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SUMMARY

Makudera A.O. ZrO: stabilized by a series of REE oxides of the yttrium
subgroup as a basis for designing of novel thermal barrier coatingsManuscript

Dissertation for the degree of Candidate of Chemical Sciences in the specic
02.00.0471 Physical Chemistryi Frantsevich Institute for Problems of Materials
Science of NAS of Ukraine, Kyiv, 2025.

The dissertation solves the urgent problem of complex stabilization gfati®©

an unseparated mixture of ragarth oxides of the following composition (wt.%):
Y053 1 13.3; ThO; i 1.22; DyOsl 33.2; HaOs4l 8.9; EpOsl 21.8; TmOgl 1.86;
Yb,Os1 12.5; LuOsi 0.57; total content of other oxidé$.65 (including AOs1 3.2)
(VC) for the development of new materidds the ceramic layer of thermal barrier
coatings with lower thermal conductivity and higher thermal resistance than th
standard coatingn theZrO,i Y,03; system, designed to increase the service life,
improve the efficiency of gas turbine engines and reduce environmental pollution.

For the first time, approximate phase diagrams of t{@M._n,O3 systems and
hypothetical phase diagrams of theQgelLn,O; systems (Ln=lanthanides of the
yttrium subgroup Tbi Lu, Y) were cons
melting with correctiongComplete solubility of the components below the solidus with
the formation of solid solutions with a fluortgpe structure (F) was predicted. The
appearance of solid solution regions based on polymorphic modifications of lanthan
oxides H, A, B, and ©f different lengths, and cascades of peritectoid transformation:
the temperatures of which gradually increase in accordance with the increase in
temperatures of polymorphic transformations o8Thu oxides were also predicted.
The absence of solid solution regions based on thethigperature cubic hase
Ln;O3 in Ce0,l Ln,O3 systems is explained by the formation of continuous solic
solutions by the Xphase with the £eQ, phase, which has a fluoritée cubic
structure.

For the first time, isothermal cross sections of the systems Bye0; Er,0s3,
ZrO, Dy,03; Yb,0s, ZrO, ErOs Yb,Os, Dy,Os EROs; Yb,0s at 1400 A



6

constructed. It was determined that in the systerOR¥ERLOs Yb,Osz a continuous
series of solid solutions based on the-k@mperature cubic modification C is formed.
Systems with Zr@are united by the formation of wide areas of solid solutions base
on the lowtemperature cubic phase of REE oxides. During interactiop\&i® Er,O3

and YO, a compound (delta phase) is formed. Zirconate superstructures in t
systemZrQ Dy;0sat 1400 AC are unstable and t
cubic structure &ZrO,. Analysis of the constructed phase equilibrium diagram in the
guastquaternary system ZgODy,03 Er,0O; Yb,O3; showed that the volume of solid
solutions basedonthe ZZOF) phase reaches 10 50 m
of REE oxides of the yttrium subgroup.

As a result of the refinement of the phase diagrams of thei 2&D; and
Sc¢Osl AlO; systems thesothermal crossection of the phase diagram of the@y
ZrOiSeOssystem at 1300 NaGwphases andnotabte solulility e
regions based on the components of the ternary system were deftbetsttucture of
the isothermal crossection is determined by the formation of the S phase with a wid
region of homogeneity, t he U' FsandpCe The t
probability of the formation of the ScAKcompound necessitates the creation of
multilayer ceramic thermal barrier coatings in order to avoid their destruction durir
operation at elevated temperatures.

The study of the physicochemical properties of complaxposition powders
and materials using nanocrystalline-2MO, powders obtained by two methods:
hydr ot h e ry)madlindustiial(LZ@y) (the content of VC in the mixtures was
10, 20, 30 wt %), showed that during
M-ZrO, Y -ErO,is practically completed after an isothermal holding of 10 h. The
primary particles sizef the M-ZrO, (20 nm) and 7ZrO, (10 nm) does novaried
significantly after h\lpavdarsgonfaio softsptierical r
agglomerates consisting of primary particles. A multilevel structure was formed
LZrO, i VK powders: primary particles form laminar structur&ége evolution of
structural components and porous structure of powders determines the peculiaritie

the specific surface areariationduring heat treatment.
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|t was establi shed {dmadsitioamatefiats HDD A C
VK and LZrG,i VK meet the requirements of phase stability and absence of sinterin
which are imposed on the ceramic layer of TB@:as found that the phase formation
processes in HZrDVK and LZrO,i VK ceramics are influenced by the VK content,
the holding time under | sot her mgpdwderso n
production.Ceramicgeach an equilibrium state after holding for 16 h and contain twe
phases: ZrO, and MZrO,. The isothermal holding time practically does not affect
the relative density of the ceramics HZiQL0 VK and LZrQ 1 VK and the crystallites
size of the individual phases.

The thermal conductivity of complex composite materialsq@vt. %) MZrO;

I (30-10 wt. %) BK in the range of 31873 K was determined for the first time. It was
found that their thermal conductivity is significantly lower than that of the standar
YSZ coating. The valuegary from 0.65 W nmt K to 1.6 W m! K* depending on both
the sintering time at 1600 AC and t hi
M-ZrO, 1 30 BK material was determined to be approximately 50% lower than that
YSZ.

For the first time, twdayer thermal barrier coatings metal/composite ceramic:
were deposited in one technological cycle to the blades of the first step of the ZMl
"Progress" turbine with EVD. Smoothrough dense glossy coatings with a
thickness of 730 95 microns were obtained. It was determined that the thermocycl
resistance of the Z#DVK coating is 16% higher than that of the standard coating o
the ZrQi Y ,0O3 system.

The completed investigations showed the prospects for using cédirdaearth
oxides concentrate of natural origin for the microstructural desigrfitige ceramic
layer based on Zrf»f thermal barrier coatings.

Keywords: ZrO,, REE oxides, phase diagrams, phase equilibria, thermal barri

coatings.
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ftedo jfMisd His tlted BOdzdzy CtRYtSLIl o L dzq
CjtOd3’ ydetsgs h Otclz w1l . st &3 y! ¢ s, 9 d ¢
MlsOB ' dz s BEp j ZMOslsdzs LHjh jodlsd Isj & dasc
CjteOd ydedn o hjdgj2 Hdzw wild.

