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ABS TRACT

Peacessing of complex ccransde parts sueh as a Jental resdormions involves sintering of ceramic
performs. Interkled and unintended wicrostruclures such as veids, cracks and. faterfaces exist in these
parts. These mictostructures eoniribule 1o the mechanical response and wliimate lide. A combinegd %-
ray computed micro-tomoegraphy and X-roy nticro-diffracion cxperiment was implemented an an
atuinina-zireopis layered free-form labricated cormposiu 5 a el for
examining the meehanics and maierial characteristics of coramic deptal restorations. The current in-
s1t0 Meray fechnigue is capakle of determiining the sinin values af preseribed spadial locadions on the
micten seale vsing high-cnergy synchrptron radiation and refractive becosing opics.

In coordination with the experimentad work. a Gnite element analysis ol the volunie generared
by micro-inmography  was developed. Ulas required  implementing 2 non-triveal provedure of
conveiting the tomagraph inle a 30D finfie element model. Simubaion of siniering on s real
geomelry 15 comparcd with the expenmental stiain resultz for validation of the madel. Quee validaied,
the simulaticn offers more detatled insight to mechanical properties than experimenial measuremenms
offer on their own. This comprehensive procedure of madeling aund experimeniation including
micriiomography combined with difltaction nffers a pewerlul medhod 1o quantify damage 2volution
ated strain tn ceranve layered compasites  first inended for dental applheations. vet broadly applicable
as siructiival maici alz

The composite serves

IN (RODUCTION

Twn of the vernmics commonly usesd tur denial resioratioms are alumina and  zirconia.
Typically they are wsed mdependently. hut their common sinteriug exmperakures alow combination as
laminates or as mixtures.  Considersiions for choosing ihese ceramics inclode lracture toughness.,
slrength, cost. and their aesthetically pleasing color resembling natural tecth, In general, these i
pertormanee ceramics are used as struewral members e crowins or bridges and are overlaid with
porcelutn giving translocence. Tinal color, and iestnre W the vestoration. While dwy may be sinfered
topeiler. aluming and zirconia have differenr mechanionl properties such as their elastic modali and
thermal expansion coeMicients. These differences in properties provide 2 snorec for residual siresses
when the two materiads are sintered as misiures or laminates, They sopenmipose over applied siresses
amd van accelerate or veland cracking and Gubure. Under the prolenged or evelie influence of Joads,
small cracks grone inwo larger cracks which are detrimental 1o the hife of the parl.t This i a0 scrinug
problem for all Bie-matevial applications whether considering dental restorations or inplants and joinl
replacemnent prosthe Alternaiively, the imerlice layver where the residual stresse =L Lan hq
wilored as & low fiacture eneryy region to deflect eracks and induco ougheaineg mochanisms. L
Deterpinaion of the residoal siresses in such composites and laminates has been a challenging
problem. The situafion becomes more complicaied when intmicate geomemies are invohved. Tor
instanve a dental crown,

While experiinents providing bulk propertics have been extensive, there is a lack of such
understanding with composites, This is further complicated by the contribuiion of micro-seale fealures
wuch as stress congendrators like pores and facets, Visualization of these defout wones in 30w possible
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using N-rav micrn-toinography (U-CT). Experiments usiog él-_("!' to visvalize microstiuciure and
smwmdior the evalutios of the structurs have been carried aut’ %7 Such experiments are able 1o probe
in-site mateskal charscterislics and moriter the gredua! developments I phase change. pore
distrtbuzion and. fluid apiake. v addition, effores 1o analyze quantitatively propertivs such as clastic
mvduius, Tmenre toughoess, angd the nature of siresses using M-roy diffration mensurements are
ongaing ™™ Hoth these methods. Noray micro-diffraction and X-ray micro-tomography, when
combined topether provide valuable infemation periainme W the microsieacitre and  material
propapties. Svimie of the prelimipan work on the combined experimentation bas produced results
which cvaluate swaing from positons which can be tracked by somopraphy.'® This aives
conyrehensive 31 infirmastion including spadal coordinaes where the paricular matetial propery 1
evaluated.

