dimensions and material properties. Dubey et al. [6]
found that there were slight increases in the mean length and significant irradiation hardening after
in-reactor service when compared to thdadwicated condition.

It is known thatin-reactor deformation and deuterium/hydrogen pickup of the fuel channels
crucially depend on the microstructure and microchemistry of the materials [1]. However, to date
microstructural and microchemical investigations on the mode2nafth-0.5Cu spacerproposed

for CANDU® use have not been reported. The purpose of the present work is therefore to study the
microstructure and microchemistry of-Zi5Nb-0.5Cu spacer material.

3.2Experimental

The material used icurrentinvestigation was a zirconiuml@y spring wire material. The nominal

chemical composition was 2.5Nb, 0.5Cu and 0.1Fe in wt.%, and will be denoted.&8iB0.5Cu
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hereafter. The springs were made from a cold drawn wiieh has been subjected o+ field

(~850 €) quenchingandinteme di ate U (~550 AC for 10 hours)

(a)

Sample Holder Sample Holder

node Cathode
Wahser Sampl
‘ \ Nozzle

Fig. 3-1 lllustration of the thinning method for electropolishing samples from the Zr
2.5NB-0.5Cu spacer: (a) schematic of the electropolishing apparatus; (b) slices from tl
spacer; (c) platinum washer and ground slices; (d) washer and sample centered in ti
holder.
The synchrotron Xay diffraction was performed at the Ihigh resolutionpowder diffraction
beam lineof the Diamond Light Source located at the Harwell Science and Innovation €ampu

Oxfordshire, UK. A monochromatic beam with an
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a cross section of 0.1 mm x1.5 mm was used. The incidemtyXeam had an angle of 2@ith

the surface of the sample. The diffraction pattern was recordednmyltiple analyzing crystal

(MAC) detector system [11] in the range of &1 2 & <withlabnfeasurement time of 45
minutes.

The TEM specimens were prepareddtsctropolishingwith an electrolyte of 10% perchloric and

90% methanol a40€C on a STRUERSTenupot5 electrepolisher. It is a little bit of a challenge

to prepare the samples for TEM and SEM examination, the cross section of which is only 0.8 mm
x0.7 mm. Zhang et al. [12] proposed a novel technique of preparing thaded irregular TEM
sampes. That is, two nonconductilecomitpainted copper rings and the samptrestacked one

by one into the sample holder to make a sandwich. However, this technique is not applicable to
Zirconium alloys because the residlaomitis difficult to removeafterelectro polishingaind also

the copper rings were always found to be polished by the electrolyte. Here, a new method is applied
in preparing the irregular Z2.5Nb-0.5Cu wire TEM samples. A 3.0 mm platinum washer with a

0.5 mm hole in the centers placed between the samgléha anode Pt foil as shownhig. 3-1.

Though the cathode side is exposed to the 3.0 mm jet flow, results show that the location where the
hole appears in the samples is governed by the anode side, i.e., the holes are found in the 0.5 mm
area. The patihing speed is comparable to that of normal TEM samples and more importantly the
samples can be cleaned very eadilytherthe Pt washer can be used repeatedly without damage.
With the described methobdigh qualityTEM samples were obtained. It has topwinted out that

this method would also be applicable to preparingjtin straining TEM tensile samples (for which
normally the width is less than 3.0 mm) which requires an exactly centered hole. Samples for SEM
were electrepolished with the same eleclyte, temperature, and elecfpolisher as TEM samples

but using less time. The electrolyte temperature was controlled by an external chiller during the

polishing.
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An FEI Nova 450 field emission scanning electron microscopy (SEM) was employed to
characteize the microstructure. The transmission electron microscopy (TEM) bright field (BF) and
high angle annular dark field scanning TEM (HAAISHFEM) techniques were performed on an
FEI Tecnai Osiris SITEM equipped four superray spectrum detectors which @l fast
acquisition of Xray spectrum and enabtbe mapping of elemental distribution using Chemi
STEM EDX (Energy dispersion-Xay) in several minutes. The acquired elemental map datasets
were used to quantify the chemical composition of the precipitates alloy.

Table 3-1 A summary of the diffraction planes and the corresponding peaks andspacing

of the secondary phases in the Z2.5Nb-0.5Cu spacers.

Crystal Diffraction Experimental  d-spacing Calculated lattice
Phase
system plane peak (2 (nm) parameter(nm)
200 43.483 1.6735
b-Nb Cubic a=b=c=0.3294
220 64.590 1.1602
103 29.479 2.4364
a=b=0.3215;
Zr,Cu Tetragonal 116 50.891 1.4428
c=1.1201
213 55.994 1.3206
112 30.420 2.3628
a=b=0.7096;
ZroFe  Tetragonal 202 32.069 2.2442
¢=0.5356
310 36.826 1.9626
3.3Results

3.3.1Precipitates

The synchrotron radiation source provides a much higher digimalise ratio than conventional
X-ray sources, enabling the detection of very small volume fractigmeopitate Fig. 32 shows
the diffraction intensities as a functiontefo-thetaangle measured in the-2r5Nb-0.5Cu spacer.

The surface of the diffraction sample was perpendicular to the helical axis; the diffraction pattern
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was recorded with a fixed angle of 28etweerthe surface of the sample and the incidesa)X

beam. Four phases were detected in the smateria
Zr and the other l ess intense PlgdklgandZeee det er 1
respectivelyln zirconiumalloys both ZgFe and Zi~e are stable at room temperature. Therefore

attention must be patod the phase identificatiohe determination of ZFe phase is based on the

2 @eak position (specificallyat 32.069°and 36.826jwhich can be atibuted to ZgFe andthus

rule out thepresence of detectable quantitiesZofFe. The peak positions and the corresponding
interplanar spacings for the four phases are recorded in Babldhrough the experimentally

measured interplanar spacings ofsiecrystallographic planes and the crystal structure of the

phases, the lattice parameters for all the four phases could be calculated, and are liste@®in Table

1.

Table 3-2 Concentration of alloying elements in the secondary phases.

