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CHAPTER |

1.1 Background

Today dental restorations such as bridges and e made of a combination of
different ceramics in complex shapes. Traditignallo avoid residual stresses,
manufacturers have tried to match the thermal esipancoefficient of the typical base
zirconia with a porcelain veneer. However, anito-sonfirmation that such a match was
successful was never observed. Furthermore, r@sgltesses not only originate from
thermal expiation mismatch, but they also develp@dunction of the elastic modulus,
Poisson ratio, grain-grain interactions, and off@ameters related to processing such as
the cooling rate of the dental restoration. Corsgiree residual stress at the surface of a
ceramic or glass has been shown to prevent cratktion and growth, improving
damage resistance. The scope of this work isrdsdiual stress not only on the surface
plays a critical role, but the overall state ofidesl stress significantly governs failure
and lifetime of ceramic dental restorations. Watw insights, novel crowns could be
designed with an understanding of residual streks.addition, stabilized zirconia is
meta-stable and transforms to monoclinic undeicatistress situations. Our preliminary
results show that zirconia undergoes transformatiiorelax residual stresses. This is

another important factor in design, because thaissfiormation under critical load retards



the failure. Knowledge on phase transformationpted with residual stress states, layer
thickness, and the manufacturing process opensheipkeys to designing longer life

dental restorations.

1.2 Problem statement

Catastrophic cracking limits the life time of mod@rowns made of multilayer ceramics
to a few years. Resistance to damage initiationldvadd years to the useful service life
of dental restorative materials. The hypothesi€dampressive residual stress, when
applied at the surface of a crown, inhibits craditiation and improves damage
tolerance. The main gap to validate the hypothedise lack of well adapted laboratory
experimental methods for residual stress measurenttaving a constraint of fixed final
geometry, identifying the design parameters thatilccobe changed to achieve a
compressive residual stress at the crown surfawoe,aamodel to predict the residual
stress are the next challenges. In addition, Istatizirconia transforms to monoclinic

under critical stress which couples with any realdiress.

1.3 Literature review

With favorable compressive strength, appealing etstyy chemical inertness, and
biocompatibility; ceramics have become widely usexddental restoration materials.
With both esthetics and better mechanical properéigpectancy continuing, layered
structures of high compressive strength core pgétatline yttrium stabilized zirconia
with a porcelain veneer has become a dominant reggin material [1,2]. With a

relatively high cost of replacement, and patiefiet dixpectancy continuing to increase, the
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need for extended service life dental restoratiomtiouous to grow. Recent research in
this field is focused on more reliable crowns, siacestoration’s service life is limited to
a few years until catastrophic fatigue crackingt[3The most common failure mode in
the porcelain veneered zirconia system involveppihg and crack propagation in
porcelain or along the interface at the porcelaie svith little tendency to run through
the zirconia core [5,6]. External applied load nalijmprovides a motivation for zirconia
tetragonal to monoclinic phase transformation [7F&jsidual stress plays a critical role in
failure of all materials including ceramics. Thabfication process of bi-layer ceramics
requires a temperature change from sintering tonrt@mperature. Typically, to avoid
residual stresses, manufacturers have tried tomiagthermal expansion coefficient of
the typical base zirconia with a porcelain vene€rl(Q]. However, an in-situ
confirmation that such a match was successful vea®mobserved. Residual stresses
created as a result of thermal expansion coefici@amatch may be sufficiently large to
influence failure. FEA models predict high stressaentration in dental restoration due
to residual stress caused by coefficient of therragpansion mismatch during
manufacturing and by applied loading [11]. RecenBale et al [12] performed
measurements on the zirconia core of crown systesimg Synchrotron X-ray diffraction
and found that the magnitude of residual stresginconia can be as large as 1 GPa
locally after veneering with porcelain, and the magle and sign of residual stress can
change also. But the magnitude and distributioresidual stress in porcelain has never
been measured. Furthermore developing a methodr¢hies on Laboratory X-rays or

other more easily accessible systems rather thachBgtron radiation is a needed. Y.



Zhang et al explored the possibility of measuring tesidual stress of both zirconia and
porcelain by nanoindentation [13]. Up to now, theeere been no studies using 3D FEA
to determine the effect of stress induced phasesfivamation in zirconia on stress
distributions. Importing the phase transformatmechanism in models has not been
limited by complexity, but there is no proposed ek to fairly validate the predicted
results. This present study implements an advarmededure using micro X-ray
diffraction with a 2D area detector and preciseitposng stage to map the phase
transformation over the large complex cross-seaticawrea of a fractured crown.
Although it has been proposed that, zirconia unolesgransformation to relax residual
stresses [14], there is a lake of knowledge on wgakntified phase transformation
coupled with residual stress states. In the cased#ntal crown, the bi-layer is not thin
compared with the curvature radius of the surface the state of residual stress can be
estimated from the local thickness of zriconia podccelain layers. Residual stress in bi-
layers depends on relative thickness of the lajjlérls There are reports on residual stress
distribution in a bi-layer [16], but they have mbudied the effect of changing the relative
thickness in their model. Micro-Computed Tomograpghaya, collected by H.A Bale et al
[17] contains the required information for thickeemeasurements. Overall, reviewing
the literature revels that, knowledge on phasesfcamation coupled with residual stress
states, layer thickness, and the manufacturinggsopens up the keys to designing

longer life dental restorations.