Pin-pointing sdress {0 o specific locabion within a 310 voume is important and has ben
challonging.” Finite element simulations are generally utilized in such scenaries, where 1 model is
gonvrated us close 15 reasonable in the nelual geometry. Mony times this leads to approximarions trom
the actual resull. However, finite element standations are advantageoous since resnlis fom any focation
thegughout the sample volume can be observed.  The present work refers to an experimental and
computaiional evaluation of alinnina-rirconia compuosites and sims to validate 2 finite clement maoded
which was wodeled with actual sanmple dimensiine using Lomography a5 input for consteting the
mesh, A comparizon ot the experimental results and sinalations will confiem the effectiveness ot bath
the experimeral technigue and (he simulations,

MATTHLMD
sample Prepaation

The cxperiment comeists of sinteved samples peoduced using a navel solid free form Tabneation,
wehnique called Robo-casting o assemble lavers of aluming and srconta. Freeform {abrication
invobves printing cobloidal fuks of the two conmies using fine printing tips oF nossles. The 3-12 ool
path privd destgn = led fo s computer numeric control sysiem o oblain the desired peometry,
follawing earlier work, ™ the <tarding ks consisted of alumina, Al f Ceaee= 5 5 uovm->C at 25 °C,

in] _111411.*'711-"{'_' at 1127 =05 and Yuna siabitized tetragonal Ziveolna. £rid- (CTR 00 -1 &l
23 70Y7 Mixtures of the twa inks can also be printed. The colloid volume fraction in the inks was

Figare 1 Selrrnatic of robocasting vsed 10 fabricate the layened compusite. 321 panting is perfivnoed
witle ink nozzles, Gine wnzzle dedicatedd we an alwnin: inh and the other 1o zircenia, {see alsn ™).
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Combined fr-Niti X-Ray Micro-itiraciion and Micre Compuoied Tomograply

Uhe Advanced Photon Source N-ray synchroetron facility at Argonne MNatiumal 1 aboratory,
Clicago wirs utilized o conduct the Xeray diffroction and imaging experimerds on the abavementioned
samples.  {he beamlive 113-2-B81 was modified se both high-resofulion emogcaphy: omd micrn
diffraction could be cunducled in-situ on the composite,  The diffraciion ©CD {Charged Couples
Devicer. the bymograghy camera and the sample stage straddles o plane inehakng the KXoy beam. The
dittraction COLY @5 onented at o 28 angde o0 307 o the beamn. Che camery wsed for jomeeraphy s
moyrted with o scintlator plate that Noeresces Xeomy s ae vizible light, A hiph-precision tronslation
stagre was used o posttion the sample with respeet 10 the Xeray

Micro-diffraction i sensitive o fallive distortion, such as those which are majorhy present in
the viciniiy of the interfi Due o this senatlivity 1t has the abilin to medasure the residual stoin i
the interfive zone fomed between the aluming and zireonla phase. L his tiicro-residual sicaro is oo
tndication of the sdvantage tn using a mistare for (he second phase. Since the tan phases Jo not mis,
some accammodaiion of each of the constifvents properties, such as CTE, resulls The resideal strain
at the inlerface 1s wenttlied from line scanx which abseeve e straiu al peints dbawing the path of ihe
tine actoes the inerface. These dtttraction measurements ane bazed on clastic displacements of atoma,
of, from their equilibrivm strain Tree lattive positions. . according te Bruge™s law, AL reom
temperature ceranics delorm clastically, & — o - do, rader than with clasiic and plasie Bow
commanty vhservad 1 motale, Diflraction dircelly ohaerves the iotal stram, ¢ — Ad S oo o these
maierisls up ontil Laikure 19 adddion. diffraction peasoreends seerage over the diffracting grning in
an tnalialed vohamne, For materials such as dental coramics. the erain size tless than | am) is sinall
relative o the bearn alfowing micro-Jitfraction mesirements (© be repeseniaive of an Tsotropin
continuumt rather than being beavily influenced by indic idual grains whese grin 1w acin stress™ may
significantly deviate from the local average.
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Figure 2 Lelt, schemmic of the difiractomeree siage. Teand e labeled photograph cght) show
the: arrangement o the diffeacion and foineerphy cameras moanted wirh relation o the wcideni
b,

