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ABSTRACT

The intermétallic Erecipitates in Zircaloy-4 have been
identified as'the c15 type 2r{CrFe). Laves phase using high
order Laue zones and series diffraction patterns from the
transmission eléctron micrq;cope. A model for the transfor-
ﬁaticn'frqm the a-2r gatrix to the Z¢r [CrPe), Laves phase Has-
been constructed using the data cn ofientétion relationships
obtained from TEXM &iffraétion patterns.

C15 type 2r {CrPe), Laves phase precipitates have also
teen found in a Zr-1.15 wt¥ Cr-0.1 vt% Fe allcy. Iwinned,
multiple twinned and dislocation Structures have been found
1n the precipitates. The orientation relaticnships (TTT)L'
//:1150)a, [110]L//[0001][1 betveen‘the Zr{Crfe) , Laves phase
precip;tates and a~-Zr matrix in the ir-Cr-Fe alloy give the
Same type of model fbr the transformation - ¥ suggesteg/ior
Zirﬁaloy-u.

Hexagonal polytype structure; {H) nave been found inp
2rCr,; and Zr {CcFe), Laves phases in foth Dulk stoichiometric -
alloys and in Pbrecipitates in Zircaloy-u. Ehoabchedral poly-
type structures (R) vere foundl in both Zircaloy-4 and
Zr-1.15wtiCr-0. 1wt%Fe alloys where the Laves phase is in the

foro of a precipitate.

- 111 -
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Good agreement was obtained with respect to possible

—_— -

polytype structures between gie diffraction, ratterns and
lattice frihée images in electron micrcskopy.: A .comparison
of okserved and calculated relative diffraétion intensities
show the polytype structures to ke of the 6H, 8H, 128 a?d

144 modifications.
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 Chapter I

L .~ INTRODUCTION

Zircorium and its alloys are widely used in ruclear power
engiéeering and in particular in thé constructicn of nuclear
reactors siﬁce t%ése alloys have a much lcwer neutron
absorption” per unit streﬁgth than other commércially avail-
able struc'tural materials. 1In CANDU-PHR |[CANada Peuteriunm
Uranium—-Pressurised Eeavy Ratér) | ceactors Zircaloy-Z
11.2-1.7 wt%Sn, 0.07-0.20 wtiFe, 0.05-0.15 wticCr, 0.03-0.09
WtiNi) is used as preéshre tuting and Zircalcy-4 ({1.2-1.7
vt%Sn, 0.18-0; 24 Wt%Fe, 0'.07-@.13 WtRCL) is used a4s rfuel
sheathiag. The‘iron ccntent of Zircaloy—u.is ircreased over
taat in Zircaly-2 to make up for any loss in corrosion
resistance resuiting rrom the reduction of nickel écntent to
lovwer levéls- The Zc-:Z ét%Crﬂo.Wé at%fFe alloy !zeferred to

as Zr-Cr-fe alloy) was developed at the General Zlectric

Company, J.S.A. as a fuel sheathing alloy for water-cocled

‘r2actors. Its properties include good corresiorn resistance,

ani low hygroyen alsorption in a peiling water/steas envi-
ronment Ebetween 300°9C and S5000C and its low suscectibility
to hydrogyen embrittlement.

The intermetallic éhases forwed <from ircn, cnrcmium,

nicxel, tin and zirconium are =stable phases ir Zircaloy-2,
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Zircaloy-4 and the ir~Cr-Fe alloys because of the low solu-
bility of iron and chromium in o-2Zr, as shown in the phase
diagrams i.e. Fig. 1 [1]. The distribution ard morphology

of these second phase particles influences the corrosion

-

resistance and machimability of the alloys. The corrosion .

resistance of the Zr-Cr-Fe alloy_is‘very dependént on metal-

lurgical condition, and particularly the size and distribu- -

tion .of the 2rCr, precipitates. The good corrosion resis-
tapce is attributed partly to. a unifora dispersion of fine
2rCr, Eartlcles. Horthwood and Eahen [2] have reported that

fdgfcptlmum corrosion resistance in steam the size of ZrCra

Farticles must bte less than 1 Mm. The size and dlstrlbution‘

c¢f the preciritates derends on the heat treatment and othar
fabrication details oL the tpbing [3,4].

Zirconium alloyé have been also studied as the nydrogan
storage materials. MM',-type zirconium alloys, such aé
irina, 2rCrp, 2rV, etc. are hydregen storaye compounds. The
compcunds ZrMn,, 2rCr, and ZrVv, tend to form tydrijes that
are guite stablé, thereby limiting their application. One
methcd oL lowering stability is to substitute sone of the
#n, Cr or V with Fe or Co, i.e. using pscudobirary allcys of
the type Zir u ﬂ' )2 where M=Fe, Co, ¥'=4n, Cr. In this
case, gtaollltles can ke reduced tc more practical levels,
witncut markedly lowering bydrogen cagpacity. | '
Since the binary ZrCr, and cpseudobinary zr(Cerel_x]z

Laves phase ccmpounds are ioportant ir Loth nuclear reactor

”



_ 3
and hydrbgen storage applicﬁtions an invéstigation of their
structure appear€d warranted. S

In 1912 Baumbauer [S] first discovereqfahd described the
Ehencmenon of polytypism, and since that tise Gpolytypic
structures- have also been found in Laves phases, such.as
Ng-Cu-al, 'Mg-Zn-Ni etc. In the present study polytytic
strucéures have also been found in the zirconiun kased Laves
Fhasesa It is difficult tc both resolve the ;smail
?r (CrFe) , Laves phase précipitates‘in zirconium allays usiné
optical microscopy and X-ray diffraction techrigues, and
'also to idepntify the polytyric structures since invariably
several structures can coexist in a single”spegimen- ?or£u*
nately electron micrcscopy has Feen developed to the extent
that it is a major research tocl ipn physico-ckemical stud-
izs. Zn par;icular High resclution electron miércscopy,
whicn can give lattice or structure imayges, has developed
ripidly in the last rifteen years and electrecn micrcscopy
technigues aave cone fo be preferredr for the analysis of
micre—areas ﬁnr evidence of polytypism and the identifica-
tion of rrecigpitates.

In present work the structure of IZr(CrFe}, laves thases,
existing wither as bulkx alloys or as precipitates 1in the
7zircaloy-4 and the Zr-Cr-Fe alloys, have been studied using
transwission electron microscopy (TEH), enercy dispersive
¥-ray spectroscopy [EDE) and a scannilng electrcn nicrcscopy
{SEM). Tiese studies nave been supplementad by ccaputer aid-

€d aralysis of the electron diffraction patterns.



Chapter II

LITEEATURE BEVIER

Pttt — ey

21 Laves Phase

Laves phases, with the general formula M#',, can Qave one
of three related structures, nasely the HgCu,, ﬁggnz, or
3gNi, structures tased on magnesium. These three stiuctures
correspond to C15-cubic, -~ Clé4-hexagonal and C36—hexagcnai
stroctures respectively.

The M or X' atcms may come from ény parct ofﬂthe ceriodic
table, and the same element may play different roles in two
laves phases. Thoe three structures,‘i.e: Ccl4, C15 apnd <38,
are closely related. The main reason for.the existence of
the three phases is considered tc lie in the ract tbe geome-
trical srace ¢r the lattices can be ccnveniently filled in

zore than one way when DM/D1'=1.225, wnere D represents the

M
atomic diameter.

The structures may be descrited in terms cf nexayonal
lattices, in which the atcmic arrangement leads tc the
assuoption cf axiai ratios in the. proportiors 2:3:4 for
¥gZn,, MgCu, and MgNi, respectively. 1Ih each case 3¥' atoas
CCCcutpy tne cornecrs of tetrahedra, joined alterrately fpoint-
to-pcint and base~to-fase 1in M¥gin,;, tut pase-to-base 1in

4g9Cu,, Fijy. 2{a-c) ([6,7,3.]. The HgNiz'structure contains



5
both types of junctlon. The larger atons, M, are aé%omcdated
in holes in the arrangement ef tetrahedra, and are dxsposed
relatively to each other. "The ¥ atbms fora double layers
with a hexagonal network, such that each ¥ atom cf thé upper
layer is'Qirectly above one in the laower layer. Thus the C15
type étructuré canr te described as ABCABC... and the C14
ahd C36 types as ABAB... and AEACABAC... respectivgly, as
shown in Fig. 2d-f). Again the MgNi, structures contain a
mixture of Loth types cf ¥-atoms arrangenment.

There has; beev little discussion of the factors which
éffect t he chcige of cne structure rather than another. ft
is impossible to assign characteristic electrocn:atonz ratios
to phases-crystallizing in the Mg9Zn,, MgCu, and ngiz,typeé
ct struéture, tut there is evidence tbat‘valency COnsidera~
tloﬁs are important in certain conplex alloys fcr Laves

phase foramation., The relationship Letween structure arnd

valency in ternary mwmagnesium alloys has beer studied Sy .

Lives and Witte {¢], and the results are sugmaried in Fig.

z. The main trends ncted are as follows: {1) Cn increasing
“the electron: = aton ratic of MgCu, bty substituting Icr cop-
ger a netal of higaer valency,. the cubic structure 1is

replacd by the ¥g¥i, structure at agpreximately 1.3 elec-

trcns per atem, and by the nanzistructure as the electron:
A

atow ratio arprocaches 2.0. ‘2) The reverse scguence of

changes occurs cn reducing the electron:zatox ratio of #gIn,

by surstituting zinc with a zetal of lower valercy. The fer-
&

-g_ =

o



maticn of fhe BgNiz structuré'at electron tc aton ratiéé
tetween the other tuo types might suggest that the effective
valency of nickel in these ternary FoDases. is nct zérc, bBut
tetveen 1.0 and 2.0. It is mcre likely that the Hgle struc-
ture is a structural intermediate in which perlodlc wfault-
ingﬂ”facilitateg the chénge fror the Mgin, a:rangement to
lfégat of HgCus;. of z33 iinary laves pnases reported, 68°
gercent had the C15 MgCu, tfpe structure, 30 percent the cl4
¥gZn, type structure and cnly two percent had the C356 Hgii»
type structure. In addition to the tinary Lavés phases manj_
Laves phases have been reported to form in pseudotinarf or
ternary SYStenS.

" The Laves thases of zirconium based systenas have princi-
pally teen studied becausé'of the excellent hydIOgenlstorage
capacity of binaﬁy and pseudotiné:y coppounds anad also
because the intermetallic precipitates which fora in cconmecr-
cial zirconium alloys af fect the properties of these alleys.
Table 1 ([ 10,11] surparizes the published data for cTrystal
types, lattice parameters, atomic sSize rfatios and weltiag
goints for bipnary zirccnlum laves phases. IrCr, has beth the
C15-MgCu, type and the Cli-dyin, structure. ZrFep 1s repeort-
ed cnly to form the C1¢ cubic-strugture. Fig. .4 gives the
stability ranges for Linary 2ra', Laves phases, «here d' is
either Vv, Cr, Mn, Fe, Co cr ¥i. Fig. 5 shows the systematic

variation cf crystal structure type with the pogiticn in the

periodic table of the M' element for a constart ¥ element.
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The electron:atoan ratios fof binary or pseudobita:y,zirconi-
_um'Laies phases are.given in. Table 2. vAccordiﬁE“‘te&Ar-Cr
phﬁse diagram the 2rCr, internmediate phase exists at 53
uﬁxct in the Zr-Cr systen f12,13].

As é:eviously noted, sone Binary or pséudcbinary Laves
Ehase alloys havé potential for use as hydrcgen storage
materials. The h;hrogen capacities, activation temEeratdres

and aktsorption pressures of some of these Laves phase com-

gounds .are given in Tatle 3 [14,15].

2.2 Polytypiss

2.2.1 Descripticn of polytypise
“Pclymorphisa has been recognized as the ability of the
came chemical compound to exist in mere than one crystalline
form. Polytypism is defined as the alkility of a substarce to
.crystallize into a nuakter of different godificatiocns, in 21l
¢f which twc dimensicns of the unit cell ;re tte same while
the third is a variable integral multiple of a coamon unit.
Thw different polytypic wmodificaticns can be regarded as
Fuilt up of layers of structure stacked parallel to eacn
cthner at ¢constant intervals alcng the vafiahle dimenéiOn.
1he two unit-cell dimemgions parallel to these layers are
the =ame for all the:modifications. The third dijension
depends on the. stacking segquence, but is always an integral

gultiple of the layer spacing. Difrerent manners ¢t stack-

ing these¢ layers may result 1in structures having not cnly
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different ::phologies but even diffgrent lattice- types and
Space grodps; Ihe'polynorphic.nodifications‘of a compouand
norﬁ&iiy fore under different ccoditions of terperature and
Fressure. Each modification has its OWn range of theérnody-
namic¢ stability and is regarded as a different Fhase. Phase
transitions are governed by the conﬁition of pminimue free
enefgy and fcllow the Gibbs phase rule. Tie velocity of
transition then depends cn the energy barrier OfEpcsing the
transformaticna. However, invarifbly sevefal.structures can
coexist in a single speciumen dﬁipolytypic structure.