1.4 Specific objectives
The following are my specific objectives to achidwee the ultimate goal of designing

long life dental restorations.

1.4.1 Test and implement a suitable laboratory residual sess measurement

method

The magnitude and distribution of residual stressthie crown system are largely
unknown. Determining the residual stress quantégt is challenging since the crown
has such complex contours and shapes [18]. Theoagp for this aim is based on
measuring residual stress on the zirconia sidepaentially validating the result with

other residual stress measurements [19].

1.4.2 Map contact induced phase transformation of a denfaceramic

Chipping failures observed clinically in bi layeysseems of porcelain and zirconia
restorations should be coupled with a monoclini¢etbpagonal phase transformation in
the zirconia layer due to the high stresses. Fhigly implements an experimental
method to map the phase transformation, after appliocal compressive load until

fracture, mimicking the clinically observed chipgifailure [20].

1.4.3 Investigate a combined residual stress and phase amsformation

measurement

Predicting the residual stress plays a key rolalesigning bi-layer ceramic crowns.

Residual stress can be relaxed by phase transformas$ the monoclinic crystal has a
5



larger volume than tetragonal. The objective ismeasure both stress and phase
transformation on a failure sample. This could deiee the stress threshold required for

phase transformation to happen.

1.4.4 Develop a New method for X-ray diffraction mappingon curved surfaces

In case of dental crown, a part of surface maylktbe X-ray beam before reaching the
desired point or diffracted rays might be blockeditiplly or completely before reaching
the detector. Considering a complex geometry afoave an efficient method for X-ray
diffraction data collection mapping on a given @athsurface is required to be developed.
The idea is to use a video-laser auto z alignmgsiem to collect the map of heights on a
fine mesh grid. Having the height of the exposumats, surface geometry and surface
normals on the 3D surface fit are accessible. Wordahm is essential to calculate the
required rotation and tilt angles to coincide thenple normal with the diffraction center

before each exposure. Collected diffraction franessilts in phase transformation map.

1.4.5 Demonstrate porcelain layer thickness measurement ethod using X-ray

micro tomography

The aim is to utilize tomography data to recondtrine 3D structure of the crown
followed by finite element surface meshing to chdtelithe minimum distance between
nodes on surfaces. Thickness measured using #tlsooh can be coupled by bi-material
bending equations to approximate the state of wasistress at different locations of the

crown.



1.4.6 Model residual across the porcelain layer thickness

Developing an analytical and finite element model that predicts the residual stress for

complex crown design, especially at the veneer interface is the goal of this section.

1.4.7 Provide a recommendation for porcelain thickness irmodern crown design

Understanding the residual stress state and phase transformation in a crown and
implementing controlled stresses for a new generation of crowns provides a tool for
producing high performance, reliable dental restorations. The objective is to find key

roles like lower limit for porcelain veneer thickness.



CHAPTER Il

2 Micro x-ray tomography and non uniform thickness measurement

The fabrication process of bi-layer ceramics rezgia temperature change from sintering
to room temperature. Residual stresses created &assult of thermal expansion
coefficient mismatch may be sufficiently large tdluence failure. Theoretical models
predict residual stress as a function layer thiskneThe scale, and to some extent the
geometry, changes during the firing process. B ¢hse of complex geometries like
dental crowns, micro-X-ray tomography is a uniqua&-destructive technique for layer
thickness measurement. A method of developingitefmesh model of real components
involving complex geometries has been developedutyit the use of X-ray micro-
tomography. This method computes the minimum degabetween two triangulated
surfaces constructed from tomography data. Fdn gadex of one surface, it computes
the closest point on the other surface. The vetegr thickness distribution was
combined with residual stress curves advancing umgerstanding of the lower limit

threshold of thickness in dental restoration desighn important observation is the



significant range in predicted residual stressianvteneer top surface from a tensile stress

of 80 MPa to a compressive stress of -70 MPa athtbkeness increased to 0.5 mm.