CcS¢ ®tBetoBte]j dtsswdddsLl dzhkz 4O0Mmded m d3j ISts
CjOdR ydscets &OowHEB-RVMD, ‘wCd2 L Of &zOdse O
Hisfdz' HY jdedz Hted dzOdzj i dedz' fsCtedlsls’ o.
Zz02B "' dz hddz yomesky. litkdnt de@ @B tzdz [ vRVD ¢
o0y dkzdoddid WOSkswwO®Rd ‘' thssddstshls' § &C
fOted MCkOHBodn Stkftcdydads' @, hoadHS' fls.
bfsOkSko Odzdz 5O hsH 0ol tc 5O & by Grelzdz’
Csdgf tsdzj dzls* & ' " j d blso tstgs COLBO b |
odf Otcsolzo Odzdzy C 3 tsdzj dzls’ & ¥ CistsL B ] dzidzO 1Y
fsCOLOds, "t kdmS §Otd B' d hsfmls' t' HE
Bdzd L' €2 HMYIsdmEE Zr O

vtsilsz fted o dGsdzOdzdz HBMdZ HY jdr L OMlist
f Hetkfd 1 jt’ sHdudes™ MmdMmilsy B (1s), dac
710, B dzs § dz' dzdzs T AZEOH) QW EHOjULY OdE [ €' Histslsj |
CdMmdzsdisz Mjtej HsoFO;, BB $HHEEBMEO: s MY (e

2.2 [jkHd HBMdZ HY j dedd s dgtfia®iinds ‘o dgds
5O &OIsj tgilasz @ Zr O

[ sdz' HY j degdg? o &zZOMisdoetsMmisj 2 §tetsh ¢’ o),
ftetseo jHj datdc j diglsls Qaias W OL Oo s6 s Olsigotdalz'L W dzts cH]
grf, [tead, 11v, bfdscfttse Hdz MiIs! . [ dzw
toj dzlsc j desW OL so s& 65 Oule® delf tols B pzff flzdzy , M o dH
T 117 4 CGtOH/ ne, 9i90dEsHigacEalzL 5O B[ O« (IR
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o totsdg' dzs-% Odzdasts, N o d H § -4 Isd to Ay /O 0 €O dZctail
=109 0A) IsO Rigaku SmartLab 3kw Diffrac
Ctoj BBz’ ' o Mists' YSodd Hg dsq 1 ts tsdg 't dgusDOKLD
sOtlsdded ftstesh Cso s’ HdWteOC y' ° o d dg'J telzlsd2'
(iydd MG Odgzo Odzdz® d/ 2d). 1'Cd dO GHJ
f OtO®Rj Ists' 8 Of tosC Mddse Oczs W bk dzy-Ray Bdwdet ts
Di ffracti o-80 HIPlsasH' Lt *)fsk QHedW HXdslgstzds” Y dzts ¢ ts
(Hjtedo OLISEAOYD,Q hodhHC ' Mis! d&zOG " H1000»
MsOdtso qdz® 100w/ o), jdzjClstetsdzdats’ o C
B Ctobtej dscj dzgsy j ClstcOd dzsctsa POt sk i&3( €
YOMlsddzsC L ©ORBoOdzs L O Wsedkkzdss zj
fstesh ¢ o O fMzd h iz hoss deydi delscrGds € f
f Hetlzy d, dilsEH0Q ] lbdzs] dz®e sMs@B g ge 5
CEMBL1e ([ flstdy W) . tptisedel datyf lstedzy BBy jf ebtsq dz'
3136 7 30 t8s 0 j H j dzts HLOQZQIRHES I<Ddatsa, 3 Is t

2.2.1 [ d&zjSlstetsdedz® 3 CtesMC sy W

[ dzw HisMdz' HY J dedgW Bt sdztse ' ©odnr ' HC
SHjtey Odzedr SCBRBYIBLdI @8 o9dCtstcdMmisOdats o3 Is
Jd d&zj € Iste s dzdzO dEMYtalty fisCsEif ‘ISMc ' (Br o d d3' todzes”™ o
odMmMsC 8 tesL H' dz' dats® LHOId Mmiss L O
WsCEmMsoOdzd 3 ftotsdzj dej 5 J dzj S lstetsdz’ o . H
9 doe yJj dzdzw fso jtomndzaj ©5° OBts fHtodfftso jtonc
l osMmiststeisw 'j dzjedzdzy v [ E tjydd3 bifsctcO
Yyofm HtsMmdz' HY j dada? W AW sdzdg. MX BAO'H dz dzW dzt
B CtesMEsfsd, wrf &GO B' d hk cdzds ddzkz
tetSLH' dzj dzgdzgv . w[(f odEtstedmkssolkz’ 2yt J
sO¢ " Jdzj BBj delsd, wWEC& jdzjSlstesdzdzgO G Ot BBOIs O
(dzj Slstetsdzgd fted ME Stes 8 Is! MW HEs jdzj ted’ ~ o
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TOEOCIjteds HdAY 1-300 LUFON)j dzdgre ( 1O® ISt
WsCkfmksls! sltted®kOdd?2 fEyst OC, It o
By d MisOdzBo dasid [ 2

2.2.2 1 dWijstg o] Wi O dzOdz' L

rdwgted dy’ 2dd?2 Is(drteusp )Juded s j BagBd@'daO dz’ s «
fsH' Bded?2 HEs gD Rarcicdisk ste' *, H &y t
odd3 tc¥ o Odzda" J dzH slIs j te 3" ydzd - sO jCLBslsj
sj k] jtcOlsktcd. ruvd BOLE' 5! MW 2O o dL dzO,
hts HBfMdz HYy k' Is: v  vLte '-jlsQeads)detss j Idnd fi
od®g" s MW O W' CME' s MW o] ddd \sd ds® j teml