The phencmencn of Falytypism was first disccvered in SiC_
in 1912, . Sutsequently it has teen reported ir zZns, cdI,,
C&Brz, PbI,, mica, Au-Mn allcys, NbSe,, TaSe,, Co-rich sm-
Co, B' -aluzina and other alloys and ainerals. Sc far more
taan ocne hﬁndred Kinds of pclytyres have teen reported
Pl16-26 0. Scne pclytypi;p aas reen reported 1n Laves rhases
SucCh as xg—tu—ﬁl, Mg-Cu-N1, ¥g-Cu-Zn, Mg-Zn-aqg, ¥g-Zon-%i and

Cther My based systens [27-32].

2.2-2 Notations Used to Descrite the Polytypes

Wwith tne discovery of new Eclytypes and. pclytypic com-~
rounds, e.q. §1C is ncw known to have over 4¢ gciifica-
tions, a suitatble System of ncrenclature uag te te devel-
cped for descriting the various Eolytypes and theig,
structures. The special rotations ccamonly enrleyed to dis-
tinaguish the Folytypic aoédifications ére the ‘Ransdeil ncta-

¥
tion, the classical ABC notaticn and tane Zhéanov sympol.
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These notaticns are described telow. There are scme other
notation used to represent polytypié structures but;fhez_are
notkused as extensively as the Ransdell, ABC - or Zhdanov

r

notations.

-

Z.2.2.1 The Raasdell notation

The different 'polytypeé consist of identical layers of
atbms stacked over eack other at constant intervals and dif-
fer cnly in the lattice type and in the number of layers in
the unit cell. Ramsdell [ 23] :epresent;d the peclytyce bty the
nunber of layers in the unit cell and added to it the letter
fior R to specify tﬁe lattice tyre. thus a syaiol pH regre-
s2nts a structure with an bp-layered repeat pericd élong c
and a primiti?e hexagoual.lattice, while mé Jdenotes a stfuc-
ture with an a-layered repeat period along ¢ and 4 lattice
whose primitive unit cell is cncebohedral. This siaple des-
ignation uniguely distinguishes each polytfpe eXcept  «hen
two types have the sare lattice as well as the sare repeat
fFericd along ¢ and ditfer only in the stackin¢ seguence of
the layers in their wpit cell. Practice is tc distinguish
these folytypes ty attaéhing.suhscripts a, &, <, €tc., to
the letter denoting the lattice type. The notaticn is simple
ani krief, tut it does not give any inrformation on the actu-
al arranjement of layers in the unit cell. It is, ncuever,
the cnly notation suitable tc . designate polytyre with kuown
lattice cut undetermined the sfackiuq seguences c¢i atcomic

arcangesent.
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Ze2e2e2 The efassical ABC notation’ ‘

In descrlhlng the structure of ﬂlrrerent polytypes by the
clas=1cal ABC notatlon 1t should be noted that 2,. E, and C
do nct necessarily crefpresent single plane layers of'etems-
The unit layer of structure nay te polyatomic, and in'such_
cases the ;etter A, E, or C definee the positior cf.ome kind
of atoms in the upit layer, the rositicns of the other atoams
in the layer teing fixed relative to these. Thds to Le exacp
the layers A, ﬁ, and C shculd be written as Ac, ﬁB, and Cwv,
where, for‘ezample, in s8iC the Ecman letter represets the si
atom= and the Greek letters represent the carbecr atcms. For
the sake of Etrevity, the Greekx 1etters are ctten oritted.
Although tnie representation gives a complete descrigion of
tne structure, it does not reveal the symnetry or lattice
type directly, and Lecomes increasingly unwieldy fecr pcly-

types with large nunmkers cf layers in the unit cell [25].

Ze2.2.3 Tte Zhdanov syatol

The Zhiapov [34] symbcl consists of pairs c¢f nuabers in
wanich the first denotes the number for ABC stacking sequence
ani the second the nuzber tor ACSH stacking segquence. For
example, type 158 is written as :23)5, @nichk izplies that
the stacking sejuences 3re ABC'D' A'CAB'A'C'ECA'C'E?, and
type Z1R as {34)3- This nctation is wmost convenient for rep-

r2senting the structure of lecng-fericd polytypes
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“--.3_ Theories_of Eo;ztzgign
| The first relatively sﬁtisfactory expianqtiqn cf the.
Folytypism came Hith the édvgnt of the screw-dislocation
thecry of crystal growth, - vhere Prank {35,36 interrreted
the various pc}ytjpes.as criginating by growth arqund screﬁ
dislccations in certain bésic structuresa :Jagodzinski
[37,38] regarded thermodynamics consideraticns as more
inportant and proposed a layer-transposition mechanisr based
chn the vibration entropy of the structure, for tge forqatibn
of”the different poiytyqes. Schneer | 39)] considered the dif-_
ferent polytypic structures to Le related by hicher- (cr sec-
cnd) * order transformations because of their being energeti-
cally almost identieal- Peilfst [40] has attepgted an
exp%anation tased on influence cf thérmal vibrations cn the
grouvth .front at the time of crystallization. 4 brief

-

description of thes€ tteories is given telow.

Z.2.3.1 The dislocation theory of polytypisnm

| Frank suggested that SiC crystals grow initially, at nigh
supersaturaticns, into thin ©fplates, by tte surface-
nucleation amechanisa in accordacce with tne thecry cf grcuth
ci ;efﬁect crystals. Lue to noaunizcrm distributicn of
impurities or thermal radiafipn these pplates lecore self-
stressed. If the stress exceeds the theoretical yield stress
the clane cculd te sheared. This produces steps cn the crys-
tal . face. If the shear is by a uniforeo amount, a scrg& dis-

location will Lte created. Screw dislocaticns cof different
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' ?urgers véctors' pay create ﬁiffe;ent pclytypes. - When the
\Eurgers vectg} of the screw dislocation is an integral manl-
tiple of tte height of the parent unit cell, ‘then the
regulting structure will ke thé sane as ‘the basic structure.
¢cn the other hand, a screu-disloca£ion with a Bdfgers vector -
which is ‘a ncpnintegral multiple cf the height éf the parent
unit cell would give rise fo a new polytype whase periodiéi-
ty along ¢ i& determined Lty the height cf the exposéd‘screu—
dislccation ledge.

Scme experiments‘shcv that the observed and neasured step
heignht of growth spirals is diréctly correlated to éhe
heijnt of the X-ray unit cell. ihis is clear sugpert for the
dislccation theory of gpclytypisn. The ster heignts of
growth spirals kave Leen nmeasured [ 41-43] for tvo xirds of
61 crystals c¢f S5iC, ;ith the step heights bé&tg 15.2 % and
15.1 A resgegtiveiy. Multifle—team interferomertery tor 6H
structure of SiC gave the height of the ¥-ray ;nit cell as
15.0¢ i. Daia fer difrferent SiC pclytypes where a Jlirect
correlation has rteen found tetween the Spiral-step neight
and height of the X-ray unit cell are summarizeé in Table 4.
Forty's observations {441 on the growth of CéI, and P512
bave also lent support to the dislocation theory cf gelyty-
pism. Amelinckx [45,4€] has alsc shown that the step height
cf jJrcwtn “spirals on mica is ejual to the height cf the

i-ray unit cell.
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Z.2.3.2 'Jaégdziﬁsk;'s disorder theory ?

Jégo&éiﬁski [37,38]7‘expreésed doubts about the screw-
dislccation theory ofﬁpoiyfyg;sm and ‘pointed cut - that the
eﬁengy reguired for the creation.of an_edge‘dislcéaticn.uitb
a“Bprgers vector %a + %b or %a'+ %b, or an.intecral multiple
of these, wculd be much less than that required for the cre-
aticn of screw dislocations with large Burgersrgectcés. The
érran@ement of atcons in a close p&cked " structure like that
- gf siCc would particularly favor the creation cf suchfedq!
dislccations in the . (0001) rlane, -and these lafer disloca=-
tions would ccmpletely destroy any otder createdlhy a screw
dislc¢cation. -

He «@lso pcinted_that the_higﬁ//energy reguired for the
creation of a sétew dislccation can.come from the crystal
structure only when the crystal has grown-to a considerable
volume, by which time it would Lave already settled dcwn to
a certain structure. -Scﬁeu‘disiocétions can, therefere,
cause Jrowth aonly in the l;£er sfa@es, thereby 5etermining
cnly the sSuriace structure, N¢ new structure woull thus
result and the fermation of different polytypic structures
cannct be due to the screw disiccations. daether cutkic ar-
hexagonél—sic ferms at different temperatures, is centrolled
ty thermodynarmic factors; according to Jaygodzirski. Using
SiC as an exazple, it can be theoretically showr that a con-

pletely one-dimensionally disordered structare is predicted,

and the formatico of crdered types appears tc te thermcdy-
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namicélly anomalous.. ihis is becéuse all stfuctures of Sié;'""
~even tﬁe diso:dered- £39es, haQE‘the'éame ~poténtial energy
.‘since thé atcus have an 1dent1cal envzrcnment of the flrstA
and =econd ne1ghbors. The density - of the dxfferent struc—
tures belng the same, the'freé energy would be minimized by
maxicum entropy.' The entrory of the structure would-ccnsist
cf two paftsf .(1) the ccnfigurational entropy and {2) the
vibration entrogye. ;The conflguratlonal entrogy increases
with increasing disorder, whilst the vikration entropy tends
to decrease. The sum of the two has two maxima with the sec-
cnd maxima ccrresronding to the partly disordered pclytypic
étructurés. The vikraticn entropy is expected to favor
crdered states. |

Jagodzinski assumed that the formation of ‘‘the small-
pericd-‘polytypes like 4H,  6E and 158 is governed by
potential-energy considerafions, while that the long-period
structurés is determined ty the vibration entrory. The for-
maticn of lcng-period S$iC structures is not thereodynazical-~
ly ancmalous, buat i? characterized by_a maximup of the
configuratinal and vitrational entropies of tle structure.
The distribution of the varicus ' structures is chus yoverned
by thermodynaric consideraticns.

In order to characterize the Eclytypic ‘structures a
rfault-order dgaree" has been defined as tné ratic cf the
nunber .o faults to the tctal nurber of doukle layets in the

gtructure. They can be calculated by thermodynamic formulas
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and determinediexperimentallj from the X—ray. diffraction.
- photographs. Calculated and determined fault-crder degrees
show good agreemenﬁ for sic, Zns and CdIz crystals-

The limitation of the disorder theory of rolytypism is

'x,} ~that the theory is .based on a large number of assumpticns,
R o ~ L_ O ) R
_ ;E?Jf many of which can be guesticned. The relatiopshir ketween
» - T " ’ ' . : . .
rﬁ F;‘f“' the cccurrence of a structure and the temperature 218 not
Y

S JJLl establlshed The theory also does not predict the for-

' ,; natlcn of a structure series so predominantly displayed ty

4 ¢;£. Finally the faultless ordering of sonme of the long

p g@rlcd polytypes is difficult to understand usicg this theo-
e . o
N T
P '
{
‘-‘. '
g 4.2.‘;%go,The higher-order transformatlon theory
|
i i thneer [39] has treated polytyplsm as a cooperaticnal
“il ;he%ﬁmenon, and te believed polytypes to be related by phase
e, B B . .
i transformaticns of the higher order, analogous tc ferromag-

netitc. transitions and those ¢f crder-disorder ir allcys. The

diffé?ent rclytypes represent intermejiate states in a

'ceccnd—order tfansiticn Letvween the cubic ard bhexagenal
i.

Ctrucfureg. The observed folytypes orf a compouno are charac-

terizéd by maxinoum nupbers of interaction contacts Letwean
i v
layers in unlike state and correspond tc potertial mininA.

schneer considers polytygic transformations as transtforma-

tions of the secand crder with intermediate traasfcrmations

¢ nigher crder. The specific vclumes, entropies, and proz—

apility Jdistributions vary continuously with temperatuck



All'deriﬁg&ivas 6f heat capacity, thergai eip&nsiop; resis-
tivity, céﬁpnéssibil@;y, etc. uith.fespect tc ﬁemperature
“-ma§ Irise anémalously in'the‘transitién range of-temperature.
Binute differences in tenperature or in the deéree of_
apprcach-to'éjuilibriuu may.hring about méjor differencés‘%P
-pericdiciiy. . | | | | - _ ‘ - o

There is little eiperimental evidence in favor of the
theory. Im InS fgefe is a transformation frcm the cubic
ZnS to the hezagonal Zns with increase of temgerature. The

different ZnS folytypes have Leen synthsized ‘tetueen 8700

and QOSOC,_'a.rangé that 1lies below the transition teapera-

ture of "10240C, The ZnS polytyres can ke <considered to be -

intermadiate states Letween the B-ZnS and a-2ZnS (2H).

Phase transformaticrs of the seccnd order are disorderinag
transformaticns, and are characterized ty a critical temfper-
ature at which the disorder attains complete rardecrness.
However, it has not Leen possitle to associate ‘definite
rolytypes witkh specifig'tempe:atures, and no phase transfor-
raticns tetween Folytyges hav-e Feen chserved tc¢ cccur. Cne
SiC polytype does not go cver intc another by heating. There
is thus nothing to inpdicate that Jdifferent SiC gpclytypes are

related ty second- or lhigher-order transformaticns.
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Ze2-3.4 Polytyp1sn and thermal vlhrétzons in the strncture
Peibst [uO] has attempted.- tc explaln the formatlcn of
golytjpes by the influence df thermal. vibraticns of the
crystal structure during growth. _A¢¢ording to the theory,
different [pclytypes foru under different ccnditicns of
growth, and the spectrum of thereal vibrationms, uhicﬁ depend
on the structure of the npucleus and the growth temperature,
are af predqminhnt influence. However the assunpticns in

this theory have not been confirsed Ly any experimental evi-

dence.