2.1 Introduction

A wide range of industrially important materialsorh aircraft engine parts to dental
crown ceramics, are made of bi-layer or multi lagteactures. The application of layered
ceramics or metal ceramic components is challefmyethermal expansion coefficient
mismatch that creates curvature effects and resistvess [21,22]. Timoshenko fist
derived a general solution for bi-layer bending tlueesidual stresses [23]. Considerable
efforts [24,25,26] have been devoted to analyzesidual stresses for multilayer systems
because of their wide application as microelectroaptical, and structural components.
Residual stress in the interface of a bi-layeredensl is a function of layer thickness
[26,27]. In the case of a dental crown, the belays not thin compared with the
curvature radius of the surface, but the stateesidual stress can be estimated from the
local thickness of zriconia and porcelain layerblere we focus on ceramic dental
crowns. The base layer almost has a constantibssk typically around 0.5 mm, and the
thickness of porcelain is varied to create the et and functional geometry of the
crown. Micro X-ray tomography slides have beendusereconstruct the geometry of
crowns for finite element analysis [12,28,40]. Akaami et al used sequence of
microscopy images for 3d reconstruction of a fimexdel [29,30]. Here we will explain
a method that utilizes tomography data to reconsttiie 3D structure of the crown
followed by finite element surface meshing to chdtelithe minimum distance between

nodes on surfaces. Thickness measured using #tlsooh can be coupled by bi-material
9



bending equations to approximate the state of wasistress at different locations of the

crown.

2.2 Micro-X-ray tomography and non uniform thickness

Micro-Computed Tomography data, collected by H.AeBand J.C Hanan [12], was used
for 3D reconstruction of a bi layered zirconia pain. The following discusses a
method used to calculate the local thickness optireelain layer. There are two surface

functions, for zirconiaf,(x,y)and for porcelairf,(x,y), obtainable from X-ray

tomography, as illustrated in Figure 1.

Jxy)
Porcelain
Layer
1Y JAx)
g Zirconia
[ f‘ Layer
(.
i
71‘
X
N b,
A b,
’.k_‘:%
. ¥

Figure 1 Graphical rendering of tomography from a bi-layer dental crown made of ceramic base

covered by porcelain.
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Becausef,(x,y) and f,(x,y) are two locally variant curved functions, the diste
between them is not well defied. It is possibleatculate the shortest surface-to-surface
distance for the grid points laying on one of thefaces. Here we are interested to
measure the shortest distance between each pofpxor), the base surface, relative to
the outside of the porcelain laygs(x,y) surface. Therefore, the zirconia upper surface
is considered a reference surface, and the minimlistance to the porcelain surface at
each point is desired. If coordinates are seleagedhown in Figure 1, , we are dealing
with two real valued functiong,(x,y) and f,(x,y) that satisfyf,(x,y) < f,(x,y) for

all point on the domain of,(x,y). This is az-simple geometry because the region is
described in a simple way, usiagas a function ok andy. This means, for each pair of

“X, Yy’ there is one unique correspondirgj Value.

a)
Q
o, 4 Porcelain
: all 2 £ W Zircona

b) P

Figure 2 a) Distance between two straight lines b) Minimum disince between the nodes on

two straight lines ¢) Minimum distance between tw curved lines.

Figure 2a shows that distance between two parkties at s certain point P can be

defined as the length of the normal vector thaginates at point P and ends at point Q.

11



Instead, if we grid the top line with very fine g$e the minimum distance between the
nodes and point P in Figure 2b is the same asndist®Q in Figure 2a. The same
analogy is extendable for the distance between3iv@urved surfaces at a certain point

on one of the surfaces, as illustrated in Figure 2c

2.2.1 Converting tomography to key information

Three dimensional data visualization and finiteredat triangular surface meshing was
carried out in Amira 3.1.1. A customized MatlaldeqAppendix 1) was developed to

extract the nodes that belongfigx, y) andf, (x, y).

X;(x;, vy, fp(xj ' ¥) ‘

© Interface nodes
Porcelain surface nodes

5 X O, v £ )

b) ‘?;-.',-.-;' e :

Figure 3 a) Triangular surface meshing of tomographed crowrb) Extracted surface nodes
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For a better visualization, nodes for the uppefasar of the porcelain layer are colored
green in Figure 2, and nodes for the interfaceaserfof zirconia and porcelain are

determined with a red color (this appears darkélack and white).

2.2.2 Layer thickness distribution

The minimum distance for a poimton the interface surface that has a coordinate of

X; = (x;, ¥ f,(xi, 1) ) on the domaina,, b,1] < [x;, ¥i] < [az2, b,2] is defined as,

d(xi,yi,2) = min{J(xi — )%+ (i —¥))?* + (F(x0, 7)) — fo(x,¥;) )? ; for all possible j}  2-1
Wherej is the index for a point on the interface surface (zirconia surface) that &a
coordinate oX; = (x;, y;, f, (x;,¥;)) on the domain of0,0] < [x;,y;] < [ap2, by2]. The
distanced (x;, y;, z;) is always positive real number and is equal t@ zrintersecting
points or overlapped regions. A histogram of tistathce measurement is illustrated in

Figure 4.