COtsted BB ste®), wWECO * ‘' tjLbkzd sOts®
" dzj telsdzd? jlsOdksdz fetsotsHWIS! CHjdzsdydzs |
SnBdzsHY j ddY 0B dOC¢ tc' - OuZdzY Yzd § tcd Is L B
LOLSCBd ' jlOdsdddd LOLCBd. AW ' L d
o' H YOk OBt IkjdkfjteOlkzted (Stedo® [ U
jCLtljted ydz yd JdzHtslsjtod3s ydz , Bisy dzO

s O0Cdds ydde©Ods,1 vtc dzOH O H Odz ftes f jtog Isc
¢ dzlz o O dzdzv , CtedmlsOdz’ L Oy* W, f zOo dzj dzdzw
L 3" detse  jdzsOdzr f°° ° dzO dzj 130z o dzd e O

2.2.3. tjdscjdg of €2 WOLmod2 OdO&

[ jlsss tojdzlsej desW OL Boatsegts OdzOdz" Lz (t A
fts dzOBtstckz 2tsets B Y dztsh ddededr o' HMls Odzj
9 HYtse Hdedm dz' dz' 2 dzO ] dzlsGj desctceOd3’ . ¢
1 toj elekodz W O.

rdqwtcoOCy' w toj dzlsc j dz' o fiij'tclsts dnts ¢ & @ flzadzas d3 todz
odf tetsd3” dz¥ 9 Odzdz? toj ytso d dats® BJL L d3' dzd
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ftesrtsSHY J dzdz’ toj dzlscj dz' afm! Csets odff tetsd3’ dz®
stcdodd3 todest® HIWELOCY' 2dese tojh '  sCts8, IO
i OtsBBORRd Lk okL dzOF L0t YWdzdc® HE B OIS
odf tetsdz’ dg® 9 Odzdz'Od j (dAzY) MY IsMsFrets ¢ O° s+ Mw  d
wednrn t'Ldzdyy "tsHE "Reddz , o HBdIsdms o' H
Hsoyddz n~odd tcjdzscgjdz afm! Cséts odf totsdy
l &z dz-aWtay d3g0 |

2d sind = nea (n = 1,2, 3

HjTWkls &3 ¥ fOHOs yddi ftetsdzj dagj &3 s O 1§ dzts
n-A" dzj tsLrdlsdedzsd ydmdazs (fsteWHBSE 9" H
I soddzO rmoddz' tjdzsejdz oM S5 o gyt
d-o3" 3§ dztsh  dzdz©@ 9o ' H Mis Odz .

[ BL & & §jteo ddeded B e dafOiZese DY itid g
Zjttjtt®O s HO' MjttjHd 2 oL & t Ctodnsdd

K A
Db, = Acosﬂ
(2.2)

HEThdteddzO Sk O 286t ftsdtsodds od
s¥l CdemlsOdzls© z j o] 6O, wWCeO LOdjyxdls!
W stcdzlz CtedMmlsOdz' Iskz ‘ o Otc' 8 ' s+ Mmw ) L
CtedMmMlsOdz' Is" 8. | dz8 vHOBAL tcOrzdzC " @8 oL VWISt
dMHBoYJdO ~roddz tjdzscjdz afMm! Cs6et5 9(dH
qiSzls o HBdIskwY tjdlscgjdz" o' Csets8 odit
[ dzv tBtetsBCd HOddr (A odOtiy HsOd
SBOrnlzdz¢ " & J MY Jjted d3gd delsOdz! dzd = H Odzdeds yte
"8 "o jdz HSd3 (Hugo M. Rietveld) HC
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BilssHE § sSesh C[K8.6 J S sdith®iy 'z &j ssH  da
Hdzw Eltsydsj dedz? ' dzOB dzd ) § dedz” s j Stej Is dHusizt
iSMy jteddsj des Oz dzts Y 5B LW dscts oy’
HELotsdY' OdOd LkoOld StdmksOd yd Mt
GjiLbd Ol d&Oo'ls' L HAW©GOCksctOod, & W
sCtj L CtdisOod yddt W OL
V d3j stsH ' oS stcdmlssolzs Is! fteddzydy o
6" Ldzdyr 3 N st uind stinpsQ deffjiEAve’ QirkddgEd H d Wt C

0 Bo @ -0 (2.3)

Hi iTW mMisObdmiscd y@®O0az0dz2 MCOdzvtode 2 W O

[139 141].

[ ¥ OGOz HdWteOCy' ’ fsdz' CtedMmlsOdz' y
BOIJ BBOIsd ydzz Wz dzC y' ¥ L Odzj 3y dzsfls” ©odzls §
HdgWKOSC Yy ", wWCeO, o MmMets yYjtelk, LOd]xdlI

fOOdjlste' © ftoddOHE. | doEmssyddsjlssyl s a
CoOHW©OIs' 9 ftoesoatsHdIls! MW Elstsydsj dadzy * dzfls
MistckClkted (ud MhstekClklktt £ LEOLSE, hE
y! sk 02 CwOoh sets fodf Omke Odedzr s St
HOW e OC Ists5c Ot j toidRj dzls Oz dzts lted BOdzs 6 s
L dzOyj dedzy W OCIststc’ 9 totsL B ) datsfyls ' .

2. 2.4 [ jlstsH bjitftigEests yOn mM®oeslsz” (1 v
[ JstsH wwwiegtsBdzj dzd?2 1 tolzdzj totsd3, 1 [dgjdgjtdsH

odL dzOyJ dzdzv o dzzlste’ h dz' 5° ftso jton da f stcd
OHMBOr WsWOiEgErz ' o s’ Mezd "' . |1 dSstedMlste
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OLtslk o fotOn ftod IsjkfjtObkt' ©' HSEBCETE
sB' ' B ot kO ¢ wHddf gkl L O ogjse Tk
fsesh ' o kO ' Mdv Isjtd yds  HisHts tsesds]
CEMBle ([ Mmlstd W) .

229 jlstsH odL dzOyj dedz? Isj f dzsff tetse ' H dats i) l

v odds ek Isjf desf tetso ' Hdesfyls® bk od
Hd Z0d3' YydetsG ts 1@zt taffigisly " IsHo|Q) dzdz Isj f dzs tot
ftcso jHjdes dzO0O Ruaeld @, tosho®y' ftedL dzOyj ded 2
5j B jtcOlkztedzs’ L Odzj y detsfyls’ Isjff dzsf tetso ' H
GO j ' Odz' o | 8" H L Cr@hflilsiz"5dizls-l 80 Oezts +400 |
Bsdeslstsdzgdets G s dzOG o' 9 O dzdz” .