Ze23.5 Summary

2 very large number c¢f factcrs have Leen ‘sugygested as
influencing the phenomencn c¢f pclytypism. The tecperature
and rate of crystallizaticn, the presence of’ impurities, the
screw and edge dislocatiﬁns created dufing grouth; the ther-
ral vibrations of the structure, and the elec;rdn en=rqy
tand gaps, all appear to erffect the formation and distribu-
tion of polytypic structures to differemt extents. The theo-
ries advanced are all based solely on one or ancther of
these factors, and have Lteen unakle tc grovide a satisfacto-
7 explanaticn for all the observed facts. The need is thus
apparent for a single consistent theory cf pclytypisno
embracing all these factors. 3ased on the more recent
;nvestigations into the origin cf polytypes, their fcrmation
appears to ke governed Ly grogth pechanizns and screw disle-
caticrs and thercodynarcic censideraticns ire_ ¢t crimzary

importance. -
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223 Erééigi;gtgs ip gi;goﬁign Alloys
Material properties such as corroesion resistance, g;ain
grovth and mechanical behaviour of zirconiuz alloys are
known to depend strongly upon the composition, distritution
and morphology cf précipitates in these allofs. Ihefefore
nunerous investigaticns have focused on these frecipitates.
with the develorment of eleétroh mictoscopy‘techﬁlques such
as TEM, SEM, and more cparticularly EDS and STEY (scanning
trénsmission élecfron micréscopy), the conjposition and
structure of the precirpitates have Lbeen more clcsely defined

since all of these electron micrcsceopy tecanigues can pro-

~vide infcrmation from different micrc-areas of the speciren.

Table S gives & summary of published data on precipitates in

zirccnium allcys.

3



Chapter III

BIRERTNENTAL

-1 Mat ;ials and Heat Treatment

Three types of zircoriuz alloys, namely Zircaloy-4,
Zr-1.15vtiCr-0. 1wt%Fe (referred to as 2Zr-Cr-Fe alloy here-
after) and bulk stoichicmetric 2r(CrFe), alloys, have .teen

investigated.

3-1-1  zZipcaloy-u

Two kinds of Zircaloy-4 product, tube and rod, waere
studied, The chemical analyses of the Zircalcy-4 sﬁecimens
-are given in Table 6. The tube specimens denaoted as‘&,b;c,
were cut  frco fuel sheathing of 15.240m diameter ﬁné 0ad am-
wall thickness. The diameter of the recd, specimen d, was
apout 7 mn. The specimens of Zircaloy-4 were éncapsulated in
evacuated quartz capsules and sclutico treaﬁed at 1190¢9C for
¢ min. feor sgecimens a, b, ¢, and 15 min. feor specim;n d.

Follcwing =scluticn treatrent, the 'encapsulated specimens’

were ccoled in circulating air.
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3.1.2 | The ZI—Cr-refa;log- N ) . '!'

Pcr Zr-Cr-Pe alloy, -10 mm sguare speciméns vere cut fréﬁ
1.3 mm thick sheet using a lou.speed diamcnd.sau. The spec-
imens ueré  also encapsulated 1in evacuated gquartz cagsules
and sciution treated for 30 min at 10500C foilouing by water
quehching. The guenched specimens were theq resealed into
evacuatéd quartz capsules, heated at 7609C for 10.5 h. then
~.air cooled.. | ‘

Ihe'cheﬁical composition of the Zr-Cr-Fe alloy is given

in Table 7.

3.1.3 2Zr(CrFPe) . stoichiometric alloys

Pive kinds of bulk st;ichiometriq Zr(Cerel_x)z alleys,
iwhere_x=1, 0.75, 0.55, (0.2 and 0); ‘were studied as cast
alloys-. The alloys was prepared ky melting ia ar arc fﬁrnace
under a high purity argon atmoschere. High purity elements
were utilized, 1i.e. 99.9£'pure zircopium-and 59.39% pure
chremium. The alloys were melted four times to ensu;é cclpo-

citicnal upnifarmitya.

3= 2 Preparation of Specimens fcr TEM

The Zircaloy-4 and Zr-Cr-Fe specimens for transmissico
elecfron microscopy were first yround on silicen carklde
ravers down to a thickness of akout 0.07 mnm. These speci-
mens wWere thern thinned using a twin-jet electropolisning
technigue in a sclution of 1:4 perchleric acid : ethyl alco-

hol. The electfopolishing temperature, voltage and current
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Vnerel—gooc, 10-13 volts and 1% microampeTtes fc¢r Zircalcy—4
and —30 to‘-3u°c, 20/;c1ts,-and 25 microamperes for Zr-Cr-Fe
alloys respecti#ely.

The bulk stoichicmetric ZrCr, and pseudolinary Laves
phase‘alloys were very brittle and powders of these alloys
sere made by light grinding uéing a pestlé ard \Evffér to
produce the finer powders. A suspension of tte pcwder was
rade with alcchel and separated in an ultrasonic bath.

Tc produce high resolution lattice images a supgort foil
is requiréd for the sprecimen. The drogs of tte susgension
containing:the pcwder were deposited onto a kEkecley supgort
film. Scame gpcwder parﬁicleé would sit right in.the koles in
the Support filp and high reSolution observaticn was-possi;
tle without any added support f£cil under the pouwder.

The Holey suppor£ing film is comaonly used fcr the astig-
matisz correcticn by observiny the Eresﬁel fring=ss at 5
small hole. To prepare the hcley foil an eculsicn of glycer-
cl ir 0.25% Formver solution is used. A cold (C° C) glass
picrcscope slide is dipped in the solution, allcwed to 4ry
aﬂdlthe Formvar replica flecated off onto digtilled water.
This film ccntains holes arisigg‘frcm the drcyplets of gly-
cerol. The fila i; sccoped up cnte a coarse grid which has
cn it several support grids, which are 2CO mesh.énd 3-3.2 an
diameter. After dryinyg, a cartcn film apout 1¢ nn thick is
eQapcrated cn to the Forovar film in a vacuum Jdeposition

device [ 62]. The carben film is used ror astigoatisz correc-

tion at nigh resclution as descriled in sectionh 3.6.
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: };3' 'glgg;gog Diffractigg.gniizsis ' \ -
| The thin foil spécimens of 2ircaloy-4 and Zr-Cr-Fe and-
the powders of bulk stoichiénetric Zr (CcPe) » alloys wepé
examined on a JEOL 100CX TEN eéui@ped with the double tilt
épecimen ﬁolder%y Thé ﬁicroscope vas operated at 100 kY.
Idéntifica;icq‘ of the strﬁc;dre of the Laves phases was

accorplished ty electren diff:actiou analysis.

In TEM the incident.eiéélrons interact With the specimen
‘giving.rise tc absorkbtion, rphase shifts and diffraction of
the electron Eeam. Cepending on operating conditions cne of

several types of iﬁaqe is fcramed by‘the ‘objective leps and

2

this image is then magnified by the intermediate and projec-

”~
tor lenses.
The electrcn uavelengft X 1s given Ly [63]
. (@] -
2 12.26 A (1)

! E*(1+0.9788x107°g) ™

3

where E is accelerating vcltage. Fcr a 100 KV accelerating
voltage the uavelengtﬂ'of the e€lectrons is J.€C37 npz. dhen
tha crystal'{s correctly oriented and the ccnditicns of -
Eragg diffracticn are satisfied an electrdn iiff:acticn Eat-
tern will te rorzed at the tack focél plade orf the ccjective
lens, ds shown in Fiy. 6. For the electron difftactian anal-
YSlS.Of the structures of the Laves Fhases, 76 cm ard .120 ca --
camera lengths were used. The camera constants gf the TTH

tust first ke calitrated. 1In the present study twc methods

v
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of the,caiihr;tion weré"used. For stoichiometric Zr{CrPe)z
alleoys the diffracticn patterns of standard 21 thng foil _
-uere used to‘calihrate the caﬁera 6cnstant. Fcrkzircaloy—u
é;d 2r-Cr-Pe alloys-the calitration of the TEM was performed

. s
using the diffraction rattern of a-zirconiuam matrix, as an

imternal standard'a;d in-=itu calibration.

The disiritutionél curves of relative inte:sitj cf the
electron diffraction patte;ﬁs fcr the polytype structures
.were measured using a seriautomated device copnsisting of -a
micrcdensitometer and chart reccrdér. The irtegral area-
under curves was measured with a commercial ;raphic data
image analyzer. Cbéerved relative intensities vere calculat-
ed usinq_fhese integral areas.  (Calculated :élative intensi-

ties tased on structure factor are olttained by conputer

cethcds.

3-4 Double Tilt Steregmetric Stage and Constructicn cf

Reciprocal FElane_of Crystal

A modern TEM 15 in gerperally equipped with 3 ycnicmeter

stage. The JECL 1C0CX TEM has twc types of gbnicmeter staye,
a douktle tilt and a rctation-tilt stage. The dJoutble tilt
holder c¢an tilt the specimen abkout two orthcycnal axes,
labelled the % and Y aies. Cne axis is normal to tne inci-
dent electrcn beam, while the cther axis is i:‘the specimen
clane. The tilt angles in the two directions caa ke varied

ty t450, The rotaticn tilt hclder can tilt tae specinmen
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about a fixed axis normal to the beam, and rotate tha speci—
gel about an axis normal to the specimen plane. Tilt angléE
of +€0° and a rotation of 3600 are pbésible. In present
" work the doulle tilt hclder was used:_

- The effective tilt angle can measured using a stereograf.
The axes of crystal plane is norsal to the recXtrocal vector
¢cE the cryétai plane. Therefore the pcle of tte reciprocal
rlane should be on a great circcle of a -stereogram while the
axes cof the crystal rlane is pafallel to incident heai- If
‘the diffraction spot 1is jpvisitle in a diffraction pattern
the'pole of the recirprccal lattice plane éhpuld»he inside of
the circle of the éterecgram- Fer identification of 2
‘unKkncwn erystal the ©rbasal plane of tHe crystal cell should
ke ottained and- observed ty electron diffracticn. In pracs
tice the specilzens were tilted with double tilt hclder to
get a close row -of diffraction spots. The close ' [oWw Was
assumed to be associated with a rasic vector ct the crystal
cell, i.e. reciprocal vector a* or L# or c*. By ccﬁtinding
to tilt the specimen the diffraction patterns wkich included
the close rCow were okttained. The tilting prccedures are
illustrated in gs Fig. 7-on a stereogram. flere Fg i5 the
tole of a reciprocal latticé plane wuncse diffraction pattern
is invisible .im a diffracticn fpattern. after tiltifQ§ the
crystal x degrees, in Fig. 7 X=Xpg*Xir and y degreés, the
diffraction pattern and the pole or the reciprocal plane wW2as
lipelled as p io the stereogram- Accordinyg tc geometcy'the

‘effective tilting angle o is given by

tan o = (tan2x+tan2y+tan2x-tanzy) (2}
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For the-rotation-tilt‘holdeﬁ the effective angle a is given
by [€4-66] |

. tanc=tan ¥ .- cos w : . - (3}
where w is the ro£ation angle.

From diffraction patterns the interplanar distances , d,
can té calculated. According tc the diffraction geometry,
Bd=lI,Iand the relaticno of §=1/d; vhere 3 is - recirprccal lat-
tice vector, series E; which are normal to the a¥, cduld\be
cbtained. Using data on tilt anygles and the carrespcnding
reciprocal vector 7§, a reciprocal lattice plane which is
normal to the a* can ke ccnstructed,V/

Fcr identificaticn of the Laves' rhases a doukle tilt
stage was used anpd the ccrresponding reciprecal laftice

clanes vere clktained.

3.5 Bright and Dark Field Imaqes

Brignt ﬁield {BT) and dark field (CF) imeginé are the
rost ccaomonly used iraging mddes for TEA of crystalline
raterials. The ray pdths for the two modes are shcwn in Fiq:
€ (62]. a4 20 um aperfure is inserted in the back focal plane
cf the oijective lens to intercept the Jdiffracted team and
cnly allow the transmitted beam to form an imace, and this
image is Kncwn as the BF iragea Two methods are wused tQ‘
torn I'F  images. When the ctjective aperture Es displaced

from the optic axis so as to intercegt the trapszitted bean,



only the diffracted beam is used to form to tte. dark field
image. This pethod ;s €asy and fast to'hse and was the meth-
cd used toldetermine the crystal plane from uhich'thp inci-
dent team was reflected. However-_a poor quality image is
;roduced by this method because of the additioeral spherical
aberration and astigmatisz present when the electron path ié
not close to the optic axis, "The DF images shoen ip present
work were made using the cehtred dark field imaging [CDPF)
zode, @s illustrated ir Figa. 8(b); When this met@od is used
the transmitted keam is tilted ty using  an electrcmaghetic

Ieam tilt device and the diffracted electron Lteawm travels

along the optic axis.