Frequency

| |
0 05 1 15 2 25 3 35 4
Thickness of porcelain layer (mm)

Figure 4 Histogram of minimum distance measurement.

13



Because the density of nodes in a certain areduadion of surface fluctuation, nodes

are randomly distributed on the interface and vestesurface. The region with more

surface fluctuation has more density of nodes immarison with flat regions. This has

not affected the accuracy of the minimum distaneasarement for a particular node but
introduces an error in the histogram of distansgrithution, because we are not sampling
the domain with equal probability. In addition tstogram of porcelain thickness, using
a Matlab code (Appendix 2) a colored 3D map of munin distance measurement was
created. Different rendering views of the resalts shown in Figure 5. Each triangle
face has three nodes. The average of minimumndistéor those three nodes was
considered as the face minimum distance. Facesd@oeed based on their average

minimum distance.
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Figure 5 Colored map of minimum distance measuremen

2.2.3 Redistribution of nodes using 3D interpolation

Accuracy of the thickness distribution depends amiber of the nodes and how fairly
they are distributed on the surface. More numbemcales increases the computation
time. Calculation time is reducible by applying@nstraint on the searching area to a
ball with radius of appropriatey instead of global searching for minimum distance.
Increasing the number of nodes does not guarantesd density of nodes on the surface,
because sharp edges and regions faced towaeddihection will have more contribution

to the distribution. A simple solution to thistesweight the distribution by node density.

15



Figure 6a illustrates a 3D interpolation betweeanittierface nodes implemented to create
a regular mesh, which provides an easy accesstadtlies coordinates througland|

indexes for programming loops. New set of nodekected as the edges of the grid that
covers up the surface is illustrated in Figure BBing the same method new sets of
nodes can be created for the porcelain surfaceells Whese two new sets of nodes are
distributed with equal density on their projectionthe x-y plane. Comparing Figure 6c¢
and Figure 6d, nodes located on the walls of tbemercover more surface area than the

nodes on the top.

Area covered by node 7

HH 3D fit

e Interface nodes

B J
L O L

':11
)

d)

High density node region

Figure 6 @ randomly distributed nodes (blue markers) with a3D interpolated surface (black lines).
b) Generated regular nodes with an illustration ofthe area covered by nodes in a relatively flat and

sloped region ¢) Zoom on high density node regior) @oom on low density node region.

If we multiply the minimum distance calculated feach node by a unitless weight,

corresponding to the area that the node coverstethdting histogram of the weighted

16



distance distribution is corrected from the prioda distribution error. Decomposing the
surface between the nodes is simply an implememtabf \Voronoi tessellation

decomposition of the surface with the seeds locat¢lde nodes.

These required coordinates labeled with A, B, C Bnth Figure 6d, were computed
using 3D interpolation. The surface area corredpmnto a node located in a point
X; = (x;,yi, f,(x;,y:)) can be approximated by the average of four crasslyot

absolute values, if given the coordinate of theatgin vertices that engulfs the node.

S(xi, Yo £,(¥) ) = 7 (JAB x AC| + |AB x DB| + |BD x DC| + |AC x CD|) 2-2

The shortest surface-to-surface distance alongirkexface surfaces, and the area
belonging to the nod®(x;, y;, /> (x;,¥;) ), was calculated for each node using a Matlab
code.

The profile of a calculated Voronoi cell area foodes along the cross section is
illustrated in Figure 7. There are two peaks dhlsides of the profile corresponding to
the wall area of crown which has more slope ans tesity of nodes. The flat region
between two sharp peaks is related to the topsidathe crown which has greater areal

density of nodes.
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Area (mm?)

Figure 7 Profile shows the area corresponding to #hnodes.

In order to better visualize the effect of the rodkstribution density on thickness
calculations and requirement of correction, a confaot of the area belonging to the
individual nodes is shown in Figure 8a. FigureiSthe histogram corresponding to the
contour plot. It can be seen, most of the are&mnpang to the top portion of the crown

have the same range, but values are much higheth&mwalls, which confirm the

x10° Profile of area covered by individual nodes
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importance of the node distribution correction.
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Figure 8 a) Contour plot (top view) and b) histogran of area covered by nodes

2.2.4 Corrected thickness distribution using probability density function

For weighted by area nodes, we cannot simply plethistogram, but it is possible to
calculate the Probability Density Function (PDFhiet here is a function that describes
the relative likelihood for the thickness of a Igyas a variable, to occur at a given point

in the observation space.
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Figure 9 Probability Density Function (PDF) for thickness of porcelain layer in typical
porcelain covered zironia base dental crown.