Composition,% at. Secondary
Phase phase location
“ " cu Fe in Fig. 3-3

b-Nb without
11.55#81.30 87.44#.17 0.90#.16 0.1110.02 #1,#2 #3
Fe segregation

b-Nb with Fe
10.24#1.31 85.89#2.55 0.74#.10 3.13#1.09 #4,#5

segregation
Zr,Cu 67.00#€.96 0.424.13 31.12#41.31 1.46#.14 #6,#7
ZrFe 68.0243.28 23.22#2.28 0.30#.18 8.4641.96 #8,#9
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Fig. 3-2. (a) Diffracted intensity plotted against twetheta angle for the Zr-2.5Nb-0.5Cu

spacer material using synchrotron radiation; (b) enlarged image of peak A from(a).
The composition and morphology of the phases are reported to have a significant impact on material
properties during imeactor service [13, 14]. Therefore it is important to know the microstructure
and composition of the four phases. With the help of Cf&hEM which has an accuracy of up to
0.02% for composition analysis, the phase composition and morphology can be easily obtained.
Fig. 33 shows the elemental distribution in a Ch&3iiEM micrographThe thickness of this area
was measured to [89.19nm by Electron Energy Loss Spectrosco@BE(LS). However, because
the particle size can only be estimated from Hikithages, we can only acquire a seantitative
calculation of the alloyinglement concentration in the precipitates in the TEEhetheless is
clear that the secondary phases with aggregation of different elements (Nb, Cu, Fe) are present in
the form of discrete particles. Compositional analysis was carried out in different regions marked

with numbers in Fig. 3 and the calculated resuitee summarized in TableZ3
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Fig. 3-3. Qualitative Chemi-STEM EDX element mapping of the Zr2.5Nb-0.5Cu spacer.
The numbersin the mapindicate the spots where the composition alysis was taken. The
correspondingconcentration of alloying elemens in labeled particles is listed in Table-2.

It can be seen thalb pheteches 1 wot higpvahpurc e r b ma

Fe element segregation, comprising 87.44% Nb and 11.55% Zr which is a typical constitution
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reported in ziconiumni obi um bi nary al | oy a\b With % ,slighl Be] . The
segregat i on .-NbBave beentrepgrtedsn a-&ib-Snbe alloy [17]. The partition of

F e t oNbtpredpitafes could be explained in the following way: during elevategerature
thermal treatment, s4Zmcies trheglsiodiulblid, ttyhe fFd&ew
Nb and as the total concentration of Fe available in the matrix is low, the limited number of Fe
atoms wil|l di f f u sNb dtesoTheccempbsiionranalfysis wredu anld Zsee b
precipitatesshowsthat there is always a minor Fe and a large Nb concentration in each particle

type respectively. The formation of 2Be is not frequently observed in zirconium fuel channel
materials. Thetypes of ZrFe precipitates depend largely on the fabrication route and the Fe
concentration; it is reported that a Fe concen

of Zr,Fe particles [18].

Fig. 3-4. (a) SEM and (b) TEM images showing three types of microstructure presenting
in the spacer material. White arrows an

and recrystallized grain within the Widmanstdten structure. The inserted SAD patterns
in (b) demonstratesgrains in type ii and type iii structure have the same orientation. A, B

and C in (a) and (b) are corresponding to typé, tpye ii and type iii structure, respectively.
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3.3.2 Microstructure

Fig. 34 reveals the microstructure of theraseved Zr-2.5Nb-0.5Cu wire material. The obtained
morphology can be broadly divided into three types:

i. Widmanstéten structure, occupying 77.2%13.7% of the total volume;

i i -Zr grhins without precipitates, taking up 18.2%13.7% of the total volume;

i.0Zr grains with precipitates, which have the
shown in Fig. 3(b).

The s ha p-Brpaalfs confiine theUnicroscopy observations: a closer investigation reveals

that each of these reflectioasethe aim of very narrow and significantly broadened components,

asFig. 3-2b shows on a logarithmic intensity scale. This specific peak structure is the result of the

bi modal charact er o fphdsdseen infig.c3dacaad 4b:the verynaako o f t h €
components correspond to the | arge and relatiywv
significantly broadened components correspond
(type i) [19]. The Xray diffraction peaks originating fronmte t ype i i and iii U
because of the large crystallite size (3mh) and the low dislocation density. In contrast, the
reflections originating from the type i grains having a Widmanstdten structure are very broad
because of their pronoued defect structure. Due to the high density of twin and other types of
boundaries the average size of the coherently diffracting domains in the type i grains is in the < 100

nm range, which causes significant size broadening of the reflections. Addijtisnah structures

contain a significant amount of inhomogeneous residual strains and high dislocation densities
which contribute to the strong strain broadening of the reflections [19]. The combined size and

strain broadening originating from the typeJi gr ai ns causes their pea
significantly wider than the components origirt
characterization of the defect structure of very similar bimodal microstructures in heat treated Zr
SnNb-Mo alloys, performed by diffraction line profile analysis and TEM methods, can be found

in Ref. [19].
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Fig. 3-5 TEM bright field images showing Widmanstadten structure: (a) basketweave

structure; ( b) internally twinned U Op/[4 tOisdicatifgc

(2 01)m and (1 O )t twinning plane.

Fig. 3-5 shows details of the microstructure of the type i morphology. The type i structure exhibits

a typical Wi dmanst 2t t ephasenptatelptshooghnzepynto besketsd st i n g
tangles Fig. 35(a)), many of which are internally twinnegig. 3-5(b)). A selected area diffraction

(SAD) patternFig. 3-5(c)) taken from the twinned area demonstrates the twin plane pptiep ,

in good agreement wi t huescleechaNb@lloys y1b, Q). Shemeamor t s
plate widthinthe baskete ave structure is around 400 nm. It
can be conserved after b quenching [21]-. This
C 0ns er v eglain paundaries afe indicated by white arrowsim 3-4(a). Line intercept
measurements show that the prior b grain size
been extensively investigated by many authors-22JL in zirconiumniobium alloys. The

martensite structure is believed to be formed by diffusionless transformation, where variant
selection following the Burgers relationship takes place [24]. The martensite phase exhibits the

same hcp structure as the satgatédinsoures. um U phase,
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Fig. 3-6 HAADF-STEM and ChemiSTEM micrographs showing the distribution of

precipitates i n Wi dNbanpardttitcelne sstarue twirca
boundaries and twin interfaces, whereas ZCu and Zr,Fe are onlyf ound i n
boundaries.
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Fig. 3-7 HAADF-STEM and ChemiSTEM micrographs showing the distribution of

precipitates in type iii structure. The distribution of precipitates alignswith the white line.
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Fig. 3-8 Comparisonof precipitate sizein type i and type iii structure.
The distribution and morphologies of second phase particles in the type i structure are presented in

Fig. 36 . It can beNbs egar ttihcalte sf ianree buni formly di st
boundaries andthetwinnt er f aces. The particles on the U pl
those on the twin inter -NbdigributionZiNintenrhpared altoyss er v a t
were obtained by Banerjee et al. [15] and Luo et al. [25]. When a quenchdxbHoy is annealed
above 500bAG@oput lepbecipitate from the supersat
Gibbs free energy. The higher diffusion rate of Nb along the grain boundaries would enable the
g r o wt -Nb faster afithese locations.

Incontrast,the2€u particl es, mar ked in bl ue, are only
plates. The smaller particles show a circular shape, whereas the larger particles are found to be
needlel i k e, with the maj or undares, whch appdrehtly revedlsoa t h e
preferred lengthening direction of the precipitates. This is likely because the boundaries could act
as a sink for the solute atoms which diffuse faster along the boundaries than the volume, and
therefore the lengthergnofthe Zs3Cu parti cl es woul d be faster alc

when one of the boundaries is coherent to the particles. The distributiofrefiZwery similar to

thatofZ&Cu. They are only found wi tisiruicuret he U pl ate
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As shown in Fig. 31, the grains of the type ii structure are reguiaxed with an average grain

size of 7.3N2.9 &m. These grains wild@l be prior
treatment, and subsequent quenching.