.6 Aigh_ Fesolution.lattice Imaging

The ain ofl high resolution electren micrescopy is to
-directly image and identify the positicn,of an atom'cr Jroup
¢f atems in solid. Unfortunately.there is usually no sieple
one to one corresgondence between ccntrast on a m;crcgraph
and atomic [Epcsiticns in  the specimen' £6r higt resclution
experimental conditiocns. Many computer npethods Lave Leen
Adeveloped for the éalculatién'of image contrast. 7To cktain
high resolution images, the ricrcscope .aust Lte kept in
excellent ceonditicno. For the JéGL 100CYX, the statility of
accelerating voltage uéé tetter than 2x10—5/ﬁir., and the
spherical aterration ce¢nstant is 4.5 ama So far, fcr rest
Lkign rescluticn'IEH the srherical aterraticn cosstant is 0.7

tm.
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The Erqéedures for oktaininc high resoluticn lattide

inages are as fecllowings:

{1 Fill the.anti-ccntamination trap with liguid nitro-

{ii Align the electrcn niércséope._as descriked Iin the
instruction manuwal. This involves checking the illumiﬁating
system So as. to ottain the paxioum pdssihle scurce Lright-
pess Hhen\g;ing $:smél1 illuminating aperture. The ‘vcltage
center and cugrént center should alsc ke checked.

53) Select a region of the thin foil specimen which lies
above the hole in the koley 'suggorting film at low magnifi-
caticn. The area gives rise to a bigh rescluticn image,
gsince there is nc part of the su;pbrt foil to irterfere with
the resoluticn in the electron ricroscope image.

{u)_'Tiltuthe Crystal to obtain the required orientationl
CL the crystal. |

(5) In order to prevent contarinatior of the crystal from
Frolcnged exposure to the.elegtrcn ﬁeam, the opefatiﬁg con~-
diticns of the electrorn E1CCCSCCpe are kept constant kut the
specimen is moved so that a néighhouring area cf the crystal
is illuminoated. This usually Lequires a ccrrec;icn for
astigmatism. » '

The setting qf the objective stigmator.ls critical when
cperating at high resolutior. 1The astigpatisa Las teen cor-

rected for ky adjusting the stigmator s¢ that a Fresnel

fringe is symmetrical at low magnification. A nore accurate
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correction is needed at bigh resolution. ‘This can be done

Ly olserving the structure of the thin amorpkouns supgort

-carbon film at the higher magnification wherehtte-high“resg—

luticn image is to be taken- The procedure is tc first focus

the tinocular. then adjust toth the fccus controls aﬁa the

stigmator to obtain an image . of the -grainy carton*ét;ucture 7

- such that there is no rreferential direction evident.-

{€) For taking the high resolution lattice irages the
specimen was first tilted so that the [070] directicn in the
laves phases was parallel to the‘incident beam. To obtain’

the detailed lattice irages an cbjective apertcre Gf 120 um

i

wis usad. This large aperture can Erovide mary diffracted

teans to contribute to the ccntrast of the imace. The lat-~"

tice image is"then ifccused and a tarcugh-focus sgries of

!

the“undéfﬁfocus ccnditions [é?]. : _ ' /

N

3.7 Energy X¥-ray disrersive srectroqrapy_ (EDS) gqualitative

o

analysis .

rrecipitates, [ECS qualitative aralysis technigue was used.

The thin £c¢il was glued tc a wcunting stub for tue S5Z¢ with

conductive palnt. Secondary e€lectrcn imaging was used to

cbserve the topcgraphy ard then the distribtutior of alloying
clements was analyzed with the Kevex X-ray enercy Jispersive
system which was fitted tc the ¥Nanmolab 7 SEM. 1The faollowing

guidelines were used when performing the ELS analysis:

. ' 3
inages ‘are produced.’ The high <contrast images are fcund inf

In order to identify the composition of the Ldaves phase

—
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11) The EDS spectrogeter was first calibrated so that the
reak positicﬁ was within 10 eV of the takulated value.

{2) Hhen_optiuiﬁing the analysis for a single X-ray line,
an accelerating voltage approximately 1= 5 tp 3 times the
_critical excitation vclt;gewfor that ‘iine was us€d. The
emiésioﬁ .energies of the relative elemgnts are given in
Table 8 [63,€4,68,69]. Ipn general, ‘te provid.e‘ an adeguate
gvervoltage ﬁﬁrthe range 1-10 k¥, a 30 kV keas energy

{acceleratirg voltage) was used.

3.8 Computer methods

In the present study ccmputer methods were used to: index
difﬂfaction patternsﬁ' tc ccnstruct the modélrilluétrating
the relationships between the laves phase precipitates and
the a~-Zr matrix; to cdlculate the diffractec iuntensities
using structure factors; and to plot the distritutico curves
of relative intensities. The computer methods zre descrilked

kelow briefly, and the calculation of relative diffraction

intensities is discussed in Section £.Z2.

3-8.1 Indexing of electron diffraction patterrs

The «correct indexing of a diffraction patterm shculd
ratch both the appropriate lattice rplane spacirgs, arnd the
interplanar angles. Since some diffraction patterns can be
indexed as either the cutic or the hexayonal structures, the
interplanac angles betweer two zcne axes of the diffraction
pcattern, as.measured experimentally, should ke matched the

caleulated values for the cutic or the bexayoral lattice.

1
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Ip present work since the Zr(;r?e)a Laves‘phases can haﬁe
gi'her the CI4 or c15 structures, and the o-2r mpatrix has
bexagonal lattice, prograszgs haﬁe been written tc index cubic
and hexagonal structures. For the cubic lattice one inputé
the lattice parameter a, and calculates d and a using the

crystallographic forgula

——a '
d'— (h2+k2+£2 )!5 H).

and
hlh2+klk2+£122 (5) {
2.1.2,,2 25210214 38 :
((hl+kl+£l) (hszzuz)) - %S

tor hexagomal structure one inputs the lattice Farameters a

cosg=

and ¢, and calculats 4 and g using the fcrmila

1

3 al c
and .
2 2
cos = hlh2+klk2+ (hlk2+h2k +3a E122/4c /_\\ 7)

2 2 2,2 2 2’ 2,2 2, ,!
(h1+kj+h k) +3a% 22 /4c )(h;Q-k2+h2k2+3a R5/4c?))
Iaus every crystal ©plane spacinc¢ and interplanar angle for

toth cubic and hexagenal structures was cbtaineé,

-

3-8.2  Constructiap of the model of orientatior

Based orn relationships between the diffracticen patterns
for the freciritates and the matrix, orientatien relation-

ship vwere found. Ta illustrate these orientaticn relation-
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ships, the coordinates c¢f atoms and the bond lengths faor
both cukic and hexagonal structures were the input data to a

[lot package. . - o

=Ba SAS_packages

S3S, Statistical Apalysis System, is an ihtegrated systen
for data management and statistical analysis. S!S has a wide
variety of statistical prccedures. Simple ones include nean,
frequence and correlation. More ccoplex procedures include
di#criminant analysis, categorical analysis, . . regressicn
‘analysis, analjsis of variance and so oﬁ.

SAS has a graphics system tc produce histcgraums, pie
crarts, star charts, blecck charts, 1line graphs, cecntour
Flots, ©plot cf three-dizensional data 3hd variety of macs
and frojecticr. | -

In present study the SAS/GRAFH system was called cy the
Joeb Ccntrol lLanguage. The *"relative Iu;énsity %r and crystal
plane indices "“HKLY" are entered as data names. The data,
€.J= HEKL is 012 and the relative inténsity is 1COSL\are then
entered in data cards. Symbels such as "“STAR", "LDIanCwD",
etc. are then entered as symbols fcr the plcts. The SAS
rrogram will then plct the curves givi;g the relative inten-

-

=ity distcituticn.



Chapter IV
ﬁESUIIS
i1 zricrfe) d_azsﬁ_égggﬁ_pxssnw tes ip Zircaloy-y.
dany preciritates were presenf and they were distributed
heterogeneously at the bcﬁndaries of the +Widrzanstatten -
zirccniun plates. Figuré 9 shows the mcrpho;ogies cf these
trecipitates.

Typical ELS 'spectra of the Frecipitates are yiven in

Figure 10. According tc the spectra the .Precipitates are
compcsed of Zr, Cr and Fe. A ﬁickel Feak in the ELS spec-
truo has beén found for sonme Frecipitates, e.gq. Figure
10{c)a

The selected area electron difriraction patterns (SAC)
for thke precipitates and a-2r are shcun 1ia Fig. 9:b); Anal-
ysis of precirpitates Ly SAD and EDS, Fig. i:o, cshows ther to
ke the <Zr(Crfe)., Laves pPbase with a C15-type cubic struc-
ture. - - |

Per the detailed identificaticn of the structure cf the
Zr{CrFe) , Laves fhase, the specimen was tilte¢ argund the
{111} * reciprocal vector to get nine Jifrracticn patterns,
all cf them invelving the {111)* reflection. 1his was done

tor all of specimens iderntified as a3, L anl d 1in Taktle 6.

These diffracticn patterns are shown- in Fig. M. Table 9
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summarises the interplanar angles between twc reciprocal

planes both as megsured by electron ?}éffactior and as cal-
culated wusing crystéllographic formulas,h Tte agreement
tetween experimental and calculated valuéﬁ is excellent,
tnus giving confidence to the iaentification of the precip-
iéates as the C15 type Zf!CrEe)z Laves pha;e sStructure.

The C15 Zriﬁf?e)z Laves phase precipitates have alsc Leen

found witkin the gréiqs in sample d; see Fig. 1z. Dark field

inages were used to check the diffraction pattern c¢f the

Frecipitates, e.g. Fig. 12!b),.and confirm the structure of

fhe Erecipitates.

Hexagcnal Zr {CrFe), precipitates were also fcupd in Spec-
izen t and c cf Zircalcy-4. Fig. 13 shows a dark field image
and a SAD of this type c¢f precipitate in specimen c. The
defraction-;attern fof the matrix is the [0C(C1] zone axis
cf ‘the a-zirconium. The precipitate SAC is fcr the [1700]
zone axis of the Z;::Crl-"e)2 precipitate. The SAI for ‘0170)=
was used as a standard tc calculate tke camers constant of
the TEM. The lattice parameters of the nexagoral 2r (Crfe) 2
were round to be a=0.4914 nm, and ¢=0.9210 na.

Fig. 14 is a set of diffraction patterns for the hexago-
nal 2r(CrFe), rrecipitates in sazple bt. The zone axis of
SADs froa the precipitates is [0170]. The zc¢ne axis for
matrix 3AD is [22C1] 1n Figs. 4fa,k) and [3Z11] in Figs.
13 {c,d}. Using the  matrix SAD as a standard, he lattice

arateters of the preéipitates vere fcund ta be

a 034-0.5C75 ©r and €=(.8209-C.8275 an.
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The 5ADs indicate that lcng pericé stacking ‘variapts of
the Zr{CrPe), Laves'phase exist i;Azircaioy-u. For example
the Giffracticn spots of the tyfe 101 aad Zbﬁ show 25,. 6H

and 10H stacking to be present in Figs. 1ula—c). The SAD in

Flg. 14{d) shows a heavy stacking fault. The norpholcgy of

the precipitates when viewed at high magnification in TEN
also indicated stacking faults to te present. Mcstly the
stacking directicn:of [0001] was parallel to the roundary of
the &-2r as is shown in Fig. 15.

————

4.2 - 2r [CrPe), Laves_phases precipitates in

7r—1, 15ut%Cr=-0-1utXFe_alloy

Although Lkcth the C4 and C15 type 2r (CrFe) . laves chases
were found in Zircaley-u, only tne €15 type cutic Zr(Crfe),
Laves lphases precipitatés have been found in
2:-1.15ut3&:—€.1ut%?e allcy- The Zr(Crée)z precipitates were
found at bcth the grainm teundaries and witltin the a-3r
grains, Fig. lo. AS ¥was the case for Zircaloy-4 many cf the
larger precipitates were distritufed at grain and sut—griin
toupdaries, e.g. Fig. 16{c,d). X-ray aneryy Jispecsive anal-
ysis inlicated that Zr, Cr and fe were always presert io the
;recipitates. The rrecipitates sere’ jdentifiec as (1S type
laves phase. The diffraction patternc of [532), [112],
(0173, (3253, [213] and {170 ] [u31], [321], (€321, {4311,
L3217 and [532] zope axes, which are ottained bty tiltirg thae

sanple around (111] reciprocal lattice Vectors, have teen



35
recorded successively. - A partial of a set of tlese aiffrac-
tion patterns is shown in Figs. = 17 and 18+ The angles.
Letween zone axes show excellent ag:eelént between experi-

.‘/ B
mental and calculated values, as is can ke seen in the (110)

steréographi; prcjecticn for the cuhic.st;ucture in Figa. 19.