N PR OMsted d&3j Is s@zOf weSf@L. Od2 . 1. | ©OL 6,
L & Mz k! fw & 3y CdsOSlsdtss § dzomlsd dat
CEL ' Cte' 90 k! Mw kjfdseodd fslssCsd, wWd.
Mstedy dgv (5) , LeOLSCO (4), i dzOdsxd palz' ( 2 (
f ZOMisddz0® CtsdzlsOCIsdzO (3) odceslstsedzj dz L
fjtejfOHd ISj &k jtcOlte dz® dedn dzj L dzOydz .

lismdztso O,

27§ dzOMls d dzO;

3T zOMisd dzO € sdzls O
47 L cOL B¢ ;

51imistcd 3 j dz

{ d Mk dztsiCe 02) 8O dested o5 stelz Hdzw o d B tk s
Hd OB Ydesets COdstd k) st
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vjtfdzse dRUtsls ' fCtetsh sHdIls! yjtejL Mjtej H
YOMsS ot e dddO’ Is' Mw dzgj 5 2 HOd 2Hj
(5). 16L& ted MdMmisj B BBLOds SOCdd ydd

f ZOfls d dzsls0, tB@idzdo obEESL 5 ¢ & dz@E Is! v  fls
odf OHCL Isj B jtObbicd f§6d LLOLSO (4)
& & Qdsets MOy skObdscts, off HjlkOd
hodHS MY BB, O H OIS jQkt o qHdzv- SostsH’ ot
S B j Okt MitOs jHddo' Ystdzdd] 2.4

Qu(t )L;,S (05C G, (2.4)

HQQOilsjf dzsead?2 §sls' ¢, hs ftesatsHdIs! Y
fisted ¥ dzd &3, 1 Is;

Wi jtejfOH Isj B jteOkkted O LtOLSE, s;

Sifdzsh O fsfjtej ydetsetd fjteijte’' Lz LwOL SO,

Pilsjfdzsod?2 tff' 't d ¥ Mmistedy dzflshl B; € tsdzls C

CiftsodzO Isjtf dzs' dzdgiifpls! L teOL SO, 1 Y

Ccif sodzO Isj f dzs' dsdz'styls! Milstedy dzv, 1

bihodHG ' Mls! tetsL ' ok odd s o Odz' dals @ s

Qt ) s=v, 0B &, o )4 (2.5)

HRUWibjfdseod?2 fsls' ¢, s ftesatsHdl! yj
lIs;

SyTSBjW ' y' “dals ftesf stey’ 2desmls’', hts R Ote
fteseo ' Hdz Mmis! fsdzOMIsddzed (2), 1Is

Wil jtejf O Isj &i3f jteOlskzted dz0  d&zOfilsd dz' ( :

b f 50 dzO Isj ff dzts® dgds’ Md  &zOMmisdded ( 2) ,

thifse dzO Isjtf dzs' gz’ Mis! CogdsOCIdets’ Hf dzO
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vsjfdzsed?2 't d3' 3 MmMlstody daj d3 ° Ctsdzls ©
W stcdslz dzts & :
i S+ tt, (2.6)

Hjollsjtf dzsoad?2 s liclhls tOL SO, K
tsTfsftcOaC O, Nt otcOntsolz’ Al Flzso d2
vsjidaztsoad?2 ' tc LOLSO oadL d2Oyo*' Is! mMw L
_h
|l

to (2.7)

HhiodmMtsls®O LiOL O, ;

o-lsjf dzsftetse ' HiddS thydg: L tcOL € O,

1 0 smozss (1.1)V .HEE tzd 3Odzs tetsB sy’ tSL 6O
s f dzsotsets HYf)yScRBSoBOIST Pdzicf ctse ' H dtsMIs”

_Ne.SA +. 9§

P
°on K,

P, (2.8)

Hinffsf©0eCO, his ostOnaBolk’ Isjf ds' dd f

C

Se :m, (2.9)

HCifsodzO Isjfdzts’ dgdz’ Mis! HBMdz HY ko Odzatsa |
CifsodzO Isjff dzs* gds’ fyls+ Mmlstedydev, 1 xLs

C=C,(m, (2.10)

HC,MTL dOyy dedz? f dlstsdis’ Isj iz’ dgdetsmls® L
mi OMO LOL O, GCaG.
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C,=Cc(dm, (2.11)

HE) T dssBO s f dzs’ dsde'sils! " H' , 1 yLCe
myi BOMO MmMistedy dav, €Ca.

1 Otc O dBgbsite W stocdzsz dztlzd ( 2 O8z) ¥ Ols! o' H 9 dzO
odfttsBlz' Is! Mw, ' MisOdzd@zdOwadi @ sddiyOf Jj tg
20% bjfdco et Gf Stohs Lstf GBSO GH dlsd Mdz0qj dz
JSEMyjteddzd dzs O "L LEOLCBoaE g tetst L G
E Cosdi3f dzj CIs § ted dzOH Iz.

dzv o dL dzOyJ dzdgv Isj f dzsff tocts9 ' H dztsls )
ftesyj M’ BjLYJjtojtcodzssets tetsL ' Gcte' alz dzO
fitedfOHd Isj &Y J tc O’z tedpO dmpdec @ YikiPtsedls ‘.o 2 3’
( S ) no.

v OCdd3 yddaetsd3, b dz@%) yd e silsiidz o(Odzse 5 L
L dzOy j dzdisj tf2dmseots G(Ry, dfbslisifliz © W ste sz dztss (2. 5
Isjf dzsf totsh, ] Is BbiBhls  (

h

:T_o'

| (2.12)

[ Isted di3O dz' Ldz2Oyd dzdzgv s f dzsf tcts9 " H dztsMmlis
LtcOLCO, s oadL dOyo'Ils: mMwv L O Wistodikzdzss :

t=t. 9,547 g, (2.13)

HtimjtejuHdw Isj s jAsOlsztc® L tOL O,
tilsj B j OO, ftod WC' 2 fsoksHds MW o
0T ukzlsdzd o * fMls+ s gy Yo taief |, ~ ttd dgigd dz
i jtjfOH IsjBfjtOskicd &0 LtOLSE, dl.