Most grainso f the type iii structure encircle the
distributed (Fig. 34(a)). Fig. 37 presents the microstructure and distribution of the precipitates in

the type iii structure. It can be seen that the alignmentof thepgrpi t at es i s al ong
pl ate boundaries which is indicated by white |
[15], since the growth of the precipitates is at the expense of the martensitic plates during heat
treatment or tempering

Fig. 3-8 illustrates the size distribution of the precipitates in the type i and type iii structures. It is

clear that all the particles in the type iii structure are bigger than in the type i structure and the
particle size of Z«Cu are much larger thanh a t-Nbarid Zge as well.

3.3.3 Orientation relationship

To determine the orientation relations, SAD pa
and precipitatesFig. 39 i |l l ustr at es t h-NMb asdAZBCu with tthe enatnixs f r o
respectivel y. The or i en tNbtandotiee matexl cant be alensted ae t we e

mpp JXITMTTp ppp T¥ p @ atypical Burgers relationship between these bcc and

hcp phases [24, 26l ikewise the orientatiobetweenthe 2Cu pr eci pi t ate and t h
expressed asmp o FYr mmnimp TOp T¥ pp Tt 1. This orientation relationship is

consistent with that observed betweenth€42r and U p h as e-Cuafioystfd7,€8].eut ect
However, atmpts to determine the orientation relations betweentieeZr and U mat r i x f
to the small size of the precipitates.

FromFig. 39 ( a) we c¢ a nNbsarddehe ZaCuarecipitate® sedmingly have a coherent

interface. Therefore an orientatiorelationship must exist between those two precipitates.

Stereographic projection maps were used to determine their orientation rekigprg9(d) and
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(e) show the st er eoNprardghe ZCu pwiotjle crt é osme otf
trough overl appi ng t-NbeandptheaZiCe Eig. 3-f)), oma agn geaddyf
determine their orientation relation, which can be written aspp TfTmpo ,

cpp T¥ Top 8
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Fig. 3-9 Orientation relations between theprecipitates and the matrix: (a) TEM bright field
map; (b) and (c) SAD patterns of ZegCu a ANdb  bw i -Zr matrlt (Z=[11-20]),
respectively; (d) and (e) stereographic projections of 2C u  a #Ndwith U-Zr matrix; (f)

stereographic projections of ZekCuw i t -Nb showing the orientation relationship between

Zr,Cu  a N being = Hra-and = HIAB
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34. Discussion

3.4.1 Formation of the microstructure

It is noticeable that three types of microstunetare observed in the-2Zr5Nb-0.5Cu wire material.

During the fabrication, the materi al was heat
quenching and a subsequent U phase annealing.
reportedtohae | arger solubility in the b phase tha
materi al is annealed in the U+b phase field, t

schematically illustrated iRig. 31 0 ( a ) ) . Dur i ng gidneuemchiny irehtméhtt b p h a
those el ements wildl be saturated in the b pha
Wi dmanstatten structure. A microstructure co
Widmanstédten structure (type i) will then be tained Fig. 3-10(b)). During aging at proper
conditions, both precipitation and recrystallization would take place concurrently to reduce the
energy of the system. As shownHig. 3-4(b) both grains in type ii and type iii structure have the

same orienti#gon, indicating the type iii grains are recrystallized grains originating from the growth

of grains of type ii during U phase annealing.
Loucif et al. [30] found that a substantial precipitation would always occur earlier than the initiation

of recrystdization in Zircaloyd pr ovi ded t he aging temperature
observations were also obtained inNtv alloys. Williams et al. [20] suggested that solute atom
segregation took place at the twin interfaces and martensitic plaiddriges at 500 € in less than

one hour, whereas the initiation of recrystallization in commercig2.ZKb alloys was not

triggered even after aging for 100 h [25, 31]. By comparing the recrystallized andrystallized

areas containing precipitateskig. 3-4 andFig. 3-7, one can conclude that precipitation occurs

earlier than the initiation of recrystallization in theZBNb-0.5Cu spacer materidFig. 3-10(c)),

which agrees well with the references [15, 20, 25, 30, 31].
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Fig. 3-10 Schematiof the proposed microstructure formation sequence in Z42.5Nb-0.5Cu
spacer material: (a) microstructure conm
dual phase field; (b) formation of Widmanstaten structure during subsequent quenching
treatment; (c ) precipitation of particles on

type iii structure due to strain induced grain boundary migration. The green spots

represent secondary particles in the microstructure.
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Fig. 3-11 Stereographic projections ob-Nb and U-Zr at twin boundaries: (a) on
one side of the twin boundaries with = Ax oy A r is (D) on

the other side of the twin boundaries with rotation angle being 57.5 ° along
14 - The misf betweem n gl gnarfdd ) gin (b) is

detected to be 3.899.5°

60



Strain inducedyrain boundary migration (SIBM) r fbul ge nucl eationo i s r
recrystall i z atdguenchedmieceaniura 82, 33in In ithis méchanism, once a grain
boundary bulge is formed in a low dislocation region, it would migrate into the adjacent region

where the dislocain density is higher, due to the strain energy difference. Rumball et al. [32]
found that the bulges tend to nucleate in th
Widmanstdterrmartensitic boundaries and grow into the Widmanstdten structurauisecof the

large amount of defects such as vacancies and dislocations inside. The white €iigle3i(a)

revealed such a recrystallized grain formed in the mixed structure region. Northwood and Dosen

[33] put forward the explanation that the boundasi separating t he u* f

Widmanstdten or martensite structures could act as the nucleation site and grow into the

surrounding structures. The U* is diffusive n
transformation and contains veryfeme f ect s. The prior U grains in
reported U* phase which has a very |l ow disloca

bet ween the prior U grains and the b riegstoansfor:r
move forwardsKig. 310(d)).

According to the Zener pinning mechanism [34] a dispersion of particles would exert a retarding
pressure (Pz) on the grain boundaries during grain growth. If the driving force (Pd) for grain growth

is larger than th&ener pinning pressure (Pz), the grain boundary will move forward; otherwise it

will be retarded. It is known that the particle nature, size, shape and distribution have a profound
influence on the magnitude of the pinning pressure. Therefore the Pzfiamea®gion to region

within the microstructure and consequently irregular shaped type ii grains are formed, as shown in

Fig. 34(a).