Sample alignment and stability 35 very dingortant siace micro-diffraction measurenmanils are
senstiive o sample displacement.  The error in the measured Inter-planar spneing as a resobt of
. PN - - - H
displacement & is given by the following cyuatiog,

- SHH 2N F o .
A2 = 2L g =S Mo d
I3 0
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where, #1s the Bragg angle, & is the Radius of the gonjometer. Tor example. » sample displacement of
B pin adony the bean (as shown in Figure 33 causes un emor of 100x107 in A28, azsuming a 160 mm
sonivmeter radivg and a 20 of 30° This 1s cquivalent 1o a 20 MPa error in alumiva stress. Thos from
the equation it 1s evident that displacemenl arvors can he farge.
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Figure 3 Schiematic of displacement ereor caused when sample 1s moved with mespect to
ihe bemn, Reproducibiline of the ganslation stage and aligament of the sample when
moving, such ay for line scans o of, measurements depend on this exror heing sinat,

To wvedd translation errors e dlspacing, the composiie sumple und Tis iwo strain-iree
roferenees, one for cach layes tvpe. were positioned in-line and checked with 507 in plane, @, rotations
1o verify aftgnment. In sddition ihe ranslations were cheched by live radiographs. Periodis recordings
of the beam spot ad monitoring of the system alipnment were docuomenied. To withia the resobution
of the Imeasweements, translation ereors of the entire sy stem were mamtatnd bebow 10 pan with wypica
SrFOrS 16r any one exposaie mrch less than 1 o

The compnsite and strain-free reference samples were moonted wgether and sample swiwhing
was doene with the wse of Ialeral translation. Monitonng the d-spacing of the strain free references
allows corrections for g-spacing changes in the ceramiz which are notdne o livering in the composite.
For examiple. Yiria stabilizanon in zircenia or low concentraton comaminates in the alurina povvder,
Kepping these relerences i (he sume environment as the compaosite cnsures oven the same thermal
corditions are mainiained for the references. Al processing and experimentad conditions were
maintained jdentically for these specimens.

Fxperinwenio! geomeiry

ITie ditfeaction sxposures were teeorded onpte o ditfraction CCD {(QUANTIX 6303¢), oriented
at an angle of & to the incident beam. Since ooly a small are {1.2° of the entire diffeaction cone) is
recepded, only ooe compenent of the strain wnsor is observed.  Precision in 8 7 paramcunt. A
compromise is required such thal ihe brightest peaks are captured in ovder 10 have higher strain
aueuracies, yel the peakys wre clesly resolvid o 1eselotion within 2000017 #(which corresponds to a
strain of 110 A carchal chowe of the diffraction cone area iz mude with considensdions ol low
fackgrommd and inieiference from other diffracting phases, within rthe fimitations of shadowing from
eouivmeter componcnts and other hardware,
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Figure 4 Plor of Koy attienuation as a funetion of Eneray. ™ The inset shows a tvpical
radwograph and fllusteates the diflerence in Xeroy atlenuvotion fwr the two phases al
M ke,

I L dtggertant 1o note that the diffracted inteosity recoided oo the CCD is e result of
diffeaction from many sgrans i ihe sample tal Tie alenyg the beara path, Thyh-energy synchrotron X-
vays. 20 keV. were obained vsing the dooble erystal smenochromaler. Figore 4 shows the devel of
atienuation of the beam, ciused by aluming and girconia, With an absorption «dge a0 |8 keV, vimonia
whsoths mesd of the bemn. The dilfracnion signal abiained in the zieconia region 15 lirited o the
surface,  Tor rensmission the signal is fess than E% in the apconia sepion as is evidod from he
tatensine plot aed the omographie scetion shown e Figoe 5.