The PDF of minimum distance weighted by node aseshbwn in Figure 9. This PDF
thickness distribution is independent of node dgndistribution. A histogram of
minimum distance measurement (Figure 4) was caudecising PDF information as

represented in Figure 10.
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Figure 10 Histogram of minimum distance measuremenbefore and after correction.
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Comparing histograms of thickness distribution befand after correction reveals a
considerable change at thin thickness region {less 0.2 mm). Errors in distribution are
introduced mostly in thin regions (less than 0.2 )mivecause locations with thin
porcelain layer thickness have more complexity gorgetry variation. In general,
meshing software dedicates more nodes to mairt@mgeéometry variations in complex
geometry regions which later caused the error ioktless distribution. Using the

described technique the correct thickness disiohutias measured.

2.3 Analytical model for residual stress prediction ina bi-layer

This analytical model used equations that coupestrain at any point of the ceramic or
porcelain to the curvature and displacement ofarggric mid-plane of the two coupled
plates. Figure 11 illustrates a cross section iahdterial plates before the residual

stresses were in effect and after the resultingrdeition due to bending [31].

It was assumed initially that line ABCD is straigind perpendicular to the mid plane
and remains straight and perpendicular to mid pédtex deformation. Displacements of
point B after deformation in directions y, andz will beu,, v, , andw, respectively.

The slope of the bi-material mid plane in thdirection is:
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Figure 11 Cross section of bi-material plates befer bending and after deformation due to
bending [31].

. 6W0
T Ox

Whereu is displacement in thedirection of a point C located on line ABCD attdisce

a 2-3

z from the mid-plane which is given by,

=uUy— zZa 2-4
Combining equation 2-3 and 2-4 we obtain,

-, V=V — Z—— 2-5

Equation 2-5 relates displacemenin thex direction of an arbitrary point to the distance
z from the mid-plane. Similarly for the direction it relates displacementto the

distancez from the geometrical mid plane. Using the defomitof strain and neglecting

Eyx Ex kx
{Sy}= &) +Z{ky} 2-6
yx)’ ng kxy

normal straing,,



Where 7, e) andy,) are the first derivatives of the displacemanendyv; ki, ky;, andkyy

are the second derivatives ofandv. Equation 2-6 shows a linear relation between
strains and thickness variation in bi-materialor &vo dimensional cases, all the terms
related to the-axis may be dropped to simplify the stress-straiation to,

Oy é11 Q12 Q16 €x

{Uy}z 612 @22 @26 {63’} 7

T 5 0. o |l
Y Q16 Q26 Q66 *

Stiffness matrixes for zirconia and porcelain |syare [32],

Qn Q2 O 21543 4734 0 |
Qiz Q22 O = 4734 21543 0 [(GPa)
0 0 Qeelyreonia L O 0  84.02l
2-8
Qi1 Q2 O 7356 1618 0 ]
Qiz Q22 O =[1618 7356 0 |GPa)
0 0 Qselporcetain L O 0  23.69]
Mechanical strains denoted b while ¢f, ], and y,,, are thermal strain.
ey Ex &x &9 ky a, AT
E}I‘,/I = Ey — E:’)I;‘ = Sg), +z ky — ayAT 2-9
)/xMy ny )/;[c‘y ng kxy leyAT

The coefficients of thermal expansion, are dendtgde, anda,. Equation 2-7 is the

reduced form of the following general matrix, wheke B and D, are the stiffness

matrices, coupling stiffness matrix, and bendinfngtss matrix, respectively.
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ol ?11 ?12 ?16 s%z + k, — a, AT

ol }= Q, @y 0Q,|d &2tk —ayAT 2.15
— ~ ~ 0

Thy Q1 Qy Qp) a2zt kyy—0, AT

NY_[A B 60} )
(=15 oIl 210
Residual stresses originate within the compositenujring the porcelain layer on the

zirconia at a temperature of 1200 K and coolingdom temperature (298 K). The

calculation may be carried out in the following seqce: AT = 298 — 1200 = — 902

NT —1.7524 My -0.2301

Ny b ={-1.7524{ (GPamm);{ M} ={—0-2301} (GPamn) 2-11
T 0 MZ 0

NZ, x

Using the inverted form of Equation 2-10,
-l sl
=4 B 2-12
{k B plm"
Using Equation 2-12, the matrix mid-plane straind plate curvatures were evaluated.

ex' 037 — 1.3z & —0.53 — 1.3z
Exy = {0.37 — 1.32} x 1073 and{ x) = {—0.53 — 1.32} x 1073 914
M M
Yxy zirconia 0 Yxy porcelain 0
&) (-9.8 ks ~13
ey =1-9.8; x 1073 and{ ky ¢ =1-1.3} x 1073 913
¥, 0 kzy 0