3.4.2 Nucleation site selection for different precipitates

It is common to see precipitates distribute at
boundaries (prior U and b boundaries, in this

amount of defects and the precipitation of second phaselgst these sites would greatly reduce
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the system energy without disturbing the boundary relationships. However, twin interfaces are fully
coherent on the habit planes. Precipitation at the twin interfaces requires special orientation
relationships in aler to maintain the boundary coherency and minimize the nucleation energy. As
ment i oned -Nblprecpiates arelforind ko be lying in the twin interfaces where@si Zr

and ZgFe are not. A possi bl e eNbprd thentwintintedaces sSor t he
il lustrated by st er-Mbonghrrespetttiocthe winibig. 8ldtAsshownof t he
in Fig. 311 ( a) the orientati b and ereaside of nthe bMntisve en t
mpp Frnmpt, ppp ¥ ppg 1T. Since the twin @ne is pptt p with the twinning

angle being 57.5 A, t he -Nbanithaother side ofithe twie $hautdi o n s
be ppm F¥mmpt, ppp ¥ ppg 1 (Fig. 311(b)) which is another variant of the
Burger so6 r el atgleof3.89° Wistthe misfit anglebdtween eacim side of the twin
component woul d be 1. 94 ANb atnire kwinninterfaicds davorahlec | e a t i

considering the orientation.

(2) (b)

. @ Q o e e o
® /0 ®
././ } e e e e
e /o /0 @
O e & & o o
/‘/ . [211]g-np @ ® ‘. [1100],

(. ./‘ ® ‘ e o @ I
(111]g Ny 1120],
B-Nb [011]g Ny a-zr [0001],

@ - Bottom layer atoms

@® - Upper layer atoms

Fig. 3-12 lllustration of the stacking sequence and three possibleoberent orthogonal

directions of (a) b-Nb and (b) U-Zr .
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Table 3-3 . Degree of the misfit al-Nbgahtdr®etwirhhog:

Interatomic distance
Degree of misfit

b-Nb U twin
Along
VIoATG A 11.49%
e
Along
Vip ¢ VoA 6.37%
1
Along
VIgATG At 9.24%
10

The other aspect that needs to be considered is the degree of misfit along three orthogonal
directions. The three orthogonal directiopp , Cpp and Tpp of -Nkb
precipitates are parallel tothe gt , pptmandnmn@f an U twin d2spect.i

shows the stacking sequence alomgp and 1t 11 T pdirections and three orthogonal

directi omNd @frethpi bhates and the U twin. The
correspondingly and listed in table33 It can be seen that the values of mismatch between these

three directions are quitesthal and t hus f or t HNeé iamtde rt fheec dJs tswvd ma
be fully coherent to a reasonable extent. This coherency at the predipitajgdanes can greatly

reduce interfacial energy and subsequently reduce the nucleation energy for thatoecip

The ZrCu precipitates, however, cannot maintain the same degree of coherency on both sides of

the twinning plane, since an equivalent orientation relationship with both twin components cannot

be established. Therefore, the formation ofCZr onthe twin interfaces would disrupt the twin
relationship and this makes the nucleation e€Czrat this location unfavorable. It is likely that the

reason for absence of.Ee particles at the twin interfaces is similar to the case@iuzr
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3.5. Conclusbns

The microstructure and precipitates ofZB5Nb-0.5Cu wire are investigated in the present study.

The following conclusions can be drawn:

1. Three types of microstructure are observed in tH22Mb-0.5Cu wire material: Widmanstdten
strucZrgrraei,nsU wi t h o ut-Zrgrairs eithpredpitates s and U

2. Three types of secoiNdZrhandZe ep a FNihpeecifiates ar e d
are extensively distributed in the U plate bo
structure, whereastheuand ZsFe pr eci pitates are only in the
3. The orientation relationstépf the ZeCu pr eci pi t at es-Zwi taMbdareds pe ct
found to be mpo T¥ mmmp, TOP MHppnnmand mpo TInpp :

TIop T¥ ¢pp , respectively.
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Chapter 4
A direct caeampananl sag oh TEM thin foi

applicat2.o5MbtscCuZral | oy

Abstract

As an important technique for the investigation of microstructure evolution during heat treatments,
in-situ annealing in TEM thin foils has attracted great attentidowever, comparison of its
effectiveness in quantitatively emulating its bulk counterpartres fa this study, annealing was
performed on TEM thin foils and on bulk material, with different types of starting microstructure
and at various temperaturdResults show that the change of microstructure and precipitates is
significantly slower in TEM thin foils than in bulk material. At intermediate temperatures, the
growth of precipitates and microstructure was noticed in bulk material, while such gidwibi d

take place in thin foils. At high temperature, phase transformation was seen in bulk material,
whereas, such transformation did not occur in thin foils.afalytical model was developed to
understand thdiffusionaldifferencesetween thin foils rad the bulk material.

Keywords: annealing; TEM thin foils; bulk material;-Z'5Nb-0.5Cu

4.1 Introduction

As one of the most efficient methods to optimize material properties, annealing has attracted
significant research attention [1, 2]. In recent yeahse to the development of nanoscale
characterization technology, an increasing number of studies are being carried out directly on TEM
thin foils to study nanoscale changesitu, for instance, phase transformation$]3dislocation
movements [710], and boundary migrations [11, 12]. However, in contradiulik material, thin

foils have an extremely large surfaoevolume ratio, which might be expected to introduce distinct
annealingbehavious. To ourknowledge there has been no previous direct cangon of the

annealingbehaviourof thin foils and bulk material. It has been suggested that the difference in
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dislocation density between thin foils and bulk material might cause different anrimsisngous,

due to distinct numbers of fast diffusiohannels [13, 14]. A difference in dislocation density
between foil and bulk material could come from image forces from free surfaces [15] as well as
choice of inappropriate sample directions [14]. However, for many materials, diffusion is not
dependenhon dislocations. In this study, a 2r5Nb-0.5Cu alloy with different types of starting
microstructure was selected-ditu TEM and bulk material annealing were carried out at various
temperatures. The evolution of microstructure and precipitates was comyaler two the heat
treatment methods. The effect of free surfaces and starting microstructure was studied.

4.2 Experimental

The material used in the current investigation was-2.2Nb-0.5Cu alloy spring material. The

springs were made from a cold drawire which has been subjectedato Ufielé (~850 €)
quenching and intermediate U (~550 -k®@ivelor 10
microstructure is presented kig. 41. There are three bad types of microstructure thesn be
observedmar t ensi t i ¢ s-Zr grairs withuterecipibitgs & pie) ,i -Zlgrainsand U
withpreci pitates (type iii), -dlsZr@e dnd Zsegbrignthr ee t
field (BF) images shown iRig. 4-1a). The sizedensity and distribution of these precipitates can

be seen irrig. 41b. In the typé microstructure, the precipitates are small and mainly distributed

on the martensite plate boundaries, while in the typmigrostructure, the precipitates are large

with a random distribution. A detailed description of the microstructure and precipitates can be
found in Ref. [16].