Imm

Figure 3 Bi-layer ceramiv wilh alumime an lop snd siecania b the botla dedry, Pomogeaphed
vobune shawine delaked ivatuees e thie conas seciion

For mmero-difivaction. the Xe-ray beawn 1z focused throngh a series ol compeonnd refrmctve
ferses W a dismeter of 14 1 % 7 tmnas messured by o raliograph ' The Tenses were placed soveral
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meiers apstream of the center of diffractdon. 1o switch hetween miero-diffraction and imaging, the
compound refractive lenses werg trnsiated oul ol the beam path, This allows the paralle]l beamn
thperegh For imaging. Further adjustmerit of the imaging beany sas dose with shits. The romegraphs
wire takes witly ihis larger paratlel beam which can be adjusted from 2 to 4 mam aoross.

Dutfeaction expeswics were ohtained [or cach scan point along the dashed Tine shown in Figare
5. A Loreniziun profile algorithia was used o fit the peaks obimined by binaing and imegrating the
rings, The tesiduad strains were caleulated by comparing these peak positions with the value ohlaimed
from thie strain-free reterences. The lwo alumina pesks namely (30 9502 1 4 which have the
strongest sigaal are used for the sieain caleatation. Figoie 6 shows an example of he CUD exposure
eiving seetions of the vdnes  The CCD was corrected for distortion by calibrating wath a CeO; standard
paracder, For vhe plot on the right, s series of integrated patternes of cerwmie peaks show the change in
composition properional to the change in peak areus a5 the line seun progresses from the aluraira
phase 4 the virconia phase.

High resolution winopraphs consisl of 4 sequence of rodiographs iaken for 223" 6 steps of the
sample about tiv cenind axis. The 3T recomsirectiong were analysed with various shee oricntations
(AMERA 31T o 3D viswalization setbwarel, Features fike cracks, pores. discontdnuities and Jdifferent
phases were abserved. The entire tomograph consists of 1824 shices, the 1ot assomblage f alf the
slices regquices 40k of memory. Each slice jncludes 1024 5 [024 pixels. The images were couverled
o B-bit TIFF format suitably rescaling the intensity ranges o mantain the conirast between the
alining phase, zirconia phase, the pores. and the crack.
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Figure & Indexed aluming peaks in ihe alomina phase The image on ihe lett is from a
scaty polid close 1o the interfazee. hence the At peaks are visibie, The plol on the sight
shows peak profiles approaching the interface.

Tomoprphy to Vinite Blonest Model

Ancimportant aim of this experiment was o deterimine the ability to generate a computational
medel of the complex geometry of the freetbrm fabricated sumiple and simuolure the sintering process
that results In residual stresses and cracking.  Recoustrueied data oblained from omography was
dipitally visuatized in 3D, The ditferent phases can e distinetly seen by the contrast, The materiol
eooblinates were registered inge o model including the matenial propertics hefore submitting 1 finite
element aralysis. The process of differentatiog the constient phases of the wmography is called
scpmentation. Segniemtation involves a Jetailed procedure of image processing to reduce noise. and
erthance key features like voids. pores. and eracks. Followad by the intial inmge processing. each

8 - Advances in Bigceramics and Porous Ceramics



Thermal Interface Stresses Including 3D Microstructures in Layered Free-Fonm Ceramics

slice wis recast vsiop @ threshold 1o extraci basie featurgs ot o beowder

fealures such ay interface delineations between two phsees £85 seon i Fiewre 53 were difficule to

sermenl using the automatic teols, and were selected inunually

Composite with Interface
after segmentation

Interface

Voids within
Alumina

Slices at the Interface

deure 7 Scemcntation of fhe sample volome Buse - 5 intensity.
Ligure 7 Sog 1£:17 f it pl ; hused on conirast and threshold intensity

Battom figures shosw orthogonal slices maving from the zircoma to the aluming region.
Ceaturss Wy the aluming reglon are cleacly seen compared e zirGonia region d i
Faat the al o are clearly seen compared 1o the zirconia region due tw
high tansmizson in the ahuning region
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Solid Volume Meshing
Tetrahedral Mesh