The Zf{CrFﬁzé Laves phase rrecipitates in the 2Zr-Cr-Fe
alloy,;ppear to be twinned; See‘diffraction patterns such as
those in Figs. 17 and 20. (111) and [111] are tke twin pla&é
and twin axes respectively in the fcc systen. Tc.differenti—
ate tet;een the a -2r matrix and twinning matrix cf 2r:CrFe)2.
Laves phase, thé ters -untwinned is used to describe the
twinning matrix. ..By a rotaticn of 18Q degreeé a$CUt the
<111> twin axes of fhe Zr{CrFe), Laves phase ;:ecipitates,'
mirccr images of the urtwinned .diffraction patterns are
‘cbtaineds Indexed diffracticn patterns due to twinnirpg for
the t1T§], {077], [325] and [213] orientations afe—given in
Fig. 18. The twinning dif fractiox spots are cleatrly cktserved
excert for the diffracticn pattern [1?5],_uhere the diffrac-
ticn cpots of twinned ang gﬂtfinned Farts or the precipi-
tates overlag. 31l of the) diffraction spots c¢f <532> and
<4371> show extra spots due tc twinniny, e.g., sSee Fig. 17
ani Fig. 21. | _

Figs. 20{a) and :b)m arc¢ similar diffracticr patterns to
Fi;; 17(t) . EHowever, they nct cply show tiae (111) and (111)

twin axes clearly but also sucw multiple twirning ceflec-

tions. The twinning cr '711)T, and "MTINH T, ferr a new twin
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‘axis, vhich is latelled T;, and the 1ndexes of the diffrac-
tion'patéérns for the multlple tvinning is glveﬁ in Fig.
20(c), using the Tys Tz and T3 twin axes rerresentation.
- There are other extra spcts in the diffracticr pattern due

to doable diffraction froa tulnnzng. Fxg. 22 is a- micrcgraph

cf the multlple tuln structure.

4.3 structure of the pmatrix in_zirconiom alloys

According to rhase diagrams.fcr the Zr-Cr and Zr~Fe bina-

Ly. systeas, Fig. 1, the matrix in hoth Zircaloy-4 and 2r-

Cc-Fe alloy is €xpected to te o-Zr. a-Zr has a hexagcpal'

lattice with 2=0.3232 nm and c=0.5147 nu. Since diffraction
Fatterns of tEe matrix are Jene€rated tcgether with the Jif-
fraciom patterns for the 2r (CcFe); Frecipitates they can -te
Used to <calculate the carera ccrstant Of the TEM and thus
assiét in indexing the diffracticn T[atterns of the precipi-
tates. |

The precipitates osf .c1u bexaqonal Zr {CrFe) 5 type can be
43 Cccnerent particles since they have the sape structure as
tie hexagonal o-7r patrisx. The precipitates cf ¢15 cubjc
Lives phase however are cnly paertially coherent. Elastic
distcrtion of g-7r ratrix is observed because ci tne Jiffer-~
ent lattice parameters and or structures of tae precipitates
and the matcix, and the differernt aten Sizes of cprcmium and
zirccnium. As shcwn is shewn in Filgs. 9, 23 ané 24 disleca-

ticns are rprcduced ir @-Z2r matrix at or near the Erecipi-
’ ~

.

[
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- tates due to the distortion cf the ﬁatrix;f ‘Sindé manf‘more
p:ecipitétes‘aré' fprmgﬁ,ét the grain beundaries, disloca-
tians are éroauced at, and émit{e&'from these toundaries.
For csmall Zr {CcFe), laves phasé ‘ptggipitaﬁgs wtere there is
a stréss ccncent:ation,‘- prismatic dislocaticn locps are
nucleated, e.g. Fig. iu(hf.' nislocations are also produced
at the corners of the ptecipiiates; €.J. Fig. 2:; because of
- etress concentrations. the contrast haios which are fcund
around scme of the precipitateé, e.g- Filg. -22. are ccnsid-
ered to be due to elastic distortion of matrix.

Due to this distor;ion; safellites and extra diffréction
spots appear for the na;:ix reflections. .- All of the dif-
fraction pattefus for the a-ZIr shéwed the satellite spots,
and the [173], [325], [Z13] ard [110] patterrs shewed the
extra reflecticn as indicated in Figs.  17-18, ﬁ0—21-
according to the lattice parameters ot Zri{Ccfe): ani o-Zr,
the Jiffracticn spots cf the tYEe 10c02), {OOOH),..., gﬁﬁuld
te inside tie diffracticn spets cf the (220), {uubj,... 3Qt’
the crposite was found, €.g9., Fig. 17,13. This alsc reprej

cents local elastic distorticn cf the matrixe

U. b grientation rela;ionships_getueen the zr [CrFe)»

precipitates and o—2r matrix

The orientation relationships between the €15 2riCrfe)
h}

iives phase precipitates and the nexagonal a-Zf matrix are

:001)L//(11§0)a, [11C]L//[OOG1]u{the subscripts L anid o reg-
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resent ‘the, Zr(CtPe)z Laves pbase and o-~-Zr, respectlvely) for'

ercaloy-u and (111) //{1210)a, [1101L//[0001] for Zr—Cr-Fe
alloy obtained by diffraction patterns,_Plg. 11 and 17- 21. A
model representing the orlentatloq relaﬁ;onsh;p has been

constructed and is given'in Pig. 25. The model is the same

as for the €15 type 2r [CrFe€) » Laves phase formed .in toth

2ircaloy-4 and 32Zr-Cr-Fe alloy. 'fn the Zr-Cr-fe alloy, a
',eutectoid ofl Zr (CrFe) ; and «=-2r is formed frem the cubic
a-2zrS thus the nodeél is considered to shcw the orientakion
-relationship. Hovever;, _ in 2Zircaloy-4 due +to the C15

ir {CrFe) , Laves phase transform fronm @-2r the godel is con-

sidered to illustrate th? transforration of the hexagonal
@-Zr to the cukic Zr!CrFe), Laves phase.

In the C1S Llaves phase structure the eigtt’ zi:éonium
ato:s are arranged on a diamond cubic lattice with atoms
located at posificns,

000, 1/2 1/2 0, 1,20 1,2, O 172 1/2

18 1/8 V4, 3/8 3,4 18, 374 178 374, /8 344 34,

The sixteéh iron and cbromium atoms, the M' atonms of the
‘nﬁ'z phasé, are located a n/8 where n=1,3,5,7 {1}, i.e., at
- position,

5,8 5/8 5,8, sja 1,¢€ 1,8, 71/8 5,8 7,8, 7,8 7,8 5/8

5,8 1/8 1/8, S,/8 3,8 3,8, 7/8 1/3 3,8, 1/3 3,8 1/8

1,8 5,8 1,8, 1,8 7,8 3,8, 3,8 5/8 378, 3/8 7,8 1,8

/8 1/8 5,8, 1,8 3,8 7,8, 3,9 /8 7,8, 3,8 3,8 S,/9.

-
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The diffraction sgpots of reciprocal lattice planes for
the iron and‘chrcméum atons in the Laves phase, for exaﬁfie
f1/8 j/e 5}8), shoild overlap ;ith the diffraction spot of
the {115) reciprocal' plane wkich 1is formed" from the 2r
. atoms.: Thus it is difficultrtb‘identify the réflections due
to chrenium And irén, and thgrefore the model focusses on
the fposition c¢f the Zr atoms only. The possille positions
for toth ¥ and M' atoms in the laves phaSes is civen in sec-
tion 5.2 tased on the diffractiorn }ntensities- In Fig. 25,
U, V, W and H represent the ziréonium atoms ir the diamond
cubic lattice of the Laves fphase. H and some atems of face
center positicn are cansiaered'to e generated Ly rovenment
¢ Zr atcms frcm clcse-packed hexagcnér o-Zr matrix atcas,
labelled 1 or G. |

In thiS'model,.foc zircaicy-uf the pairs of planes "[200)
and (0002) , (660)° and (22C0) are parallel and have
apprcximately the sawe interplanar spacings such that the
refléctions would almost cverlafp on thé‘diffraction pattern,
wnick was in fact found in the experimentally determined
diffraction catterns. The displacement of zircorium atcnos onr
going frem a=-Zr to the C1% 1laves phase was calculated to be
£.€07-0.052 tm fcr the eight ccrner atoms, 0~C.081 ;m for
the =ix face center atcms, and 0-0.093 nm for tle other zirc-
conium atoms on the diamcnd. cutic .Etructure. Zecaunse the

snall disclacements that are reguired of tle zirconium

atoms, the transfeormaicn frcw o-Zr to the C15- type



40
'Zr{crre}é L;ves Ehase can occur fairly easilya ‘Th;s would
e particularl} true - for‘transfcfmatiohs at crain tound-
aries, {i.e., where in féct the precipitates did form) since
there is a "loosen atomic arrangemehé. -

Per Zr-Cr-Fe alloy, two typés of diffractionrﬁatternsh
shown in Figs. 17({b) and 20, gave the same oriertation rela-
tionship, Loth of thes agreé with the model. Acccrding to
the sterecgram, if the cukic (110) is parallel to hcp
(0061), “then the crystal plane (113) ~should be parallel to
(107C). This agrees w%ith the diffracfion pattern shcwn in
Fig. 17(b), and the model.

Based on the model for both Zircaloy-4 and Zr—-Cr-Fe alloy
the crientation relaticnships between the Zr{CrEe)z‘precipi—
tates and the a-Zr matrix are :001)L'./4{11§ch , ;T1ﬁL
/7(Z110) 4, [110],//[00C1] -

According to the diffraction pattern in Fig. 13 the ori-
entation Eelationship between the C14 hexagonel Zr{CrFe),

laves phase precipitates and w-2r matrix was clcse tc :1155&

//(0T10)u, {1150&J//:0170)u, [1Tco]L//[cco1]a.

4.5° Polytype structures in ZrCr, and Zr (CrFe) . lave

phases
Fig. 26 (2) shows the general shape of the ZrCr, particles
{powder) . ¥any of the partic}gs are hexagonal ir shapé. An
electron diffracticn pattern ofqhexaqcnal shape particle was

taken down the [0001] zone axis. Thbe «garticles theaselves
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eonfain a numker of dislocations, Fig.-"Zﬁ{é), .vhich aprear
to be dist:ihuted_along'the {1070) type directicns. IhéAQEHf
eral angies included Letween twe dislocatiens are 600,

Tc identify  the structures of stcichiometric ircr2,35
Zr !CrFe)y, and ZrFea Layes phases the samples were tilted
around both ‘9339 and ¢yq, for ZICr, and ggg; for ZrICrEefa
and ZefFe,. Eistematic electron 'diffraction patterns were
taken. Representative €electron dirffraction patterns are‘giv—
€n ir Figs. 27 and 28. The indexing of the diffraction pat-
terns will ke discussed in secticn 5.1. Based or this iedex-
irg, the 2rCr, and 2r{CrFe), bulk stoichiometric cast alloys
appear to have ' a hexagonal lattice, and the IrFe, a cubic
lattice.

Peiytype étructures bave reen found in the tulk ZrCr;
.stdiebipmet:ic alloy, and the Zr:CrFe)2 Laves ptase precipi-
tates in Zircaley-4 and Zr-Cr-Fe. FPcr the close packed hex-
agonal (C14) structure 2H, 4H, 8E, 12H, 14H and 201 polytype
sttectures heve teen fcund in the bulk stoichicmetric ZcCra
alloy, the 24, éH and 10H polytype structures ir the precié:
itates in Zircalcy-i. Using a rhombopedral lattice to recre-
gsent the C1I1% type cukic structure of the Ir (CcFe), La;es
Fhiase, 3R structures have teen found in Zircalcy-4 and 3R
twinred structures hav;\ teen fcund in Zr;Cr—Fe - Stacking
rfaults have also Leen fcﬁnd for the rhcokohedral structure
in hctﬁ zifcaloy—u and Zr=-Cr-Fe. Ihe diffracticn ratterns
for the 2i, 3F, 3K twinned, 48, €H, EH, 108, 128, 148 and

204 structures are given in fig. 29.
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' By-.using latticeé images the qpeldiménsional stacking
structﬁres could be lccnfirued.- ?ig.n 30.gives the lattiqe
inages for the 2B structu:é, and thé.ﬁﬁ and 8H, B8E and 128
and 12H and 148 mixed, structures. The latticé iﬁages Also
show that' dislocations exist im the Laves phases. Figs.
z2-34 are'microg;aphs for the 3B and 3B tiinned_structures.
~Using the Eiciodensitoﬁeter, the intensities of the elgc—
tron diffraction patterns were measured. A4 cceparison of
the calculated and measured relative intensities for tbe 84,
12H, 14H and 3B twinned structuresvis given 1in Tébiexlp and
11. The data for\the_ER and 8H structures were entered ;nto
SAS cn the data cards., The SAS rackage plcotted the relative

intensity distritutions along 0L and these are shcwn in

Fig. 35.
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Chagter V

[ISCUSSION N

T s st et e GO

phase ’
. 1.1 Use of high order Laue 2zcResS

The electron diffracticn patterﬁ given 1in Fig.- (k) - 1is
formed from the precipitate shown in Pige 9!fa) . Based cn the
jifrraction pattern tbhe precipitates can be -indexédlusing
cither body~-centered cutic, facé-centered cubic, or hexago-
nal close-packed lattices tecause the éeflectiqns fcr the
(310)* reciprocal plane ﬁc: the bcec lattice, (112)* fcr the
fcc lattice and :1700)*lfor the hcg lattice give the sane
pattern. For jdentificaticn of the 'structure of the precipi-

tites and indexinyg the pattern, tigh order Laue zcnes can Le

L)
v

useda - *

The SAD patterﬁ 1s a ccmbcsite of two sets of>di£fraction
ratterns; CODE frcm the matrix p%ase and one frcm the pre-
cipitates. The matrix phase is a=-2r with a [2_70] zoné
axis. The interplanar spacing fcr the (0002) érystal crlanes
ot w-zr, doooz=0-2578 nm, is thep used as a stardard tc cdal-
culatc the cazera constant of the TEM and then to inlex the
sAD cf the precipitate. The SAD pattern of the crecipitate

is deterrmined as the {112 zcne axis of C15 structures.