77

[ jlstsH HddzOd3' ydztsets COdzsted d3j Iste O dzO dzj
BilstsH' & oddi3 to¥ 9 Odedz? Isjff dztsftetse " Hdzsfls
Bdzd L C5[144. 10 %

23 1 &ZOMsdotmls' odh' HddR ®OLjt' Od o

2.3.1 stsdzgyj dzstcOIls tsCfMdH" 9 t1 1 ' Iste"

tiLbkd sOIsd #Hsgiteiddt jydas cBsdzs0dz0dz' L & € 5
‘Iste' ‘o’ ' Hcetkyd (Jls) ftjHMmlsOs dzj dats
rveg O vy o " dzZbjteoaO@dz Hts 150 Auw, BO:
osdsed. zdtesCd? jiCO s tas PRdadRdyj Wiks§ dz0
His fttsyjm' o StdmsOd LOyYy' ™ k& Is. 6c
jCLBlsjteds ydedds jWjSltsds dz0 Ctedo' 2 ruvd L
Csdzdo Ocdzgdz? 2@ Stdo' 2 ru4. JdHlsdnkEBd
jdzH sls j o3 ydz iWjcSilsd: fted 495 Aw IO
‘delsj demMdeo dzd &3 d3' dz' e RO dz©@ Ctede ' 2 1 v
24 BHddz jdzHtslsjteds yded?2 JwWJicCls, ' dalsg dzmd ¢
rvd fd. 760z o' dz dzj off) Mi-teis) sedgyidl 97wy dal
HzBOtcdzO olstcOISO 90cd L©LOLSE MisOdetse dIs!

fiLkd O [tud odn' Hdesets Js §tejH
L SChMyDAMAEr, YO o Cdzyj dzsteOl’ fdmizlsc
NaxO (23,5 &OMm. %) .

[ dzv HBMdz HyJdedgw L3 ded R " o3 ydesets [
sjtods Yz SetesB Sk f cths I€OSAQ Mz s ©d &S @ ©f
s B jtcOlskztc’ MisOdetsodqdzO 2 cetsHddzed. JL Lk
edf. 2.5.
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Lopectral. impurity data - CAL.910TefBar
gﬁm type = = "2 2x6mk ‘

0  Known Area,” $Rest, Diluent/Sample and Mass/Area

Eff .Area = 452.2 nrm2

X-ray path = Vacuum

Case mumber =

Eff .Diam. = 24.0C mm

KnownConc = 0 %

Rest = 0 %

Dil/Sample = 0

Viewed Mass = 18000.00 mg
= 5 prm

Sample Height

means that :the concentration is < 100 Dpm

<2e mean 4ty < 2 StdErr. The + in Z+51 means involved in Sum=100%

A wt% St Err
SumBe..F 0 0]
11+4Na20 23.5 0.2
12 MgO <
13+A1203 0.53 0.05
14+8102 0.36 0.04
15 P205 <
16 S :
16+503 0.17 0.06
174C1 28.6 0.z
18 Ar <
1% K20 <
20 Ca0 <
21 Sc203 <
22 T102 <
23 V205 <
24 Cr203 <
25 MnoO <
26 Fe203 <
27+Co304 <
28 NiO <
==== Light Elements =====

4 BeO

5 B203

6 Q02

7N

80

gF

Z wt% StCErr Z wt% StdErr
29 Qo < 51 Sb203 <«
30 ZnO < 52 TeQ2 <
31 GazC3 < 53 T <
32 GeQ2 < 55 (Cs20 <
33 As2C3 < 56+Ba0 <
14 SeQ2 < Sumla..la 40.3 0.8
15 Br < - _ T2+HEO2 0.063 0.031
37 Rbz0 <« | 73+4Ta205 <
318 510 < ' 744703 <
394Y203 5.8 0.1 75 Re <
40+Z2r02 0.71 0.04 76 0s04 <
41+Nb205 < 77 Iro2 <
42 MoO3 < T8+Pt02 <
44 RuQ2 < 79 Au <
45 Rh < 80 Hg <
13 PdO < 31 T1203 <
47 Ag20 < 82 PO <
48 O < 83 Bi203 <
49 In203 < 90 ThO2 <
50 SnO2 < 92 U308 <
e Noble Ela’[’eﬂ_ts —==== =—==== I_;anth_al]ldes =======
44 RuO2 < 57+La203 <2e 0.007
15 Rh < 58 Ce02 <
46 PdO < 59 Pre0il <
A7 Ag20 < 50+Nd203 0.020 0.007
75 Rez < o2 Sm203 <«
756 OsC4 < 53 Eu203 <
77 Ir02 < 64+G3203 0.15 0.02
78+PtO2 < 65+Tb407  0.65 0.03
79 Au < 66+Dy203 16.8 0.2
67+Ho203 4.5 0.1
68+Er203 10.7 0.2
69+Tm203 0.92 0.05
T0+Yb203 6.2 0.1
71+Lu203 0.29 0.10

t Mz dCj 2 & sOIsd

i3 Ctotstej dzlse j detstf j S IstcOc



Calculated as :
X-ray path
Case nunber
Eff .Diam.
KnownConc
Rest
Dil/Sample
Viewed Mass
Sample Height

o e wonn

Oxides
Vacuum

Spectral impurity data . CAL.910TefBar

Film t

= 2 2xémk

0 Known Area, %Rest, Diluent/Sample and Mass/Area

24.00 mm
0
0
0

o? o\

18000 .00 ng
r

e

Eff .Area

= 452.2 mm2

means Chat the concentration is « 100 ppm

means wt <« 2 StdErr.