Mechanical strains that cause the residual streasescalculated in accordance with
equation 2-9

Residual stress distribution was obtained by stulistg the strains in the equation 2-7
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The stress profile is assumed linear across tlo&riess of a layer. Stresses at a surface

layer and interface between two layers were catledlas follows,

Zirconia layerz= 0.5 mm

& 2.8 0x) (=735
Exy =1-28{x10"*and {oj ¢ = ]-735{ (MPa) o6
Y;?Sl/ z=+40.5 0 TZC")’ 0
Zirconia layerz=0 mm
&' 3.7 oy 97.2
eyt =1{37;x10"*and {oy t =197.2{ (MPa) 517
Y%x 0 ‘[5 0
z=0 y
Porcelain layez = 0 mm
&' 5.3 o) (-47.6
Exy =153;x 10™*and{ oy ; =1-47.6{ (MPa) p1g
Yy 0 Tl 0
XY/ porcelain z=0 xy
Porcelain layez = -0.5 mm
el 11.8 o) (9.7
Exy =111.8{ x 107* and{ o7 } =19.7} (MPa) 510
Vay 0 7L 0
XY/ porcelain z=—0.5 xy

2.3.1 Application of the model for various porcelain thikness

For x-y reference axes, the variation of residuatsses across the ceramic layer

thicknesses is shown in Figure 12. Residual stnassa self equilibrating nature, so the
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net area in each plot and the moment of the areatamy point are zero. The residual

stresses were tensile on the zirconia side of titerface and compressive on the

porcelain side.
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Figure 12 Residual stresses versus thickness of éag (M.V.Swain [38]).

The slope of the residual stress curves dependhenemperature gradient from the
firing temperature to the room temperature. FidilBeshows the predicted residual stress
profile for different curing temperatures. Usirgstmodel, it is possible to predict the
effect of porcelain layer thickness (for fixed zinta layer at 0.5 mm) on residual stress
in particular positions of interest as shown inufeg4 for bottom of the zirconia layer,
interface of the zirconia side, interface of theagetain side, and top surface of the
porcelain. An important observation to note, is significant step in residual stress from

a tensile stress of 80 MPa to a compressive swésg0 MPa as the thickness of
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porcelain layer was increased to 0.5 mm. Furthegma gradual increase in residual
stress was observed from -70 MPa to -20 MPa athtbkness was further increased to

4mm.
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Figure 13 Predicted residual stress profile for diferent curing temperatures.

2.4 Combined residual stress prediction and thicknessisitribution

Using the model described in this chapter publishadier [27], it is possible to predict
the effect of the porcelain layer thickness (hered fixed zirconia layer at 0.5 mm) on
residual stress in particular positions of interfest the bottom of the zirconia layer,
interface of the zirconia side, interface of thegetain side, and top surface of the

porcelain; as shown in Figure 14. (Appendix 4)
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Figure 14 suggests that most of the drastic chaimgesidual stress occur within 0.5 mm
of the porcelain thickness. The case of a constambnia thickness with varying

porcelain thickness is of greater importance duigstoelevance to the dental restoration

geometries.
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Figure 14 a) Residual stresses in the interface and top arbttom surface as a function of porcelain

thickness. b) The locations A, B, C, and D with rgeect to the bi-layer geometry and 7 indicates the

thickness of zirconia and porcelain. ¢) Histogram o minimum distance measurement after

correction.
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The current model considers a perfect joint betwberayers. In an improved model the
strength of the layers bonding could be introdudedthe model. This requires
measurement of bounding strength of the two lay8imilar method that has been
implemented in the reference [33] could be usedébecting the best bounding material

for porcelain-zirconia system.

2.5 Conclusion

The residual stresses between two disks of zircanéaporcelain fired together at high
temperature and cooled down to room temperature wexdicted. The residual stress
was tensile in the zirconia side of the interfacel aompressive in the porcelain side.
The magnitude of the residual stress depends tialiand final temperature as well as

the thickness of the porcelain and zirconia layers.