Slice by slice
segmentation

S
Surface Mesh generation

Figure ¥ Example images ropresenting sieps showg implemantation of sceimentation,
surteg, and volume meshing for input to finite elenent modeling,

The volume is segmented by labeling phases aveording to the material denstty. The voluwme
was teeanstructed [reme a suhset of 806 shees out of ajotal of 1424 erthegenal slices. Fach slice was
segmentod based on intensity threshold and contrasi. Sore example frames are desertbed in Figuee 7,
Following segmentation, a surface mesh is generaied oo the malerial boandaries. The surface mesh
creates a well defined clesed boundary for the cmire samiple volume including poves. This is an
importaint step sines qualiy of the surface mesh dictates the quality of the volume mesh generuted in
the suceceding step. Suclace mesh generstion iz done in steps of gradually deercasing surface
cloments.  The primary goal s fo reduce the total strface elements while maintuiining the surfsce
geomey, Reduced Geels leads 1o fewer volumednic tetrubedrons generated which reduces demand on
computations! rescurccs. For cxample, 1021692 oirahedions were emploved In our saloulations,
Reduchon from {,739.707 facete to 50000 faccts was typical.  Afier a enccesstul surface mesh is
gencrated. the marching al g\}rithmz“ fiils ihe volume with teirahedral of nodal properties conesponding
o the muteriol It contnins.

tE Analysis

Afler the vodumetne tetrahiedral mash was gencrated (Anurag the model was exponed {or posi-
processing (Hypennesh ¥7) where mesh vatidation and refinerment operations were done and linally
converied 1o an input formar for Finite Llement Modeling (FEM), {Abaqus v6.6). The wput file has
Jetnls of podal properties. interface comtact nodes. and spatial informarion. Fiyure 9 shows a
comparison of the radiograph of the composite and the finfie element mesh generwted from the
tememaph, e region where the diffraction line sean was recorled is depicted. Model orientation
with Teapect 1o e co-ordinate systent was established before the nodal path was assigned. The
erentadion with reference to the hean was digivally fived by hand using visual feedhack eomparing the
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orientedl miesh with the radwopraph. Ascseens in the Vigere 8, a snisdl ervor in the ratational oiemation s
possibde.  Thrweser. Uws hes minimal impact on the resulis stiec the sample B generalis avaally
synunctvic. Aabmating this siep could jmprove the atigniment

TOP VIEW

200um  gipE VIEW

Cigure @ A Comparison of the resl sonple and the real finite element geometry generaied jo
madel residual stress, Left top: Radingraph indicpies the position of the X-ray exprsures o tla
sample with respact [ the microbeam. Lefh botroe: Side view of tena mesh for FEML Thes
srigntaiient Wiy msed @ saukie the sreams eheorved by diffraction. Right: Top view of e
mesh,  This eticnraeon mere clearly shows the path of the X-ray besm wsed tor stain

BRI

The TEM vode™s primary purpose was i conduct the simulation of thermal residual stesses in
the composiies The thermal restdual siress was simulated i a stadic general step with 1) inercmental
stepa. The temperature dependant thermal coefficiont of expansion tor slummma and wrconia iy wiilived
for thix anslvsis . Fot compuison. an ideal cylindricol Bi-kwver composite was also odeled.
Muaterial properiics corvesponding we aluming and alumina-zircomia were imialized ai the nodes wsing
region parlitioning. The emperatuee step was apphied by delining an iniial. 1000°C.and final. 25°C,
tereperature fieh! around the sample, Average computation time for the comples tomography model
and e idcal eybinder model wre 12 houes and T fwn respectively on an Intel fentium-4 32007,
machine,
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RESITTR