2e
Z wt% StdErr
SumBe..F 0O 0
11+Na20 7.0 0.2
12t <
13+A1203 1.92 0.08
14+5i02 0.81 0.05
15+P205 <
16 S
16+803 0.58 0.09
7+C1 14.6 0.2
18 Ar <
19 K20 <
20 Ca0o <
21 Sc203 <
22 TiO2 <
23 V205 <
24 Crz0z2 <
25 MnO <
26 Fe203 <
27+Co304 <
28 NiO <
==== Light Elements =====
4 BeOQ
5 B203
6 Q02
7N
8§ 0
g F

Z wt%

e
O
VAN A

38

39+Y203 10.°

40+Zr02
41+NbZ05
42 MoO3
41 k02

45 Rh

A DA A AN

LI S Y

45 PO -
47 AQ20 <
48 A0 <
49 203 -
50 SnoO2 .

Noble
14 RuO2 <
45 Rh <
46 PdO
47 Ag20
75 Re

76 0s04
77 Ir02
78 PtO2
79 A

ANN AN

AR

{ dMkzdatsG (2L &dz 5O
sd eds’ ydes’

L

.28

3" Ctetstej dzlsc § detsmy 4 € |

0.1
0.05

Z

80

The + in 7+8l means involved in Sum=100%
StdErr

StdErr

51 Sh203
52 TeO2
53 I

55 (s20
56 Ba0

Sunla. .Lu
72+HfO2
73 Ta205
744+WO3

75 Re

76
77
78
79
30

Os04
Ixo2
P02
Aun

Hg

11203
PO
Bi203
ThO2
U308

81
82
33
90
92

===== Lanthanides
0.032

57+La203
58 Ce02
59 Pre011l
60 Nd203
62 Smz203
63 Eu203
64+Gd203
65+Tb407
66+Dy203
67+H0203
68+5r203
59+Tm203
T0+Y203
71+ILu203
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Calculated as : (xices | gpectral :trpur:'cy data : CAL. 910TefBar
X-ray path = YVaezua o Tl t"‘ 3 2 20k
Case nunber = (0 K ldl y08a, 3ReST leenc, Emrpie aut MaSS/Area
Eff .Diam. = 24.0C mm Eff .Avea = 452.2 mm2
KnownConc = 0 %
Rest = 0 %
Dil/Sanple = 0
Viewed Mass = 18000.00 mg
Sample Height = 5 mm
< means that the concentration is < 100 ppm
<2e mean: wt% < 2 StdErr. The + in Z+El means involved in Sum=100%
Z wt% StcE o Z % Stf"E'l’.r 2 WtE StdErr
SumBe. .F7- -0 2 22 Q@ 2 31 5b203. © <
11 Na20 .. 307200 a 52 TeQ2. @ <
12 M0 < 31Ga203 < 331 <
13+A1202 3.2 0.1 . 32 GeQ2 < 56 Os20: <
1448102 0.95 0.c8 33 As203 <« 56 2a0 <
15 P205 34 SeC2 Sumba. .Lu 80.6 1.3
16 S a5 Br T2+r[£02 0.21 0.07
16 S03 <ze 012 17 RbzO 73+1‘d205 <
7 Cl .. 13 O.C - F103 <
18 Ar < 32+72C3 13.3 0.2 75 Rre <
19 K20 <2e 0.019 40+Zx02 1.71 0.06 76 0s04 <
20 Ca0 <2e 0.017 41+Nb205 < 77 IrO2 <
21 Sc203 < 42 MoC3 < 78 pPtO2 <
22 Tio2 < 44 Ru02 < 79 Au <
23 V205 < 45 Rh < 80 Hg <
24 Cr203 < 15 BAC < 81 T1203 <
25 MnO - » A7 Biz0 32 tho i- &
26 Fe2Q: & & L3 (G o 33 4I203 ' <
27400304 < 43 In203 ' « 90 T™HO2 ' <
28 NiO < 50 Sn02 2 92 1308 <
==== Light Elements ===== ==== Noble Elements ===s=== ===== lLanthanides =======
4 BeO 44 RuO2 < 57+1a203 0.070 0.014
5 B203 45 Rh < 58+Ce02 0.21 0.04
6 02 46 PdO < 59 PreQll <
7N 47 Agz0 < 50+Nd203 " 0.048 0.014
g2 0 73 Re - 62 5203 <
oF 75 uC4 o 53 Thi203 <
77 1v02 < 54433203 0.25 0.03
78 PtO2 < 65+T407  1.22 0.05
79 Ru < 66+4Dy203 33.2 0.2
67+Ho203 8.9 0.2
68+Er203 21.8 0.2
69+Tm203 1.86 0.10
70+Yb203 12.5 0.2
71+L203 0.57 0.21

{ gz dts§ jR B2 5O o Ctostej dalsa  datsfy § €L

Isj ted3’ ydats’

setsBCd ftod

900
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G dzOdz" L. BHjtyOdedr tjLEZdz IsOIs' 8 (tedfy
sBtosBCd Ctdayj BElstEOIsiZ Cf tds ' 6 ROzstelz L d3j dzh
¢ dzr C'Ms? @2 J E 3,5 ttOLd. 1twd yY! &g
HdMftesL " ¥, JteB 68, " IsjtB" ' ¥ .

1000

tdmMzdzB§ d32 dz® " d3° ydese s ME dzOHEZ I s o

] " fdzv sjted ydas® Sl ths Y dzEH ‘TT
odwodzj dzts (tedfm. 2.5), O C"dz ¢ fls! ¢ M
6jLEzd sOOB], lstedBOded B { Suf dge dldnj. te . 1

vOCdd3 yYyqdesd3s s dsO jodpH@iIsQ dedl3” ydz® J W J €
2.2) fso0wLOd L tetsLCEZOHOddz" B £ 5
fjtejtesBCd Ctdzy,j delsts@ig®., o dH Odzj dzdzv &3 Cll

[ stoWtsdztse ' ¥ ff stetsh Cda Bj7.s I dsi d2ts ,0 ditsts dOts t
ZOdzy® e s sH ' B dz Zlse stej dedzw ff J too d dzdzd ~
fjtcoddeded o yBMls datg.Y. b BBAEO s jtorn dzv o
l sT15,20G o3
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{ Mz zESEMZIL BB tOY j dzdz" o drn' WaEHC ts' §f HadEh € Iz
Gi100 dz8ko 0 B dzds.

tdLizd sOsd tAd odr Hdtsets I s O { st
fted 60 B O:8 Q0 j HMIsOo dzj dzgs dzO® tedfy. 2. 8.