Based on the fundamental equations for strainnafyical model for a bi-layer ceramic
composite was developed. The bilayer model cangisif a 0.5 mm yttria stabilized
tetragonal zirconia disk veneered with a 0.5 mrokilporcelain had a predicted residual
stress ¢y) of -60 MPa, 100 MPa, -40 MPa, and 10 MPa for ltb&om of the zirconia
layer, the zirconia at the interface, the porced#dithe interface, and the top surface of the
porcelain respectively. Using a set of generaliegdations for thickness, the model
simulated results of residual stress with changéhickness. A method of generating
surface meshing for finite elements using microtémography of dental crowns was
utilized to extract node coordinates on the surfsfceal crown geometry. The result of

this method was used to calculate the thicknesth@fporcelain layer in a zirconia-
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porcelain bi-layer ceramic crown. A histogram die tthickness distribution was
combined with a beam bending model residual stpesdiction for bi-layer ceramics
keeping the thickness of the zirconia layer cortstaGombining the model with the
thickness measurement suggests development of sromith controlled porcelain
thickness in order to minimize residual stress.eiQall, locations where the thickness of
the porcelain relative to the zirconia layer is Brx0.2 mm) should be avoided. This is
generally the case for the observed crown as 0/d%3f the porcelain was below this
thickness. 53% was above 1 mm, which appearsea gatkness when considering the
predicted residual stresses. It was found thathisrtypical molar crown, the thickness
of the porcelain layer changed from 0.05 mm tor@wb, and the most probable 43%
thickness was around 1£0.2 mm. Predictions ottiange in stresses with thickness are
non-trivial and would prove valuable in validatiegperimentally determined values of
residual stress. Validated results could lead émommendations for reduced stress

concentration and longer service life in dentaloegions.
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CHAPTER IlI

3 Tetragonal to Monoclinic Phase Transformation in Zrconia Dental Crowns

Chipping failures observed clinically in bi layeyss¢ems of porcelain and zirconia
restorations should be coupled with a monoclinicetbpagonal phase transformation in
the zirconia layer due to the high compressivesstre This study implements an
experimental method to map the phase transformadifver applying local compressive
load until fracture. Such fractures resemble cafly observed chipping failure. More
than a thousand 2D micro X-ray diffraction framedlected on the flat surface of a
sectioned fractured crown were analyzed to mapeplrassformations. Yttria-zirconia
tetragonal phase transformations to monoclinic arit@ and monoclinic yttria were
observed, mostly at the impacted area. A simple afig101) tetragonal d-spacing strain
reveals stress relaxation during phase transfoomati Relatively more phase
transformation was detected at the inner sectiotheflingual side, because the initial
state of compressive residual stress assists iaiseptransformation at the inner section
of the lingual side of the core while initial telesistress at the outer sides under the
veneer relaxes under compression and initially gmées phase transformation. Phase

transformation might occur during the cooling psxc34,35], annealing process [36] or
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by mechanical stress [37,38]. Here the phase wamstion attributed to zirconia is

mechanical stress driven.

3.1 Introduction

3.2 Materials and Methods

A standard polycrystalline yttria stabilized tetoagl zirconia ceramic crown core
covered by porcelain veneer was subjected to desiogd to failure. A 1.9 mm tungsten
carbide ball indenter was used to apply load tluf@iusing a customized frame. The
chipped region due to failure at one of the cusas gectioned in two halves using a low
speed water cooled diamond saw and was mountedasnsduminum plate with high
strength epoxy glue as shown in Figure 15a. X-iyadtion was performed with Cu-d
radiation at tube parameters of 40kV/40mA usingrakBr D8 Discover XRB micro-
diffractometer equipped with the General Area Riffion Detection System (GADDS)
and Hi-Star 2D area detector. The detector distdnche center of diffraction was kept
at 29.95 cm which covers approximately the ared0sfin 2 and 20° iny with 0.02°
resolution. To map many spots, a motorized fivis €X, Y, Z (translation)y (tilt), ¢
(rotation)) stage was used for positioning which caove the measurement spot to the
instrument center within 12.5 pum position accuracg 5 um repeatability.

The mapping X-ray diffraction scans were perfornoedthe flat surface of the crown
zirconia layer using a 0.2 mm pinhole collimatoreéflection mode. Although the use of
a 200 pm pinhole collimator in comparison with aaikble 50 pm monocapillary beam

decreases the intensity of the X-ray beam on tinepks it provides better crystallite
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statistics in this case where the size of grainav@rage were 0.1 to 0.3 um. This beam
size can provide information from several grainsaisingle exposure eliminating the
need for averaging several scans. Figure 15b dstinabe@s a graphical representation of
the grid over which X-ray diffraction frames werellected. It illustrates how the total
area was reduced to eight sub-grid regions namd®l A, and H. In each sub region, an
XRD map was collected just for area between thedurdaces and not outside locations.
Using a sequential list, the system automaticatiggs each predetermined point to the
diffractometer center and performs final heightuatihents automatically in the out-of-
plane direction with an auto video-laser positignaystem before each exposure. In fact,
diffraction frames were only collected on the zm@osurface, which is polycrystalline
while the porcelain region was ignored becauss @morphous and excluded as “not

diffracting” by a threshold on the number of detecounts.