;43_
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Since the Zr(CrPe)z Laves phases can also tave the C15

.'diamcqg cubic or C14 hexagonal lattice, then indexing as the

{310) * reciprocal plane for kcc cubic lattice can ke disre-
garded and cply the indexing using a c15 cub%c cr C14 hexag-
cnal structures need he considered. The electror diffraction
paftern in Fig. - S{b) was indexed as either tte C15 or the
cTy ;tructnre and the results are shown in Pigs. 9(d) and
S:e).h Pour sets of patterns vere. indexed for the two kinds
cf structures. The sclid circles represent the zerc order
laue reflecticn fer toth precipitate and‘matrix.‘For the-C14
cabic Zr [CrPe), laves ghase the large ard small ofen circles
represent +1 and -1 orders reflection respectively. For the
C15 Zr(Crfe), Laves thase precipitates the positive and neg-
ative first crder Laue zcnes ccrresrpending  tc N=%2Z, and
3= *1 ﬁere extinct. The large ard small open circles repre-
sent the N=-Z and ;2 ,6rder reflectionsa. Coﬁpariscn cf the
¢lectron iiffraction pattern which was taken with TEM Fig.
S{b) and the calculated patterns, Fig. 9(d}) and ‘e) iadicate
that the Zr (CrPe), precipitates should Le indexed using the
C15 lattice.

Twe metncds were used tc calculate and incex the pesi-
tions of the diffracticn spots fcr hiyh crder Leue zores.

1d) According to diffractior geowetry the prcject=2l posi-
tion of diffraction sgpots fcr{high ¢crders Laue zone at zero
layer can be calculated from the Lolicwing forrtlas:

hyHehok+h I=h
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fk1H+k2K+knL=k
» o
1,HflzK+1nL=1 o
wvhere hkl is reciprocal 1lattice in high order Laue zone;
hyk,1,, hzkglz'are recigrocal lattice.spots ir zero order
Laue‘zone; B, K,'L are the coordinates of diffraction spots
bkl in zero order recigrocal lattice. Thus, d, F aré coordi-
n;tes of nkl in recigprccal lattice glane-of zero order laue
ione; hy, knln is reciprocal lattice spot pergendicular to
hiky1; and hzkpl, [64]. The prcjected pcesition cf ({111} for
{112), Laue zcoe are H,llzg(,}¥1:3, Ki1:1:J220=1:2. Thae gro-
jected .édsition of 1020) for {112), are Hgz0:911172:3,
Kozp:Gz220 =132 in fcc {112) 4 reciprocal plane. It the hcp
lattice the projected positicn of {1100}, higher.layer Laue
zone at zera. order !1100), recipfocal lattice.plane are
Higo:6g02=0:1, K300:9130=1:2, as shown in PFig. ¢!d,€).
:F) The seccnd method used tc index the diftractico pat-
tern included non-zero order Laue reflecfion, Lor exanmple
tne index ol kegp {1100}y ,is yiven as foliows [(63].

According to crystal zcne law

hutkv+lw = N . ’ 3)
whaere {uvw) 1s feciprccal lattice r[plane of parillel set or
crystal ‘akl) is any point lyiry in the reciprcc;l lattice
plane, N 1s always an integer. For the | 1100 ] crystal zonez
ékis of hexagonal lattice uvw = 110, if N=1 hkl «can te
{1071}. In orler to‘ottained the position of recigprccal lat-
tice point in the N rlane projected  into zerc Laue 2cne,

according tc frcjective geometry, aa additional vectcer
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c = Ns[(u2+vZ+u2) | B '10)

has to te ﬁsed. VYhen c=0.5, the po;ition; ¢f [101] was
\\\\:Efained by h-cu, k-cv, 1-cC¥W. fTherefore the ccordinate of
tﬂe position of the high crder laue diffracticr spct in the
zero ;aué rlane 1is {0.5, 0.5) « .Thé spot pattere in high
crder Lauelzcne is the éame arréngement as that in thé Zero
laue zone since the twﬁ patterns ére'parallel. fbus the dif-
fraction of the bhigh order iaue zone can te incexed icmedi-
étely after irdexing cne spot.uhich lies in tke high crder
laue zone. Tbe_experimentally determined pattern fcr [112],
Fig. 9!b) which includs the diffraction spots c¢f the higher
crier Laue zone, 15 the same'as that given in Fig. §{j). In
tbis diffrac@ion rattern is the evidence fron wtich the fpre-
cipitate 1s je£ermined tc be tle cukbic C15 tjyfe ir.ccfe)

Ehase and not the hexagonal structure.
S-1s2 Indexing of diffractjon ratterns for bulk

Although a diffracticn pattern comprising the zere and
non-zero order laue zones cad be used to index the structure

cf the c¢rystal correctly, 2 diffractian gpattern which

h

includeﬁ bright‘high 7rder rage diffraction spcts is dif i-
cult to obtaip urless the cspecimen 1s thin ercujh c¢r the
crystal has a large lattice paraceter. For the rrecise iden-
tification of the Zr:CrFefz Laves F[hase,  tne speciren is
tilted arouni Lasic récigrocal vectors. Thus systematic

%
electron Jdiffracticn patterns ard interplanar angles cculd
I
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te cbttained, as givem in Fig. 11 aﬁd Table 9 for the

'2r{c:re)2 Laves phase precipitates in Zit&aloy—u,' and in
Fig. 17 for the Zr-Cr-Fe alley.

Tc identify  the struc}ure'r of bulk stoichiometric -
Z2r {CrFe) , alloys the samples of 2r{brxfel_£2 allecys, where
=1, ©0.75, ¢€.55, 0.Z and 0, were tilted arcund‘ﬁ;oo_and
dop1- Systematic _electrcn diffraction‘“patterrs for ZrCr,
Eilted around {100)* were taken for (001], [118], {1131,
[112], [223] [227], [11], [113), ([112], ([223], and [332]
zone axes using the double tilt hclder;' éix of the diffrac-
ticn patterns are shownd in Pig. 27. Ttke doublg tilt holder
gives the tilting angles at Loth «x and y directicns. Using
formula ‘2), in section 3.4, the effeﬁtive tiltirg angles
can té obtained. The prcjecticn ot the ;eciprccal lattice
down [110]* was éonstr;cted using the systematié § and'the
tilt angles, and is shcwn in Pig. 36. The figure shows that
the ¢ axis cf the crystal is perpendicular to [100]. Using
the informaticno ccntained. in the dirfractior gatterns in-
-Eiis. 27'a,q) and 36, 2rCr, is deduced to have the C14 hex—
agonal structure.

Tc index thg structure of stcichicmetric ZrFe, allovs tne
'sample was tilted arcund {001)*; According tc systematic .
‘electron dirffraction patte:ﬁs_and tneir interplanar angles,
the IrFep alloy has C15-type cubic structure. Usirng the
cubic lattice to represented the difrfraction pattercn, 23{3),

~

the (001)* should be the (117)* reciprocal lattice plane.
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Fig- 28 gives [170], [#31), [372], [271] and [331] diffrac-

tion patterns c¢f ZrPe, with the cubic structure.

£.2 Structyre ge;e;giﬁafion of _polytypes

' The f.c.c. and ch.p. structure are asée;tled frqﬁ the
close-packed atomic leyers uhich' have the sarme trianéular
net. The seqﬁen;é of the atomic layers is-ABC for the fcc
littice and AR for h.c.p. lattice. ﬁcpording ;c.the distri-
Euticn of the large atoms ¥ the Laves Ehases are cutic or
hexagonal. . The structure of the Laves phase wken discussed
as the distribution‘c£ tcth L and.ui atoms is composed of
two kinds of sheets; «cne is a deﬁéer'lafe; forning'a ret og
triargyles and hexagons, the 0 layers are shown in Figj. 37.
Ine cther 1s rfound between these deﬁser layers and consists
ci three trianjular nets cf ¥ cr ¥' atoms stacked tcgether
in a close-packed manner (27,70,71]. 'iif the thertest Jdis-
tance from the denser layer to a seccni.iayer cf the sane
typ= 1is ta<en as a unit, then distance fron a denser layer
to 2ach triangular net car ke expressed as.fréctions cf the
distance™etweer two denser layers. There are two kinds of
stacking possible, called the A and a' layers respectively,
Ey % and 4' atoms of the Laveé Fhase. Iz tn? A layers are
snirted 1/3 or 2,/3 1in fbe {1107 directicn oI the hexagcnal
c2ll, i.e. along the ca directicn in Fig. 37, the Zrand C
layers are gttained respe&tively,_ ard A' stands in the sare
relationship to E' and C'. The structure of the different

e
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Folytypes of the Laves phases afe foraed with different
stacking seguences of these layers, _ ' |
| The structure factcfs'of the HKL refléctioné for these
layer.types, F(hfl); can tFe ca;culated from the atbnic scat-
tering amplitudes of the M and N ato;s aﬂd the phase shift
due to eéch iayét and is given ty
F{hk1)= [ V exp(imp) N (1)
m=0 M

where %n Lepresents the layer fcrm factor of the m-th l;yet,
and ¢ the phase shift due to one layer. If the .structure bas

n layers in a unit cell tken N
. v = 218/n - (12)..
feferring to Fig. 37 the layer fcrm ractor ofmﬁ, A', E, 07,

C and C' are given by

VAT 2E, cos(3bsg) vx [(-11h+(*1)k+(-1)h-kf'
tipe expliy,s2) - - ‘ 3
YarT2fy cos(/8) g, ((-RE(-nKe bk,
+Ipe *exp (i/Z) (14)
where fa i3 the atomic scatteriny amplitude for ¢lectrons

for &% atcas and fb for ¥' atoms, and

E=eXxp {271 (h-k) ,3) v {15y .
Since 1f A lcr A') layer is shifted'1)3 toe arragecent will

ke B {or B?') layer, therefore

,_'“VB'='A5’°‘, VC=VAE: ard VB':VA'E*' Vo=V e {16)
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The diffraction iﬁéensity is in proportion to square of the
structure factor. ' Since any one lafer can be‘fut over the
"other in twao diffetent vays, the possible nﬁmbet of arranged"
pays is Zn_l, vhere n is the layer number of the polytypg
structure. . |
Using the computer and inputting different stacking
sequences of A, B, C, A', B' and C', the reiative intensi-
ties of diffraction can ke obtained. Comparing the diffrac-
’fion inténsities as meaéured with these calculated, the var-
ious polyﬁype sStructures can be identifed. A summary of the

1

¥ various polytype structures obseiyed in the zirccrnium alloys
in the pgégent study is given im Tahlé 12. Based on the con-

pac%son'of7the-calcﬁlated and otserved relative intensities,

as given in Table 10 and 11, good agreement was obtained
tetveen the calculated and observed intensities for the 3H

structure. Although tﬁg‘ agreenent was not so gqood for the

12H and 14d structures, this was Conéideréd to te due to the

dense pattern of diffraction spcts which gave rise to some

degree of overlaprping su;h that the intensities of deigﬁb—

‘ouring diffraction sgcts gave lhigh background intensities
for the nmneasured diffraction Spot. Double diffraction of

electrons can also play an imgcertant role in altering the .

cbserved relative diffraction intensities.
In Zr-Cr—~Fe alloy the 3R twinned structure was tound.

This 3R twinned structure can te considered tc Le coaposed

of ABC and A'C'E'-respectively. In Pigure 37 it is demon-~
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.strated fhat fhe_stacking A'C'B' is equivalent to the-twin-
ning of ABC, wvhere the tvinning axis is along the bc direc-
tion. The relative intensities of the jé twinnea structufé
also show gocd agreeaent between calcﬁlatéd and observed
v;;ues. 'The'possible structures ﬁordthe 6H, 8H, 12H and=14j

laves phases are given in Pigure_38 {a-d).

5.3 Imaqes of pqliiypies and_defect structunres

Fig. 30 gives the lattice images fér the diffegaqé_stéck~
ing structures. The ZH étructure lattice imacges iﬁ Eigﬁre
30 {a) correspond uith the diffraction . pattern in- Pigare
29! a). As indicated in Takle 12 the stacking sequence tor 2H
structure is AB. The structure of A or B layers are given in
Figure 37. One period cf the frlnge is 0.82 nm. This is are
period of AB stacking. The 2H structures for beth ZrcCr, and
Zr (CrFe) , Laves phases alloys show only one type of fringe
inage. Stacking faults have not keen found Ln Zh Structures.

The dlffrégllon patterns in Fiqures 29 (g- l) show B8H, 12H,
14H and 204 stacking structures. The lattice images are glv-
en'in Fifures 30 (b,c,e). In Figure 30!b) the 44 and 9H
structuresvare laktelled. Thé lorg period areas shouluo layer
‘stacking|which is an integral times the 4H ard 88 struc-
tures. The lattice images of SH and 12§ structeres, 12H and
1uH‘Structutes are shown in Pigures 30 (c,e). Tte long peri=
ol structures are prcduced which are an integral number

times the 4B, BH, 124 or 14§ Structures. The period of con-
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trast variation “in all of the lattice fringe images shows

C—

the same. behaV1onr a’s indicated 1n the dlffract1on Fatterns.