‘Fhe residual stramns in the aluming region are compressive as compared 1w the Zlrconis Tegion,
For the plane parallel to the interface. the X-ray integrated residual siran reaches a mostmum of
273107 at the inlerface Far flom the interface, the residual sirain relaxers to the strain-free valoe
The strain falls fo holf its maxiowim, 1080 g from the interface. Pigure 10 plots these strains as a
function of distance from (he interfiee. A radiograph showing the path of the Xoray line sean i alsa
shown. The figare shows registratinn of the strain data on the corvespousding radingraph. The position
avcuracy is maintained by tracking the conndinares of the nucro-beam spot and oserlapping the two
ruincs.
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Figure 16 Topo A plot of strains frooy an X-ray line scan aceoss the interface in the zireonia and
alumina Jayered sample. The plob also congisds of the predicied vahies oblained from FE
simubations {ideal ey linder and the real geomeiry L The measured straing approach 7oro olose o 2
crack visible in the ssanciated radicgraph choltom), The crack iniflates fom a noteh as a sieess
comeonirater and wavels inte the aluming phase, oatinating within the integor

The residusl suaine also relax near ihe vrack visible W the radiograph., This crack can be
clearly observed tn Figure 5 which shows an arthogonal section taken from the ownograph, A ccack
tepizal {or this saniple fype was observed. The crack originates fiom the poriphery at g regdon ol stress
concentration within the alwisna fayer and then preceeds away from the interface at an angle of about
M The erack appears in the sepmentaiion process a5 A low absnrption pas phase. Uhis ek regron
was mantally filled-in, with the sorroundine madeeial propertics in the sezmentation module for FE
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models. Uitilizing bath the radiceraph asd the bean-spot position, il fise sean region in the VE
simulation iy also matched woextract results Tor the samie repion s doneg experimaentaliy —an
sdvantage provided In tomography

Beaidual strain resulty for ihe simple cybnder 2ase are shown in Pipme 1 A maxbmgn
compressive steain inlegrated oleny o pagh stoulaing the Xoray beam renched <3700 x 107" at e
werface, The strains abeng the beam path have been mregrated 1o determing a strain value of 1 volume
comparable o that obsenved with X-ray «diffraction. The contour phot oblained trom FEM a5
overlappad with the pothy ol which the nodad informstion was gathered . Dewnniing coondingles tor g
desired Rede is gasy Tor the simple evlinder case, bt beenmes challenging for the more comnplex
freelomm geometry. Lo avaid complexities in determining the coordinates of the ling scan. a path was
defined glemg a seow peint which colleets nodal as well as elemental intersection values afong the path.
The sean path consists of podes alomy o pre-defiped poth and henee only o poiet reginn. Whereas o
ile casc of the X-ray diffraction micastrement averaging of <trains takes place at discrete diffiacting
grains along o beom path over a volume which contains the arca of the boarn (14 o x 7 ym’

S00

Figure 1l Contour plot showine o scetion of the deal cslinder FE simulation of the
alumina-zircomia bi-laver composite. The cress-seclion correspoirds o ihe liee sean
showing the region theough which the straing were integraled.  The strains were
inicgrated along the marhed paths {(white)

Kesults of the simulation on the wnnography based moded ate shown in Fheore 20 A direc
comparison belwenn the ideal and the real geometry shows thal the real peometry takes Into acvouit
the woids present as processing defiects along with the complex exterpal geometry, s observed that
the iegrated anaximune compressive residual steain a the interface region 1w =245 % 107 which 15
bower (ahimost T0%) than the teal model case.
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Figure 12 Contaur plet showing FL simalation of the alumina-zireonia biloyer composite
modcl based o the real geometry provided froim tomeeraphy - With the cutavway view.,
the intermul voids and pores in the aloming region are clearly visible,

PISCIISSICHN

Stgnficant CTE mismatch Debween the twa pure ahaning and zirconia layers exise (g =109
at 2570 and dan S A0 gl 2550, 1000 pmyimSC A 112700 }.l': which alften resulis in
vracking due o residual stresses. A combined iomography and diffraction measurerent Loads to
precise regisiration of the scan poimts on the sanple. which pinpoints the location of the mweasured
stinins i the context of the local microstracture. At this scale with the presence of defects, accurac
reglsration of the mapped ares becomes increasingly critieyd compared 0 volumziric measnrements or
bulk avernge measurements. 1t is meen in Figure 6, that as the sample was scanned in the difraction
misde, alomg fine seans vunsing foom the alumine region to the zirconia regieit, e Intensitios of the
zireonia peaks increases aind that of aluiming decreases gradually, This gradual change is influenced by
the mtegration uf the wiensities coming from all the grains slong o beam path through the sample.
Uspecially at the intertacs, sinee the imerface is not a flat planar peomefry | the beam goes through Poth
the aluming and Zirconia graivs  Hewever, this X-ray integration of strains acrass microstruciural
leatures s ancimportait sspect repading interpretation of the resideal stress state of the composite.