l dH dzts (ted m. 2.8, Q) , h s odna" H
tcj dzlsc jJ dzs Od3tste W dzd 2 . 1 OW ' t€ jinisdz jQSdAts'H ddgdjh J dzd
“dzlsj dzd o dz' Milse dzO Isdr S kISOR, HJ tj Widdgve
Dy:Osls © ;.0Er } " pdzw Isj ted3’ ydztsd '8 jtedsls dhtief] EifdapdO
Dy;0s, EOs, He,0sls 0,00 tsdfy. 2.8, B) .

o g jto' ¢Os st ipw ' Mdzw Isj ted3 yYdz
%, Odzy ' A " dzsjdmdoedz Mis: LB d hE' Is! Mw

v OCdd3 ud dzts ds, Hdzw Hisfdz' H Y j(ddsi@vn . )1 (St
13,3; ThO; T 1.22; DyOsl 33.2; HoOs1 8.9; EROsi 21.8; TmOsl 1.86; YOsi 12.5;
Lu0s10 . 57; MkzdOtedzed 2 oidg. BI5 '(dz" AOBNydf Hn'dz
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2.3.2. 1@&@OE"¢d |

Il BBl odStedMmlsOdets dzO-d2rO% 8 H jts P Atz
" HH ' dZ 25 wlf 1¢1 uvC€tO dzd 6" HEtslsj tod
LO & IstsHdC s, 14809 jlHg jdasj A3tz H[dzw Yy BGE TS
1 Z7r12.0

[ steW sdztsc ' ¢ ff et QlzO@Z rt2Btcts i BT, 025 9 &
fzr¢' OcdtsdjteOlsd MWjtedydes' Wtsttddd teL d
YomisddzS O sOCtY MW jtedyuds Ysttdd, Gt
sOC sy EZbotstdddm!' EkaSC® 0Oc6dtsdj tcildd 0o ddk
( tedfm.l d2s.9B08 )f.s50 j torn dz¥ 9 ArE,T H &6 &. fistotsh

1 O HOded d&3d { M¢ZrOe" HYf jsdadsh We' ZZreo @dag. [ 2. 1 C

SEM HV: 10.0 kV WD: 1.97 mm SEM HV: 10.0 KV

View field: 2.00 ym
SEM MAG: 94.8 kx

View field: 0.417 pm Det: InBeam
SEM MAG: 455 kx

t iz daets € 21 @ B tSE&N dzdz" odn' HZis e d b tE
L B dz' h jided2Or :dz83D 0 B dzd3.
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{ Mk deslr PV L@ sEccOB0 odn Hdsets §ssh

stc' @3 ssets, HAzY HBMdz HY Jdedgw o d ¢ tstgd
o dqtesBdzd ylso 0) s s BdzBe ' ¥ wikdshiy. 51 6. BIB1IO
LZrOo d3' M 2° f jteo ddedz yOMmlsddzéd BCtekza dzs’
0), wC' Ebeottes sls! HBMdI! " dz dg@  dztsf!
Hts-32 &3¢ a3 ( tod M. 2. 11, B). A IsOB dzd y ¢ d .
Flso tstcj dadzv Isdff &2 .fjldzH o8 )ylz. (s tac ddf). yf s figlz Is
f dzOME ' Ochzsdzj eOIsd dzj f cOo  dz! dzts’™ W tsted3d
BOGOIth Otctses " Eklsotstej dzdzv ( tdfm. 2.11, B)

1 JlstsdzO titso jton dav olLdrD, THLARES &ty dify®dtdss hj ¢ Hz
tcOLd dzdy ud, WZhOOdistcfizBIER" dzz Cted MilsOdz
M¢ dizOH (LEWRT ¢Z/O, (tedfm.). 2. 12

1l tod dzO dzj ) J dzdz’ i ¢ telddgjsC loiff to didigs i) Ho
o df Ot ts oLzte ddzdalzn O y-Bis dzf Ob tedzuztzsc s MHOH Y j C
(EB-PVD) ) L Offldctdisdon@dztsH " sSMdHE ydtel tsdg ¢
(F2r0) , udfmisd?2,-1 BOEFHEOX)Y ] "t oditstdhls
otsedzj stedo ' 9, CjtOd3y ydede ¢  cd3j dzls’ 9, Jc



87

t dmMzdesS SFEMIT L s5BtcOY J dedev o d n ' dAr@atfody] fids ta
LB dz h jideda"Or :dz83D O B dzd3.
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{ M dzsEr QU BRC S BE L ORO o dZOH dzsE s f StEh C
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tdrrwf 3
AdYy Il w twirflolrR 1 wREsEFEPM ZT O,
brtalrsuvrRIVRM 1 Jc sulftrirc 141 woy wy
(sa}l (T RI[1VUG]PLw ([1UV]PUOUR

[Mdzsad i CtosmMisclkzCIskztcdztse s ftots' Clslz o (
vll MlsOdztso dzw Is H'  OctcOdR3d MisOdzz o' HY s
( &3O MY.®8) 13,3; ThO;T 1.22; Dy05-33.2; He03-8.9; EpO3-21.8; TmOs-1.86;
Yb,0s-12.5;Lup0Os-0 . 57; MkzkzOtcdzed?2 o 5 ( dzlz d BOs &
i 3,2).

31) tseBELOCIsjtclz W Ob tsid HistefgRess s Oc
|_n|||2°(3

{Me" &z €d Ctdzyd dzlstcOls, hs odCtstedmlsOc
sCMdH' 8 dzOdzls Odzts™ H ' BY0s &r0¥ ¥,0:2YbDsj HoDg O O
dzj L dzOydz' 2 o3¢ fdzvEisripiEh, dm Is Qu, Hsy' dz! dzs f to
BZzHtSo Iz H' OG tc@OfLn“BHsIOWE:; | L O dgsH " W 3"
ZzOdzlsOdzets” H' & Htoj HMIsOo dzw ° "delsjteifm B L
MmMlsOGe ' dz' L Oy"' °’ H' sCMdH" o YydteC sdz” Is ©
Isjf dzsB Otcd ' ozt [ f e tgRdBIs" akzlsjtcj M o d¢C dzd €
YyJte's L SCMdHOdRd dzOdils Oslatsdzadidz oL, tsfifdet addzd
VA(O7)