The formatlon of. polytype structures 1n arCr; lLaves phas-—
es ls‘con51dered to be hased on the 48 structure. Comparing
the dlffractlcn patterns for the 8d, 128, 20H_Efructuresrit
can fe seen that tHere are four stronger diffrabtion'sp;ts
in {100) to {108), £100) to {10.12) or {100) to 110.20). as
mentloned prev;oucly the 48 stacking is a mixed structure of
the 2H and 3F pclytypes.

The images of 3R and IR twinned stiuctures are given in
Eigure 32~ 34.The precipitate of Zr (CrPe), Laves chase "in
Zircaloy-4 appears tcAhe formed by the stacking cof (111)
crystal planes. EBetween the sSheets cf {111) crystal—Tplanes
rarallel or twiét sutloundaries apgear. It is ccnsidered
that these are an array cf rarallel edge dislccations or a
mix of more then cne directicn e€cge dislocatiohs. Eigure'Bu
gives a pértial lattice fringe image of pectial (111)
twinned planes 4in ap crientation giving a sharp projected
tringe image ¢t the (111) planes in the Zr-Cr-Fe allcy.

g}slocaticns vere alsc fousnd in 3R twinned and Zrcr,
stoichiometric bulk Iaves phase alloys, and exangles are

snown in Figures 24 (k).and 2€(k), 31{a) and 3u.



53

Vo

rn
L

=
g

actors effecting the formation of golzti;isn in

" Five different kinds of bﬁlk stoichiometric 2r-Cr-Fe cast
alloys were studed with TEN. Accorﬁing to the electron dif-
fraction patﬁefns, the erez alloy shove&'oﬁly the®3r cubic
structure, whereas all of the ZrCr, and Zf{C:Fe)z bu}k stoi-
chiometfic alloys had hexégcnal sfructures. These are inp
agreement with the work [10]. Elliott has shcwn that the
2rCr, has Han; type. hexagonal structure when elegtrcn:aﬁom
-ratic is 1.9-2.3; .the ZrFep, has HgCu, ;ype-cutic structure
and electron:zatcm ratic' is 1.5-1.8. In presert sftudy cnly
2rCr, exhibited the pclytypism ihencmenon, having the 2&,
i, 8H, 12H, 14H and Z0H structures. All of the 2r(CCFe),
cast alloys =howed the 2R structqre.only. Therefore the
conpcsition of the alleys is an impecrtant facter afgecting
the polytypisr. |

Hewever in Zircalcy-@ and the Zr-cr-Fe allcy, . the main
structuce of the Zr(CrFe), —-type Laves phase Erecipitaties
was the 35 thcmbotedral structure, i.e. the cubic struc-
ture. A twinned structure was found in the ér-Cr—Fe allioy
wnich had ‘Leen heat treated at 105C °oC for 30 win, water
guenched, and ther anneaded at 7€0 °C for "10.5 lcurs. In the
'zircalcy—u écme Zr (CrFe) ,~type Laves ppecipitates have the
siaple 3K culic structure, Wnereas cther polytypes had the
€d or a hlgher period structure. Therefore tle ccnditions’
dhring fermation cf the Zr{CrFe), Laves paase preciritates

e.3. heat treatmert also affects the polytypismo.
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‘As mépticned in section ™ 2.2.3 several diffetént e#pianaf
tions for formation of polytypisﬁ have been gdvénced; Fromi
the present uﬁrk the ﬁexagonal—type polytype structurés o%
tne laves ©phases in zircecnium alloys show one dimensignal
periodic stackinélfaults. For the cubic~type structure the
stacking fault; or twinmned structures formed in#hoth (111} *
and {(111)* crientations. The formation of the different
rolytypes is éffected Eoth by fhe composition ¢f the alloys

and the heat treatment schedules- to which tbtkey had Leen

exposed.



" Chapter VI

- CCRCLUSICNS

and energy dispersive i-ray analysis have Leen tsed to iden*
tify 2Zri{CrFe), Laves phaéesr in Zircaloy-4 apd zr-I 15
wtiCr-0.1 wt?Fe alloys. Polytypic structures: uave been shown

to exist in the Laves rhases in zirconium alloys. The ‘main

features of tke structures of these laves phases are as fol-‘

"

lowsz: _ ’ \

1. According té energy difpersi;e X-ray spectra the
.allcying elements zircoﬁium, iron and Chromaiur are mainly
,concentrated ia the Zr(CrFe), laves Ehase preéipitates in
toth‘zircaloy-u and 2r=1.15 wt¥Cr-0.1 wt%Fe.. The precipi-
tates exist-hcth withir gtafns and at grain bourdaries.

2. lTwo kinds or Zr(CrFe) _type IaGes phase precigitates
have teen found in Zircald}-u alloys: a cubic Laves phase
uikh 3B struciure and a hexagcnal laves phasé precipitate
sith 2H, 6H and 104 polytype =tructures. Lcnger cteriod
F-tyge stacxlrg structurec were also fcund.

3. 3R type Zr (CrFe), Iaves rtase precipitates were fognd
in the Zr-1.75wt3Cr—0.1wt%Fe alloy." Also fourd was a 3R
t;inned and multirle twinned structure, wit# the twe parts
c¢f the twin teinyg formed ty ABC abd arc'3e stacking respec-

tively.

" Electron diffraction,‘high resclution electren micrescopy .

[+
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4. The orientation r'elationship Letveen tte Zr{CrFé)é
 laves phasg and the q-2r matrix is toon, /){i1f0£- , [110]L
//[0001]a' Uging data from -the electrca difirectiqn ;at-‘

terns, a mgﬁel of orientation relaticnship between Zr(céPe)z
| iayes phase and aFZr is ﬂeveloped for Zircalcy-4 and the-

;r4§£—re allcy; For Zircaloy-4 thé @wmedel represepts' the
'r:t;énsforma;icn frem a-2r to Zr[CrPe}z.'

S. In a cast bplk stoichiometric Zrﬁga allcy the 3B tyge

cﬁbic.structure is the orly polytype found. Hoﬁéver tulk
2 (cr Fe, )3 alloys, shere x=1, 0.75,  0.55 ané 0-20, have
the ZH_typé hexagcnal structures. )
] 6- ‘The 2H, 48, 80, 1ZH, 14H and 20H polytyéism structures
have been found 1in the cast kulk ZrCr, stoichicmetric Laves
chase allog._ All of the pclytyée structures arespased on
the.-U4H structure. o ' " |

%: .Th2 chemical cocposition and heat tredtmént schedules
are considered}gp te igportant factcrs affecti:g tke forza-

_tion of thne different polytype structures.

-
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Piqure 7:

_

Operation of micrcscope for different imag-

ing conditions. ta) Cbjective apertures
are used to stop off the diffraction beams
to form a bright field image. ({I) Center
dark field images are obtained bty gqun-
tilting or team deflection. {c) Cark field

images are obtained with an off-axis aper-

turEQ - b

-
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Cubic 2Zr!CrFe), Precipitates as found in
Zircaloy-4, {fay A morpholoyy; {b) the

electron diffraction patterns or the

Zr (CrFe) ; Laves phase ang the «-2r patrix;
:C) a morphology; {d) the key to the index-
ing of (i) tased en a cukic structure; {e)
diffraction pattern that would tave been
produced if the precipitates had the hexag-
onal structure.
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B

AN

L]

EDS analysis of compounds. a,Lk) EDS of
the 2r {CrFe), precipitates; shecwing Cr,
Fe, Zr. (c) A spectrum fer preciritates in
Zircaloy-4 wvhich is composed of 2r, Sn and
Ni.







Figure 11:

-

A series of SAD patterns for the Zr {CrFe) o
Laves phase. _{a) {3211, by__Lz1], €
[312], (@) (110] and (e) [347] zone axes
respectively.

.Y
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E

Cubic Zr(CrFe), precipitates
the grains in Zircaloy-4. Microgrphs show

(a) bright field image; )]
image.

found within

cark field




(a)

(b}

Hexagonal Zr (CrFe), Laves phase found in
Zircaloy-4. \a) SAD pattern <cf the C14
type Zr(CrPe), precipitate shcwing the
indexing of the difisractian pattern and
the orientation relationshnip between the
Ir (CrFe), laves phase and o—2Zr;: (b} Dark
field ipage of the Zr [CrFe) ; phase.




(d)

Long reriod structures of - hexagomal'_

Zr (CrFe), Laves phases. Long period
structures of hexagomal Zr{CrFe), Laves
phases found in specimen b of Zircaloy-4.
{a) [6110] =zone axis SAD pattern of
ir (Cr¥fe), Laves phase with 2H stackiny
structure; kY [0110].zone axis SAD with

6H structure; (c) with 10H structure: {d)

[0170] zone axis SAD pattern of heavily
faulted precipitates.
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i EFigure 15: High pagnification images of the Zr (CrFe) »
1 Laves phase. Which shaow stacking faults
: 1n the precipitates of Zircaloy-d4. ‘
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Micrographs for cC15 type 2r(Crfe), Laves
phases in the 2Zr-Cr-re alloy. la,b) Uni-
form distribution of the precipitates; ‘c
+d) are bright and dark field irages show

the distribution of the precipitates along’

grain boundaries.
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Figqure 17: Electron diffraction patterns . fcr the C15
type Z2r!CrFe), Laves phase and o=-2r
matrix. Indexing of these patterns are
give in FPig. 18.
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Fiqure 18:

-

The indexes of SAD in Fig. 17. e—a -7r,
XI-- extra diffracion spots due to elastic
distortion ina-2r, o— Zr!CrFe) ., precipi-

tates, O-- twinnring of Zr CrFe),, Xx—-
extra spots due to twinning double dif-
fraction cf Zr{CrFe), Laves phase. {a)

Orientation is [112] for ZriCrFe), and
{1100] for a~Zr. The SAD shows twin dif-
fraction pattern with (111 twin axis. (b}
[077] fer Zr!CrFe), and [0001] for a-2Zr.
fc) [32%] for Zr!CrFe), shows twin reflec-
tion of [117] twin axis and extra spots

“\_for bcth a-Zr and the precipitates. (d)

Diffraction pattern shows extra spots due
to tvinning reflection and elastic distor-
tico.
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Figure 19: &
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rositions of diffraction
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Zr (CrFe), and a—-7r.
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The stereogram showing aoutual
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by electron diffraction, and
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Figure

3]
o
[T}

Diffracticn patterns for the precipitates
with multiple twinned. {a,b) Diffraction
patterns cf [110] orientation for the
2r !CrFe), precipitates with multiple twin-
ning. {c) The indexing of diffraction pat-
terns shown in ({(a,b)a.
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(a)

(b)

Figure 21z

[431]

The diffraction pattern of [4317 invclved
extra sgots. The diffraction pattern (a)
and the index !h) of [431] Yor the
Zr (CrFe), involved extra reflecticn spots
with twinning.

. ‘
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SFaere

Crfe), precipitates
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ar

Micrographs of the
having rultiple twinning.
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Figure
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Nicrograph of dislocations fcrned in
Zircaloy-y4, Micrograph Shovwing that the
dislocations formed in the a-zr ratrix are
associated with Precipitates.




by —— . ———



(a)

Figqure 24:

Micrographs of dislocations produced in
the Zr-Cr-Fe alloy. Micrograpts showing
the dislocations groduced im {a) the a-2r
patrix and {b) the precipitates in the
2r-Cr~Fe alloy.
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Nicrographs of ZrCr, of bulk stcichiomet-
ric alloy. {a) Bright field imace showing
sbhape of ZrCr, pcwders; (b) correspcnding
diffraction pattern of {0001] zone axis;
{c) dislocation distribution along . the
{100) type directions in a 2rlr, particle,
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Pigure 27:

-

{e) _ .0

‘Blectron diffraction patterns of C14 ZrCr,

crystala. Electron diffraction patterns
including (hh0) * (a-f) or {001)* (g,h}
diffraction spots array from a C14 proto-
type 2rCr, crystal. (&) {001], ({by [113],
re} [112], (d) [223], (e) [221] and éf)
[223] zcne axis; ‘gq) [010] and (h) [730]
zone asix.
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Figure 283

|
|
|
|
a
|
I

A series SAD patterns of ZrPe, Lulk stoi-
chiometric alloy. A series SAL patterns
of C15 type ZrFe,. {a) [110], (k) [u&31],

tcy [372], {d) ([211] and {e) - [321] zcne"

axXisa.
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‘The diffraction patterns of polytype

structures. The diffraction patterns of
Folytype structures for 2irCr, and
Zr {CrFe), laves phases. !a) 24, {b) 2H, in
Zircaloy-4, !c) 3R, in Zircaloy-4, ![d) 3R
twin, Zr-Cr~-Fe alloy, {e) . 4H, [£) &H,
Zircaloy-4, g-1) SH, )] 104, in

Zircaloy-4, 'kK) 12H and 148, 1) 20H.
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P

(a)

(b)

Figure 30:

!

Lattice images of polytype structures for
ZrCr, Laves phases. fa) 2B, ZrCr, and
Zr {CrPe),, (b} 4H and 39H, {c¢) BE and 124,
rd} Diffraction pattern of ), e) 12H
and 144, (f) Ciffraction pattern of {e)-
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(b)
Pigure 31:

Lattice images of defect structures for

2rCr, alloy. (’) Defect structures and

(L) moire pattern from two 8H structures.
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Lattice plane image and diffraction pat-
tern in Zircaloy-i. {a) Lattice plane
image of  defect structure in Zr CrFe) »
Laves phase show stacking faults; ik} The
indexing based on cukic and rhcatohedral
Systens.
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in the Zr-

The arrows indicate disloca-

Fe alloy.