Heat treatment of the @eceived material was carried out at 300 €, 550 €, and 850 € for 25h,

25h, and 0.5 h, respectively. High Angle Annuttarkfield Scanning Transmission Electron
Microscope (HAADFSTEM) and Energy Dispersive-bay spectroscopy (EDX) images were

taken after the heat treatmentssltu TEM and bulk material annealing were performed in a Gatan

TEM double tilt heating holdema a tube furnace, respectively.
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TEM samples for issitu TEM heating and TEM characterization of the bulk material-post
annealing were prepared by electropolishing in a Struers Tebupat-jet polisher at40 € with

an electrolyte of 10% perchloric @®0% methanol. TEM characterizations were performed on
FEI Tecnai Osiris S/TEM microscope at the Reactor Material Testing Laboratory (RMTL) at

Queends University.

Fig. 4-1. BF images (a) and HAADFEDX maps (b) showing the aseceived microstructure

and alloying element distribution within the microstructure. It contains three types of
microstructure, which is noted as typd, type ii, and type iii in (a). The red and pink dotted
lines in (b) display the boundaries between typé and type ii, and typeii and type iii
structure.

4 3 Results

4.3.1 Annealing of TEM foils

4.3.1.1Low-temperature annealing (T=300 €)

Fig. 42 exhibits the microstructure and alloying element distribution aftsiturheat treatment to

25 hin a TEM thin foil at 300 €. The maps for 5 h and 10 h annealing are shokig.id-s1 of

Appendix A4 It is evident that there is no change of micragtice or alloying element distribution

at this temperature.
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Fig. 4-2. Evolution of typei (a), type ii (b), and type iii (b) structure, and alloying element

distribution in those microstructures after heat treatment at 3003 for 25 h in TEM thin
foils. Red lines in (b) show the separation between type ii and type iii structure. There is t
change of the microstructure and alloying element distribution after heat treatments. The

maps of heat treatments for 5 h and 10 h are didayed in Fig. 4s1of Appendix A4.
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Fig. 4-3. Evolution of typei, type i, and type ii structure, and alloying element distribution

in those microstructures afterheat treatment at 5503 for 25 h in TEM thin foils. Red and
pink lines show the boundaries between typieand type ii, type ii and type iii structure. The
maps of heat treatments for 5 h and 16 isdisplayed in Fig. 4s2. There is no change of tht
microstructure after heat treatments.
4.3.1.2 Intermediateemperature annealing (T=550 €C)
Fig. 43 displays the microstructure and alloying element distribution af&turannealing to 25
h at 550 €. The maps at 5 h and 10 h are shown in F&R 4f Appendix A4. From the HAADF
maps, it can be seen that there is no obvious change of the microstructure after the thermal
treatment. From the STEHEDX maps, it can be seen that the heat treatment did not cause the
redistribution of Nb and Fe, but did lead to the redistribution ofT®a.redistribution of Cu also
showsdifferencesetween typé and type ii microstructures. In the tygamicrostructure, there is
an almost complete dissolution of the@n particles, for instance, P1 in Fig34In the typeii
microstructure, the @nge of ZsCu is not apparent (P2 in Fig-34. In the boundary between type
i andtype iii microstructures, there is a dissolution and its rate is much slower than for(B®e

in Fig. 43).
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Fig. 4-4. Evolution of typei , type i, and type ii structure, and alloying element distribution

in those microstructures after heat treatment at 85@ for 0.5 h in TEM thin foils. Red and

pink lines show the boundaries between typeand type iii, type ii and type iii structure.

There is no change of mioostructure. Nb, Cu, and Fe redistributions are more obvious in

typei than in type iii structure.
4.3.1.3 Hightemperature annealing (T=850 €)

Fig. 44 shows the microstructure and alloying element distribution afigtirannealing to 0.5 h
at 850 €. Similar to the heat treatment at low and intermediate temperatures, a change in
microstructure is not observed under HAADF imaging. However, there is an apparent alloying
element redistribution of Nb, Cu, and Fe in btthei andtype iii microstructurs. In the type
microstructure, there is a complete Nb, Cu, and Fe redistribution, while irtypee iii

microstructure, the redistribution is less significant.
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As receivell 300°C,25h  550°C,25h 850 °C, 0.5 h

Fig. 45. HAADF and BF images of the ageceived (a), and bulk material after annealing
at 3003 (b), 5503 (c), and, 8503 (d) for 25 h, 25 h, and, 0.5 h. Different types o
microstructure are marked by pink arrows in the upper HAADF images. The bottom BF
images are the enlarged views of the blue rectangle areas in (a). Apparent microstructur
changes are observed after annealing at 530 and 8503 .
4.3.2 Annealing in bulk material
Fig. 45 shows the microstructure after heat treatnoériiulk materialat 300 €, 550 €, and
850C, for the same time as was carried out for the thin foils. The corresponding change of alloying
element distribution at 550 € and 850 € is displayedHig. 46. At 300 €, there is no visible
change of the microstructuoe precipitates compared to theseived materialHig. 45ab). At
550 €, the change of microstructure and precipitates is obvieigs 45c andrig. 46ab). There
is an apparent increase of the area fractiotypé iii microstructure with a reductian the area
fraction of typei microstructure. The precipitate size also became noticeably larger in both type
andtype iii microstructures. At 850 €, the microstructw®f typei andtype iii arecompletely
different compared to the-@sceived oneKig. 45c andrig. 4-6¢); the microstructure is composed

of | afrenithizeCuw particles on the U and b phase bol
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(a) Type i structure
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(b) Type ii & iii structure
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Fig. 4-6. Alloying element distribution in type i (a) and type ii& iii (b) structure of the as

received, and 50 and 8503 (c) bulk annealed.
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Fig. 4-7. Evolution of the area fraction of typei and type iii structure in samples with TEM

annealing and bulk annealing.
4.3.3. Comparison between the annealing in TEM thin foils and bulk material
To obtain a better understanding of the differences occurring on annealing in TEM thin foils and
in the bulk material, a comparison of the microstructure and precipitates needs to bEigiakle.
7 shows the change of area fraction with the two differeat lreatment methods at various
temperatures. In the TEM thin foils, at all the thermal treatment temperatures, there is no change in
the area fraction of any of the three types of the microstructure. In contrast, in bulk material, at
550C, there is a rpid increase of the area fraction of tigpe iii microstructure, which is achieved
by the consumption of the tygemicrostructure. At 850 €, the heat treatment led phase
transformation and correspondingly, a different microstructural morphologyc Tha n g-Blb of b
and ZpCu particle size under the two annealing methods is summariZedbie4.1. The change
of Zr:Fe is not discussed due to their small size and low density. It can be seen that the precipitates
appear to be more stable in TEM foilsrihia bulk material. In thin foils, at 550 €, them@reno

¢ h a n g-Bb parficled) but a slight dissolution of,Zu was noticed in the type i microstructure;

at 850 AC, there i s a s-NbagchzZsCu.dracomparisdn,en ballo ar s e n

material, at 550 AC, -Nbtame Zs@u ini both tgpei @mdaypesie ni n g
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microstructures; at 850 €, there is a precipitate morphology change due to the phase
transformation.