3.1.1 JLO" &sH MO [MA Misj EBOS Ce O

lLO" d&3gsH "' W 9  JAnaifDds (] IO+ ZOWAsS@ dzts ™ Hd ° IS
TbT1,LuY) daj HBMdZ" HY ko OdzOM* . Ad feadwL
sCMdHOR " Mmdzlz®  § j*6pgp)dy dis FOdIstedy’ fiftsdbk
Mo tstej dzdzgv Iso jteHdnm Jdzj Slstetsdz’ Is* &9  Odzd o
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fsdi tededn Isj B jcOlskztceOR (6007800 AC)
CjtoOodz €d (bjfds Lodvy 2ddr &OIlsj tc’ Odz
B' 5" dzgj telsdzdr C JjteOd3 ydzdms dRBOISJ tc’ Odz' 8 H dz
sEdBE HOdR L & &Y dPdss oL G ddgs kO S OO0
"Istet ‘ots’ @) HEtelzy d, Y

HjEtedmMsOd Lk Is: w Ek CkB' ydg 2 bkdfk
BO' Ytodz @steWddr fjtojlboattcjder E oMfMm! sik
fted 2400 Uwu.

bdzOdz" L. HEkzCBoOdzdmr HYJt6jdz L o 124, d3t
[148165 L Offe ' Hyde, ht jSMy ] tcdd3j dtleOfz dayg

Ln=Dy, Er, Yb, Lu, Y 124 . i " odzto O d HEGSMdz" HY J dats
fsobwL Odets L L d3' dets® o Odzj dzlsdetsfmls yj e
olstcOIstss CdMmdzs ° jtojr 510590 tf lsojdetso GG

HS 1500 U4y oMmlsOdzetsodzj dets ‘ Hddzd?2 R OwOC Is
B d&ZOMlsj 2 totsL yddzdesimls' to' L des’ fteslsw y datsh
sBd&OMISj2, hts ' 0 o4 ) dvyllsodsdd). Hikmns
M o9 ' Hdzgsh jdz@ E ydr fsHe' 2dzdS fdMmlsj dsC
sB dZOfRls-JCA d3j dzh 2 s+ fpw ' L L B “dg'td" jHORAZMEZtS D
s dzl66) [

10 Gfdss' OdOd Lk d&Owedd:  H MG,
(Ln=TbiLu) dzOd §sBHBO Odes ¢' §slsjlsdy
hJosSsdE ' dzsjtco Od Isj kY j Okt OF HE
fMlsOdzz L OC &ZOH jdzs bk ftetsc dzsL :

lL.stsRf sdzj dzlsd Mdflsj s klsostes ¥ Is! dzj f j to

sfdtse ' Cke' ydes' fMsteks[BoRed Isdfkz W dzs

2.1 " L dad x J dzdzv dzo fisd 3 jpdg@Blzmifad L CO Jj olsj !

f j to] lsousitdgjde' dzOW o dz' Mis! f sdz'nZTtbW dzdpn

YIVuel ©vdkulsTbif jtcOlskted §jtejotsH' o o

hts Lo dzj dzgs L totsflsOdedzy o5 Isj 3 j 6 Ols b &

Thd Lu [168.
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3. fjtejitHisSd ai'oHsW Ob &z® stsdd&zOMmls: F +
9 ' HYBOo Hdzgdd3 Lolzy J dgdzv 3 5B dzQ@JIs j 2 G SR
4. [ B dzOMIs® s jteHdr totL yddz o dz0 s fdased
Ln,Osdz®@ ¢ ' fslsjlsdydzgdrs H' OctcOBRBO®DOL Bls @db
BjLY jtoj tco dz' Iseo j toH-CeOtg ts LV EdodzddzO’ W Qizs tis
Cke' ydzk MbtkSlktck. I} tH' Bd2 Mls! Mt
lsotstcs 9 Olsd dzj f jtojtcodz twHd IsojtocHdn
(S jted i3 degsOdz! dzO f jtcjo ' 6C O BEHEtSa
By dzdo O " Mdzvw ftetse jHjddew JSMYjtedd3 dals
CdMmdzj oz Mded s MjtcjHBsoadh OBt dz2O0O WaYdzso

312[ 6 ' delstso dz H' OC e@ikES fsHOtzkzdz ndfldndsdet
f Hetky di Le[16§z Tb

$dz0dz" L. HOdzdrmr dz' sjtcOlskztcd L fsBEZHBOC
fdfls j,@0 LO; (Ln = ThSLu), O kOSCEY Isj&fjcC
fjtejlsostcjdz EMdH 9 (11 HOdd &y dzde ' f
9C0OLOddr MdMlsjdd & oafMm! sz ' dalsj tco Odz' Isj

IS stedmsEOtzs yd ts § sd Bseid 0L d,
sj kY j cOlktcd (od Gl dds §jt] 98 st dzo
M otsc dgtatds o' Qs © dz'  H ' O cLs¥O43 Ty (kredzEbi Lig)] M Is

I fdMmls 0§0m0; YesedsL 2 st MW  fjtcjB' @
fjtojlsj Ctsjmdsfhitstej dz' : m+1 Yu; 1 +u8Yda[sid+1
Y 203, A Y203, EROsiY.0s;  miDsi Y203  YboOsi Y203  Luy 3l Y20s3);
m+1 Yo, m+ol; MOFYBp (BgMH. 3. 2).
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3.13) etsGuzs®OG tc O3 M L&Az N"“$Pef(IMsThidzu)

g dMmis j ld3gOsi Ln"O;  (Ln=Thi Lu) nOtcOCIsjtedL 28 Is! fi
dzj f jJtcjtodzd~ WWWH' &8 o jtoHdA tBBL yYyddz #H; dz
g, 1, o, 1, m. I3EngOy OpOdkin.Os tg[iiin,Oa, EFOR
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LB ' H!hE' Is! Mw 9o '3B6)Tb Hts Lu (tedm. 3.
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32 SMf jtodd3j delsOdz! dzj HBMdz' HY j gdOgO; oL
Er203Yb203

l 1t B8LH' d&& 2 0L Odets, hts MEdzOH | s
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