Withort considlenng the FERM medel. the experiments clearly reveal compressive residual
stresges exist parallel 1o the interfaes in the aluming region amd tensile residual exisl o fhe
zirconis-phuioa side of the interface. The highest strain value ebtained froin the X-ray difitaction
was acarly Wi ¥ 07 at the interface. The coanpressive sirsins persist op o 1.2 mm away trom the
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iniciface. Wihers the cruek s present. =s saen i the radicgeaph, the strain value was obseryed o relas,
Aw evpested. this relaxaiion cantrasts e the finite clement model, The viack was elosod Tor e model
10 avoid a singulan in the solution and (s inubility i madel large scale deformaiion a5 in cose ol &
crack. Crack initiation might be intened {rom the siress valnes in the mndel which are proater than ihe
yield stress.

An important Tesult of this experimest and the corresponding finie element model s the
evalualion of stram values obtained through the imiegrated grain volunme.  Sinice (he esperiment
invishves 1he fransmission geomebry, diflraction patlerns consist of infensities from many grains,
Hencd, results represent average stratn values fiom fnany grains in the beami path for 3 particudar sean
point. and not From o pavtivular graim. The yevidual strain values froim the experjosent were closer o
the simulaticn valoes tor the real peomaetey simulaton than the jdeal evhinder ease. This i doe o 1w
(st that the real szomeiry simulation nat valy sceaanis for the serfiee morphodoy, bt alse takes: il
aecount the voida and katerface shape. ualike the doad evhinder. This validation of the finde cloment
modet suggedy that the model can be used 1o generte values For the sirconia region which otherwvise
aure difficult 1o probe with X-rays due w siroiy ahearption.

Conversion of the resl geometry to the fimte clement madel through wmosraply was
suceessiuily implamented. The eriginal resoluiion of the Trmmges acyuired is Tar higher than that used
in the finle clement model. This leads w eliminaton of vobds smaller than 10 microns, Use of higher
mernory A computationa pisver would nverconse this imitation.

CONCLUSION

A conmprebensive and eltzelive experimental wnd  computaiiona] provedure capable of
determining computing thermal residoal sirains conesponding o pores and phase bounduvies sach us
the Javered intorface was Jeveloped. The computational model generaied for an ddeal case and o real
geometry were validoted throvgh experimental resalts. Gencralion of the 30 modet invobved large
dawa volumes, This volime mnst be carcfulh reduced without comprenising the fine detaily aflecinng
a analysiz. Both the experimentai and computationad techniques, evalunted a maxdinum compressive
residual struin in the plne of (e mterfree close 1o 275x107 due w the coefficient of thermal
expansion mismatel. This comprossive sivess remained oy to 0.2 nun inio the Aluming layer falling
of " the Far-fTek] strain-tree value, possibly prematurely dae oo cruck. Since the morpliology iz
complex, these experimental results are aided by comparison with sinmlations.  Yhe validsted
simularions for the ceramic compusite predicl principle siresses 1n excess ol 300 Mg ai ihe interface
region,

It was shewn from simudations that weloding the real sample geometry was sinificant i
understanding the charactenisics of the mterface and residual sirain state around it The srain rezafi
catemtated Tar an idest eylinder were nearly 20%: greater than e results for ihe woal yeometry, The
real geometry includes features such as she mwerface shape. exleral peometiy. and interior viads, The
siandard deviation of the strains cvnloated by nucro-diffraciion is neavly 16xHY" for the alunnna
region, The ritconis layver, where siviin evaluation vsing X-ravs i3 more ditficulr. can be simulaed
with addrional conldence die o the validawed moded.
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