4.4. Discussion

The present results reveal that alloying elemedistribution and grain coarsening in TEM thin

films were observed to be significantly slower with that observed in the bulk material. At 300 C,
there is no change of either the microstructure or precipitate distribution due to the low thermal
energy pesent, which is to be expected for a Zr alloy. A temperature of 550 € is frequently
reported as that required for recrystallization inNEr alloys [1619]. At this temperature, rapid

grain growth and precipitate coarsening are expected to take plaaydrpauch a rapid change

is not seen in the TEM foils. 850 AC is within
phase transformation is expected to occur. However, a significant change of the microstructure is

not observed in the TEM foils.
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Table 4-1. A summary of the precipitate change at 300 €, 550 €, and 850 € in different types of microstructure under annealing in

TEM thin foils and bulk material.

Material TEM thin foils Bulk material
Type of
Type i Type iii Type i Type iii
microstructure
Type of particles Zr,Cu b-Nb Zr,Cu b-Nb Zr,Cu b-Nb ZrCu b-Nb
300€ No change
Fast No No No
550€ Coarsening Coarsening Coarsening Coarsening
dissolution change change change
Slight No No No
850€ Morphology change
Coarsening change change change
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Fig. 4-8. A schematic map of the TEM thin foil used for vacancy concentration calculations
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Fig. 4-9. Variation of vacancy concentration with the annealing time at 558 and 850 €.
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Fig. 4-10. Vacancy concentration profile in a 100 nm thin foil annealing at 55@ for

different times.
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44.1. Diffusion in TEM thin foils.

It is known that the rate of precipitate growth is dependent on the alloying element transportation
rate in the matrix [21]. If we assume that at a fixed temperature, the diffusion coefficient of vacancy
is independent of vacancy concentration, thedimne nsi onal version of Fi ck¢
determination of vacancy concentration, reduces to [22]:

- $— (4-1)

whereD is the diffusion rate of vacancigsis the annealing time, andis the distance from the
vacancy sinki.e., free surfaces. A schematic map of the thin foil is showigird-8. The thin foil
thickness id.. There are two sets of boundary conditions, the top surface and the bottom surface.
The two free surfaces remove the vacancies independémghgfore the effect of independent
surfaces add up. The initial condition for such a system is:

# @0 #

whered is the thermalynamicequilibrium concentration. The boundary conditions are:

# @ MO m

# 20 HO #

Similarly, the initial codlition for the bottom surface is:

# @ 0 m

# @20 HO #

To solve the problem analytically, the separation of variables technique is used, where the vacancy
concentration is assumed to be dependent on both position and time, as a product ofims:funct
T(t) which depends only on time adgx) which is only a function of position. Therefoke, @0

can be written as:

# @0 408 @

The final solution of the problem is given by:

# @0 —B O E} Agb

$0 (4-2)
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The concemttion profile from Eq. 2 converges very fast, and, for any k > 10 and t > 0, is reliable.
Therefore, given diffusivity and equilibrium vacancy concentrations, the vacancy concentration
profile can be calculated. The equilibrium vacancy concentratioryajiaen temperature, T, can

be calculated using:
# Aogb- (4-3)

where' is the changes in Gibbs free energy, associated with the formation of one vacancy and
E is the Boltzmann factor. Using molecular dynamics and neglecting the difference between
potential energy and enthalpy, Mendelev et. al. [23] determined vacancy formation in Zras

a function of temperature. The diffusivity in the vacancy mechao@@nbe expressed as:
$ | A Agh— | A AoP— AgD— $ Agp— (4-4)

where] is the length of jumps, is the geometrical factods the correlation factofis vibration
frequency3 ,( ,and' are the entropyenthalpy,and Gibbs energy, respectively, dhdis

the temperature independent factor. The subseffipimplies that the activation energy associated
with the diffusion phenomenon corresponds to the migration of vacancy and does not include the
formation energy.

Fig. 49 shows the calculation results from the above equations & 35@ 850 €. For both
temperatures, there is a continual reduction of vacancy concentration in the system. It takes only
0.03s and3x10*s for the vacancy concentration to redtae&0% of the equilibrium concentration

at 550 € and 850 €, respectivelyThe distribution of vacancies in a 100 nm thin film is displayed

in Fig. 410. It is clear that the driving force for vacancy loss from the foil is the constant zero
concentratioron the free surfaces. Near the free surfaces, the vacancy concentratiofi¢castyni

lower than in thecentre It should be noted that due to this constant sink of the vacancies and
departure of the vacancy concentration from the equilibrium, a dri@ice for vacancy generation

in the material will develop. In our analytical models, however, the vacancy generation rate is

negligible for the size of the system up to a few micrometers, due to the fact that the formation
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energy of a vacancy is calcuddtto be significantly higher than the migration energy. In addition,

the ratio of surface area (vacancy sink) to volume (vacancy production sites) is very high in a TEM

foil.

44.2. Grain growth

When a grain boundary i nhteerrnaaclt sg rwoiotvhe 6t hwei |flr edee
line where the interaction takes place because, without the formation of the thermal groove, the
tension between the surfaces and the grain boundary cannot be balanced [24, 25]. This thermal

groove will exert a dragginforce to prevent the grain boundary movement. If the grooving,angle
which is expressed lfy — (L is the foil thickness and r is the grooving curvatuie)ysmaller

than a critical angld (), it can move forward; otherwise, it will be stuck on thdase [24]. The

TEM samples used in this studserearound 100 nm thick, which is significantly smaller than the
thickness*(x p 1 nm) or grain size (& p 1 nm) of their bulk counterparts. Therefore, the
thermal critical grooving angle in TEM thin foils is dramatically smaller than in bulk material,
which makegrainboundary movement much more difficult.

In addition,wena t hat t he | aphdse t@ardsformationénkihe €EMViai dt 850C,

may also have been influenced pigkup of remnant oxygen from the TEM chamber. It has
previously been demonstrated that such oxygen pickup can occur in a TEM heating experiment [6],
and the presence of oxygeou | d b e e x pe ct éerahsfarnmtior teneperaturee[26ff he b
such an effect would also be expected to be exacerbated in the case of the large surface area
associated with the TEM foil.

45. Conclusion

In-situ TEM thin foil and exsitu bulk materiabnnealing were performed and compared in-a Zr
2.5Nb-0.5Cu alloy at different temperatures. The major findings are summarized as follows:

1. The change of both microstructure and precipitates is significantly slower in TEM thin foils than

in bulk material At intermediate temperature, the growth of precipitates and microstructure was
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observedn bulk material, while such growth did not take place in thin foils. At high temperature,
phase transformation was seen in the bulk material, whereas, such transfoditahot occur in

thin foils.