Lattice images for 3R twinning
tions.

Cr-

34
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80+

804

Relative Intensity %

40+

204

01

010

(a)

-

011 012 013 - 014 015 016
HKL

The distribtution of relative igptensities
for the O01L reflaction. For (a) 3R
twinned; and (b) 8H structure in the Laves
phases. 0 - Cbseved relative intensity, X
- Calculated.
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004 o=

Figure 36: Projection of reciprocal lattice down
(110]* for hexagonal lattice ZrCr, phase.
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L) . 1
| . : : ' \ |
| Table 1: Summary of data for binary ‘zircoriux laves |
| - phases - |
| |
I - - = - =]
| MM Crystal Parametersid) Dy/Df+ - Melting |
| Type . a c . Tempa. {°C} |
] == - - —=|
{ 2rCo, ugCu2 6.940 1.277 1560
1 ZICr, ‘BgCuz 7.193 1. 244 1700
| ZICr2 Han2 £.092 Baz222 1.244 1700
| ZrFe, ﬁgCu2 7.0S6 1. 267 1645
| Zrun2 uan2 £.099 8.233 1.224 1340
1 ZrHoZ ugCn2 7.581 1. 140 "1380
| ary, HgCuz. T. 413 1. 181 1740
| ZIV, ugCu2 7. 600 1. 135 2175
| e — —————m— e ——-
| * DM and D, ,--The diameter of H and M' atoms.
I ~
A ]
1
Table 2: The electronzatom ratios for binary zirco—- |
nium Laves phases |
i
__________________ — - ———— -___.__‘
Structure : Electron:Atom Ratio ]
.Calculated Theoretical |
-------------------- - -———- - — |
2rv, 2.54 ) >2.32 , )
ZrCra 2.21 <2+32, >1.90 i
ZrMn; 1.98 <2.32, >1.90 |
ZrFPe, 1.70 <1.80 {
7rCo, 1.56 <1.80 }
?2r+0.6 Fe+l.4 ¥ 2.29 2.32 I
Zr+1.8 Fe+0.2 V 1.77 1.80 1
Zr+0.4 Co+1.6 ¥ 2.35 2.32 |
Ir+1.5 Co+0.5 V 1.81 ' 1.80 i
Zr+0.8 Mn+1.2 V 2.32 . 232 |
2r+0.6 Cr+l.4 Co 1.76 . 1.80 |
Zr+1.8 Cr+0.2 V 2.24 2.32 i
]
|

- 122 -



el el a— ——_—-—;_-—-_——q

Table 3:

The hydrcgen capacities and sorption condi-
tions for zirconiuam laves phases .

— e e e o

— ———

- == == - -—==]
Hydrogen Capacity

LR e ——

——

|

Laves Activation Atsorption |
Ehase (N atoms/molecule) Temp. (°C) Pressure [atm) |

_ e o STl LToinb el TrEmsTreaer I
Zril, .55 700 60 I
ZrvV, 5.5 - 20 50 i

- 2rCry, 4.1 20 60 i
33.0 3.9 20 60 i
2rFe;, - 0.15 20 60 i
2rCo, 0.35 20 60 |
Zrido, 1.1 20 15 i
T T e s e —_= ———— -— =1

' i

[ S |

I |
| ~Table 4: The step height of the growth sgpirals and ]
. the height of the unit cell for SiC poly- |
b types |
k. {
b T T T T e e e e e e |
| “EBolytype Interferopetric Lata X-ray Data I
I )] c (3) i
| - e = TEmTe e —— I
| |6 1522 15.08 |
| 15R 1212 12.5x3=37.5 i
| 33r 27+13 27.5x3=82.5 |
| 126R 102.8, 10915 105.9x3=371.4 {
| 66H 168+3 1€5.88 |
| ; |
| |
L ]
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Table 5: Known secound phases in zircomium alloys

Composition Structure

Zircaioy-Z

Zr—Ni-Fe bct

Zrz"lo.apeo.q

Zry¥ip, 52Fep, 48

14
Zr{Cr¥e),

Zr Fe0.9cr0.l

2r(Cro, 6204 2

zrCr

Y-hydride

Zc-Sn orthohoabic

ZrSSn3 hexagonal

Sn
Sn—-Ni

hexagonal
fce

Zircaloy-4
2r(Fey &£ 42

: hexagonal
2r35CTh ey
2ICry 295 % .71
Zr:CrFe)2

e

ZrXFeSCr

1
{
|
A
: X {
Lattice . Heat Reference |
Parameter Treatment - |
‘nm} |
______________ - - ___I
|
a=b=0.65 600-700° [47-50] |
c=0.55 “2=4 h H
|
1
|
1
i
- —— . - — ————— —— i
a=0.51 600~-750 C L49-51]
c=0.83 |
|
in
|
|
I|
"";';"‘ - Tt - |
::1—0:< 1 L5271 :
" 600 °C 4h [(47] |
a=0.743 750° 3h (48] |
k=0.582 |
c=0.516 |
a=0.846 [us8] |
c=0,578 1
o (48] |
a=0.721 703°C 2h [u8] i
|
{
N [50] |
' i
. |
702 C 6h [51] i
: ' i
600 °C 2h [u48] N
) |
[55-59] |
- !
2 [56] [
ST mm e e e e e e ——————— }
'ZrCrz fcc [43] :
Zr(CrPe)2 amorphi- Neutron [ 54] {
zation irradiation 1
at 239°% !
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f

2r;7%.85%0.15
“Zr----. _ hexagonal

silicide - Lo

Zr-Cu- amorchous
sulfide

Z-phase hcp
12r—-FPe)

Zr4Fe0_9r0.3fcc

Zr:PeCr)2 :

ZrPO 5-1 orthorhon-

-9 bic

Zr3P tetragonal

Zr4Sn' tetragoﬁél

Zr-1%Hb

A-Nh bec

Zr-0.5%Nb=0.5%Cr

ZrCr fcc
2
Zr-1.9%Crc
ZrCr fcc
2
Zr—1.15%Cr~0.1%Fe
k. ZICr,

a=0.504
c=0.799

a=0.79
c=0.33

a=1.6715
E=2.7572
c=0.3674
a=1.07994
c=0.53545
a=0.69
c=1.110

a=0.345-

0.357
c=0.505-
0.515

a=0.73

a=0.721

Neutron

irradiation

(53]
[57]

A[S?]

[55]
[54]
(58]

1100°C. 15 min. [ 53]

air ccoling

1100 °C
15 min.
1100 °C
€ min.

600-750°C
24

*

. 600°C 4h

-guenching

1050C 30 min.
725-300 °C
10 min.-100 h

53]

[60]

[47]

[47]

L61]

[62-63]

— e e e e e e Al AR e e S o M — . — . — — — — T S S — N S S A — N — —

ke

- 125 -
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N —— — P - -— - —
Speci- Main Alloy Elements Main Impurities Content
men wtR) ippm) ’
- Koe... .Sn  Fe cr C " P Si 0 N
a 45 0.21 0.10 150 7. 778 1380 34
b .50 0.193 0.08% 260 60 73 1180 120
c .55 0.195 0.094 130 16 <25° 1280 90
d 1.59 0.228. 0.119 70-80 160 <20 1820 34

Takle 6: Cherical composition of Zircaloy-4 Specimens

b e e e e e —_ . — — —

1
I

Table 7: Cherical analysis of Zr-1.15wtiCr-0.1wtkFe |
' |

|

alloy
___________________________ — - —— e —————— —— i I
(Wt%) |
Cr Fe 0 i
1.14 0.08 0.110 i
_____________________ - ————————— ——— ———— —— ——— ]
{PED) i
al B C cd Co Cu H HE Mg |
<25 <0.2 90 . <0.3 <E . <25 7 B8 <10
g Sy S S —— —— — — —— —— i
Mo N Na NE Ni Pb Si Sn Ta |
<10 34 <10 <100 10 <5 40 40 <200 |
———————————————————————————————— — — — |
Ti 4] v W Zn |
<20 <0.5 = <% <25 <50 |
{

o ——— A ——— T — —— . T ——— T — o T . Y T T T . T —— " P ——————— .
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X-ray epission energies of Cr, Fe, Ni, 3zZr
and their atomic scattering anplitudes for

electrons
Atom X-ray Epission Energy ’ReV) Scattering
R K8 Kab Lg Lg: Lg, dmplitude (§)
Cr  5.4711 5,924 £.9g7 4.625%
Fe 6.358 7.057 7.111 4.861
Fi 7.471 B.263 . 331 4.654

Zr- 15.744  17.660 17.995 2.042 2.124 2.21S° 7.400

T A e — . ——— e i~ " . i, . -l Sl

e U . — . —— St ‘b i —

- P ——
r _= —_———— s mm——
l ' !
1 Table 9: A Comparison between calculated and experi- |
i rentally observed interplanar argles for |
| 2r {Crfe) , Laves phace I
| |
| -——-‘-*'--—-—-“*-*--—-****--'f“-*‘--——-*—--3--—---“'*-I
} Crystal Planes - Interplanar Angle [g) 1
| Feasured Calculated |
et S ——— |
| (321) %= 211) * 10.9 10.9 |
| (211)*-{523) * - | 6.6 ]
| (£23)*= (312) * 3.2 4.3 l
H [312) %~ 1413) # 5.0 5.2 |
1 (413)%-(110) * 46.8 52.0 I
{ (110) *- 1347) % 14,8 13.9 I
| {331y *-231) * 4.6 5.9 |
I (231) %= {121) * 12.0 10.9 I
| (110) == 2121) * 31.3 30.0 |
|

]

L
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Table 10:

Belative intensities

of 8H,

polytypes of ZrCr, lLaves phases

12E and

0.0

- 128 -

A

|

l

|

|

{

. 8H 12H i

BEL :AB'AE'AEC'B') fABC'BY ABC' B! (A3C'BYAECT'RTABRC'E |
AB'AB') ABCYE'AB!') ]

I(cal} I(obs) I({cal) I{obs) I{cal) TI(obs) i
e e - - - —=
C10 62.8 68. 8 23.¢6 32.7 27.5. 30.0 |
011 12.3 19.9 5.0 5.3 1.3 4.9 |

c12 2.2 23.1 2.1 4o g 1.4 6.2 |
‘013 5.0 16. 0 7.5 64.1 3.7 45.5 i
014 100.0 100.0 0.7 2.2 0.2 17.0 |

15 19.8 28.8 1.2 23.1 0.1 22.5 H

016 30.2 26.2 100.0 100. 0 0.4 11.2 |

617 32.2 20.2 6.6 20.6 100.0 100.0 ]

018 62.5 - 6047 9.6 25.3 1.4 27.9 i

019 47.1 43. € 4.3 27.2 |
0110 12.7 10.5 41,9 63.1 }
D111 12.0 6.5 47.2 11.4 |
c112 39.7 4.4 6e1 2.7 {
0113 2.8 2.7 ]
0114 31.6 38.5 |
______________________________ [ ___.___._..._I

i

J

h 1
| . C i
| Table 11: Relative intensivties of 3R twinred struc- |
| tyre |
| ‘ 1
i e e e e e e e e e e e e e T e — |
| HKL ABC A'C'B! 1
i Ical) I {obs) I{cal) I{obs) |
| e e e e o —— - - ——rmrm——————- |
| 010 0.0 0.0 0.0 0.0 |
{ 011 .0 0.0 56.4 71.9 ]
i 012 100.0 100.0 0.0 0.0 |
{ 013 0.0 0.0 0.0 0.0 l
i D1y 0.0 0.0 100.0 89.7 ]
i 015 56.4 61.5 0.0 0.0 |
| 016 0.0 0.0 0.0 |
| i
| ]
— —d



Table 12: Polytypes cf Zr|CrFe), Laves thases

—— T —— i i A A S o —— e S A Sl W o . T o oo, AP S M S S ek e il - 0

n befor H or R - n layered repeat period alcng C axis.
Z. The numbers represent the layer numbers in a unit
cell.

3. * - in Zircaloy-u, ** - in Zr-Cr-Fe alloy.

n—.—-——.—_-.———.—.—-————-—_.——-—-—-—1

- - B e e

ke ) . S ———— in S — - —— _——-....-.._l

|
|

Eolytypel :?, Structure2 : Allcy3
______ - —— - -— —-———
2H 2: AB _ 2rCr,

- : : , 2r {CLPe),
3R 3: ABC : 2r {CrFe) o *
3R TWIN 3: A3BC and A'C'B! 2L ICCPe) p**

4H 121z AB'A'C ‘ _ 2rCr,
6H " 2z11: AEC'B'AB' ©  2r!CcFe)o*
8H 111122: AB'AB'ABC'E! 2rCr,
10H 11121121: AEVAE'A'CA'CAB! Zr !CCFe) o *
12H 22221111: AEC'E'AEC'B*'AB'AB? 2rCr,
144 22222211: ABC'E'ABCYB'ABC'3'AB' ZrCr,

|
|
|
|
|
i
|
l
¢

|

1. H - Hexagonal lattice, B - Bhcmbohedral, the nunberst
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o
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