2. An analytical model was proposed to understand the difference between the vacancy
concentration in thin foils and bulk material. The vacancy concentration is significantly lower in
thin foils than in bulk material, whicaccounts for the slower microstructural and microchemistry
change occurring under-gitu TEM annealing.

3. Though the diffusion is slower in thin foils, the diffusie@haviouris similar in thin foil and

bulk materials. The presence of fast diffusioarafels such as grain boundaries still promotes the

alloying element redistribution.
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Appendix A4
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Fig. 4-s1. Evolution of typei (a), type ii (b), and type iii (b) structuré and alloying elements

in those microstructures after heat treatment at 308 for 5 h, 10 h, and 25 h.
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Fig. 4-s2. Evolution of microstructure, and alloying elements in those microstructures afte
heat treatment at 5508 for 5 h, 10, ad 25 h.

References

[1] Rollett A, Humphreys J. Recrystallization and Related Annealingdthena: Elsevier; 2017.

[2] Youssef HA, EdHofy HA, Ahmed MH. Manufacturing Technology: Materials, Processes, and
Equipment: Taylor & Francis; 2011.

[3] Rao JC, Diao HY, Ocek V, Vainchtein D, Zhang C, Kuo C, et al. Secondary phases in
AIXCoCrFeNi highentropy alloys: An insitu TEM heating study and thermodynamic appraisal.

Acta Mater 2017;131:2080.

86



[4] Rashkova B, Faller M, Pippan R, Dehm G. Growth mechanism of Al2Cu precipitates during in
situ TEM heating of a HPT deformed iAwt.%Cu alloy. Journal oAlloys and Compounds
2014;600:43%0.

[5] Liu JF, Yang ZQ, Ye HQ. In situ transmission electron microscopy investigation of
guasicrystatrystal transformations in M@ni Y alloys. J Alloys Compd 2015;621:1-83.

[6] Yu H, Yao Z, Long F, Saidi P, Daymond MR situ transmission electron microscopy study
of the ther mal |l y -ZrOhid pue &dandf Zbased alloy. b Appl Criystallogdy)
2017;50:102835.

[7] Lee S, Jeong J, Kim Y, Han SM, Kiener D, Oh SH. #iBuced dislocations in Al submicron
pillars: Annihilation by thermal annealing and effects on deformabienaviour Acta Mater
2016;110:2834.

[8] Ferroni F, Yi X, Arakawa K, Fitzgerald SP, Edmondson PD, Roberts SG. High temperature
annealing of ion irradiated tungsten. Acta Mater 2015;9D%8

[9] Shrestha SL, Xie KY, Ringer SP, Carpenter KR, Smith DR, Killmore CR, et al. The effect of
clustering on the mobility of dislocations during aging intigroalloyed strip cast steels: In situ
heating TEM observations. Scripta Mater 2013;69:481

[10] Dong Q, Yao Z, Saidi P, Daymond MR. Effect of ygpasting dislocations on the formation

of dislocation loops: pure magnesium under electron irradiation. submitted to Journal of Applied
Crystallography.

[11] Yu T, Hughes DA, Hansen N, Huang X.ditu observation of triple junction motion during
recovery of heavily deformed aluminum. Acta Mater 2015;8628%9

[12] De Knijf D, Santofimia MJ, Shi H, Bliznuk V, Fger C, Petrov R, et al. In situ austénite
martensite interface mobility study during aafing. Acta Mater 2015;90: 1.

[13] Thompson CV, Carel R. Stress and grain growth in thin films. Journal of the Mechanics and

Physics of Solids 1996;44:658.

87



[14] Roberts W, Lehtinen B. On the feasibility of in situ observations of recrystallizatitrei

high voltage electron microscope. The Philosophical Magazine: A Journal of Theoretical
Experimental and Applied Physics 1972;26:1-663

[15] Hull D, Bacon DJ. Introduction to Dislocations: Elsevier Science; 2001.

[16] Dong Q, Yu H, Yao Z, Long F, Bagh L, Daymond MR. Study of microstructure and
precipitates of a Z2.5Nb-0.5Cu CANDUspacer material. J Nucl Mater 2016;481 53

[17] Banerjee S, Mukhopadhyay P. Phase Transformations: Examples from Titanium and
Zirconium Alloys: Elsevier Science; 201

[18] Banerjee S, Vijayakar SJ, Krishnan R. Precipitation in zircomighium martensites. J Nucl
Mater 1976;62:2239.

[ 19] Dey GK, Singh RN, Tewar. R, Sphasengdt av a
rich Zr-Nb alloys. J Nucl Mater 1995;2214657.

[20] Abriata JP, Bolcich JC. The Nfr (Niobium-Zirconium) system Bulletin of Alloy Phase
Diagrams 1982;3:344.

[21] Porter DA, Easterling KE. Phase transformations in metals and alloys: Chapman & Hall; 1992.
[22] Crank J. The Mathematics of Riion: Clarendon Press; 1979.

[23] Mendelev MI, Bokstein BS. Molecular dynamics study of-défiision in Zr. Philosophical
Magazine 2010;90:63%4.

[24] Mullins WW. The effect of thermal grooving on grain boundary motion. Acta Metall
1958;6:41427.

[25] Mullins WW, Shewmon PG. The kinetics of grain boundary grooving in copper. Acta Metall
1959;7:16370.

[26] Li Y, Rogge R, Holt RA. Development of local microstructure and crystallographic texture in

extruded Zi2.5Nb tubes. Materials Science and EngimegerA 2006;437:10.

88

D,



Chapter 5
Precipitate 12t &ilBibI5iICtuy ailh oy Zmder H

l rradi ati on

Abstract

The stability of precipitates idri 2.5Nl 0.5Cu alloy under heavy ion irradiation from 100 € to

500 € was investigated by quantitative Che8ITEM EDS analysis. Irradiation results in the
crystalline toamorphoustransformation of ZCu bet ween 200 AC idnd 300
remains crystalline at all temperatures. The precipitates are found to be more stable in starting
structures with multipl®oundaries than in coarse grain structures. There is an apparent increase of
the precipitate size and a redistribution of the alloying element in certain starting microstructures,
while a similar size change or alloying element redistribution is not éetectonly detected at a

much higher temperature in other starting microstructures after irradiation.

Keywords: Zf 2.5Nl 0.5Cu; precipitate stability; heavy ion irradiation>@n; ZrFe

5.1Introduction

The stability of precipitates is crucially important when assessing the mechanical properties and
corrosionbehaviourof reactor materials. It is known that irradiation has a remarkable effect on
precipitate stability. It may cause the dissolution, préaijpin, growth, and/or amorphization of
precipitates, the redistribution of alloying elements, and other associated microstructural changes.
In Zircaloys, radiatiosinduced dissolution of Zr(Q¥e). and Ze(Ni,Fe secondar preciptation in

the matrix andat grain boundaries, and the depletion of Cr and Fe from the precipitates have been
reported by many authorsi[@]. In Zri Nb alloys, the dissolution of Nb and the redistribution of Fe

are also clearly observed under higher dose irradiation (>3 dpa)l[Bege changes will affect the
material performance in the reactors such as corrgbaviouand irradiation growth. Generally,

a finer size and more homogeneous distribution of precipitatesfitsthe corrosion resistance in
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Zircaloys [8,9]. In ZiNb alloys, the supesaturation of Nb in the matrix was demonstrated to
degrade corrosion resistaNbeeithakr Bozdisnd U pr e
recommended [IA2]. It is reported that accelerated irradiation growth is related to therappea

of <c> component vacancy dislocation loops on the basal plane and Fe concentration in the matrix
[13,14]. It is believed that an increase of the Fe solute concentration promotes the formation of <c>
dislocation loops and consequently increases tbwthrstrain in the material [13]. Furthermore,
interfaces of incoherent precipitates can act as effective sinks for interstitials and vacancies to
recombine and hence decrease the propensity for accelerated growth [15]. As Fe has a significant
effect on tle diffusional characteristics of vacancies in Zr, an increasing Fe concentration in the
matrix may also decrease the magnitude of the irradiation growth rate [14,16].

Zri 2.5Nk 0.5Cu alloy has been proposed as a potential replacement for Inc@€l Aloyfor

future spacer installations in CAND(d registered trademark of AtaecnEnergy of Canada Ltd.

used under exclusive license by Candu Energy heactors [17]. This alloy was widely used for
spacers in early CANDU reactors; however, theeiactor movement of loosditting Zri 2.5Nk

0.5Cu spacers led to many design challenges [18]. In future designs, it is anticipated that the Zr
2.5NHl 0.5Cu will be of a tighfitting design; however, irradiation growth and creep will still result

in a dimensional change the spacer. The effects of irradiation on the microstructure are important
when assessing creep relaxation and growth during the operation of the reactor. Therefore, the
assessment of irradiation effects on this material is vitaledetor neutron iadiation is the best

way t o det er mi-neactottplogertiesaHowever, @ i \iery costly, time consuming,
and makes the samples hard to handle due to induced radioactivity. Heavy ion irradiation has been
proven to be an excellent alternadenteutron irradiation for the simulation of neutron irradiation
damage in Zr alloys because it does not have the drawbacks of neutron irradiation [15]. However,
the results must be interpreted in light of the differences in irradiation conditions, mimsisipv

a typically much higher damage rate.
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In the past few decades, some research works have reported the effect of irradiation on precipitate
and microstructure stability in Z2.5Nb [3,7]. A temperature and irradiation fluence dependent
precipitate stalbty and the distribution of alloying elements was reported. High temperatures and
high doses will e nitZmandtiee depletien ofl Fe $ramotte particlesrio thee f b
matrix [3,5,7,19]. However, the microstructure and precipitates of troasssed Z12.5Nb
pressure tube alloy have many differences to the proposed Zr spacer materid.3NHA0.5Cu,

multiple structures and precipitates are formed, which improve its strength so that it can withstand
the load from the pressure tube [20ithdrto, the effect of irradiation on intermetallic compounds

in these structures and this material has not been studied in any detail. In this study, a quantitative
transmission electron microscopy (TEM) and CHeSMIEM EDS (energy dispersive spectroscopy)
analysis was conducted to investigate precipitate stability under heavy ion irradiation.

5.2 Materials and Methods

The material used in this study is & ZI5Nl 0.5Cu spring wire material. The nominal chemical
composition was 2.5Nb, 0.5Cu, and 0.1Fe ifwiMore details of the source material are provided

in Reference [20].

To prepare TEM samples, slices from therexeived spring were cut off and ground to about
100nm. Standard TEM 3 mm diameter disc samples were punched out from the thin foils and
eledropolished with a Tenupdl twin-jet electrepolisher using 10% perchloric acid in 90%

met hanol at a temperature of T40 AC. 1t is chal
width less than 0.8 mm; a novel method was proposed and is repodidilrelsewhere [20].

The heavy ion irradiation was carried out at the Intermediate Voltage Electron Microscope Tandem
Facility (IVEMiTandem) at Argonne National Laboratory (Argonne, IL, USA). The facility
includes a Hitachi FRO00 NAR TEM interfaced to 2MV tandem ion accelerator. The TEM thin

foil specimens were irradiated under 600 Ke\#*Krith a flux of 0.6 x1G°m' § at 100 € to

500 € to a total fluence of 6.0 x1 m' 2 According to the SRIM (stopping and range of ions in
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matter) calculatios carried out with an ion beam angle of 152 1 Me\?Kpns, and a displacement
energy of 40 eV for Zr [21], the dose rate during the heavy ion irradiation was approximately
10 tpa/s, and, correspondingly, the final accumulated irradiation damage 10k SRIM
calculations were done using the Kincitease formulation.

The preirradiation and posirradiation S/TEM characterizations were performed on a FEI Tecnai
Osiris S/ TEM microscope in the Reactor Mat er
University (Kingston, ON, Canada). The TEM microscope is equipped with four supay X
spectrum detectors, which allow the fast acquisition of thhayXspectrum. For each acquisition,

at least 1200 ms line scan dwelling time was used on a 1024 x102#artiple size measurement

was carried out in Imagero Plus software. The measurement of the nominal precipitate diameter
before and after irradiation is based on the measured area of the particles and assumed circularity.
For each measurement, more th&hparticles are used. The alloying element line distribution
profiles before and after irradiation were measured at the same location in Esprit software. To
minimize the uncertainties resulting from the line measuring locations, the data from four adjacent
parallel lines were averaged.

5.3 Results

Fig. 51. (a) SEM and (b) TEM bright field maps showing the three types of microstructure
of the asreceived material.
Fig. 51 shows the microstructure of the-raseived material. It contains three types of

microstructures; Widmanstiten (type i, noted as A in Fig. 5 | Zr drhins without precipitates
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(type ii, B in Fig. 51 ) , i&rmgchinsith precipitates (type iii, C in Fig:19. Three types of
precipitates, namely, ZC u ;i Nbpand ZsFe, ardistributed in the type i and type iii structures. In

the type i structure, the precipitates are mainly located within the martensite plate boundaries and
the twin boundaries, while, in the type iii structure, the precipitates are homogenously distributed.

A detailed description of the initial microstructure and precipitates can be found in Reference [20].

Fig. 5-2.High-angle annular dark-field (HAADF) and Chemi-STEM micrographs showing
the distribution of Nb, Cu, and Fe alloying elements before andfter heavy ion irradiation
at 100 € to 10 dpa in (a) type i and (b) type iii structures. Red lines in the maps indicat

the precipitates used for the element distribution line profile measurement.

93































































































































































































































































































































































































































