Initial grid points at the region F and selectedhfofor diffraction are shown in Figure
16a and b respectively. Frames on the overlappeal lsetween regions F and G were
collected twice to monitor reproducibility. Thigsult reveals an acceptable repeatability
within a +2% difference interval. The exposuredsywere 120s/frame without rotation,
tilt, or XY stage oscillation. The separation stegween two grid points was 100 um in
both X and Y directions. A fixed X-ray beam inadeangled; = 14 anddetector angle

of 8, = 14 were used to collect 1083 frames withd an®erval of 18° to 38°.

33



b)

r 1
..........

1
T
H i -
T 1 ]
T 1
D E
T G N
I |
I
.....
T mnama s T
i : HE 0
AEEEEEEEE A T i
T I T
| T mu N
T T INEENE 1}

Ocglusal aspect Lingual cusp: of core

% Buccal margin of core

Lingual 5idef

/s

Figure 15 a) Chipped veneer is indicated by a dastidine. b) Graphical representation of

the mapped area.
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Figure 16 a) initial grid points with 100um separaion steps b) selected point for micro-XRD
mapping located on the zirconia surface.

3.3 Results

Selecting a @ interval for the frames and finding an optimum esyre time per frame is
an important step for designing XRD mapping expenta. Initially, two patterns
consisting of 6 frames were collected overdar&ge from 4.4° to 98.5° for individual
points labeled in Figure 17a and b numbered 1 an®@nt 1 was selected underneath
the chipped porcelain cusp in the interface regvith zirconia, while point 2 was chosen
at the border of the inside surface of the zircawoee. The resulting merged frames
using Bruker’s Pilot software is illustrated in ki@ 17c and Figure 17d. Figure 17e
illustratesy integration of 2D diffraction data as intensity was 2.

X-ray diffraction at location 1 shows zirconia wesmpletely tetragonal and had no
observable monoclinic peaks while measurement edtilin 2 indicates significantly

intense monoclinic reflection peaks in additiontétragonal peaks. The best framé (2
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range) for phase transformation mapping was thergeframe that has high counts per

frame as well as high intensity peaks for bothrtfmmoclinic and tetragonal phases.
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Figure 17 a) A selected point for micro-XRD undereath the chipped porcelain cap, b) a
selected point at inside surface of the zirconia,) cix merged diffraction pattern frames in
the region that zirconia was completely tetragonald) observable monoclinic peaks in
addition to tetragonal, e) indexed micro-XRD specta showing phase identification for two
selected regions.

The micro X-ray diffraction pattern collected atiqtol has three tetragonal Zirconium

Yttrium Oxide peaks (101, 002, and 110) &t dffraction angles between 18° to 38°

according to 01-070-4426 ICDD (International Cenfer Diffraction Data) phase
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identification card while diffraction collected goint 2 in addition to these three
tetragonal peaks, has six monoclinic related peaksese additional monoclinic peaks
match card 01-089-9066 for monoclinic Zirconiumriitn Oxide (011, 110, -111, 111,
and -102) and 01-039-1064 for monoclinic Yttriumi@x(202). They were extracted for
all data using GADDS mapping software and resuéieevgeaved as a matrix.

The peaks at the frame that show monoclinic crydtalcture are brighter and that frame
has more background scattering compared to comelspg frames with pure tetragonal
phase, keeping the same diffractometer parameterexposure time. Compared to the
tetragonal phase, the monoclinic phase has lessmsymy which results in more
observable peaks. Although during data collectah,system parameters were kept
constant, the complex sample geometry and rangephase transformation cause
different total counts per frame and inconstankijemund level among locations.

To remove the background effect on mapping, aiveldtackground for each frame was
estimated fronX integration over the area that was clear of ditficm (no peaks) for all
sets of collected frames. A selected region fdatiree background calculation is
illustrated on a typical frame in Figure 18. Figub instead of the total area under the
3 monoclinic related peaks, the same area unde&3 feaks divided by the corresponding

relative background after normalization to oneldgtpd.

3.4 Discussion
Contour plots of transformed structure labeledn@sacted region at Figure 19b indicates
that the zirconia poly crystalline tetragonal stawe greatly exhibits phase transformation

to monoclinic at the impacted region up to 100%isTphase transformation is generally
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associated with stress concentration near the darmsidég and the initial residual stress
state. The initial residual stress would be cikakaring firing followed by cooling and

the strain interference due to coefficient of thakexpansion mismatch between the core
and veneer layers. This initial residual stressloarelaxed during phase transformation

as the monoclinic crystal has a larger volume tetragonal.
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Figure 18 the integration range for 3 monoclinic réated peaks and selected region for

background estimation.
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Interestingly, the phase transformation map revigason the lingual side of the zirconia

core, the inner mounting surface has more monacphase fraction relative to its outer

veneered side. This is also true for the bucad,dbut less so. For better illustration,

these regions are separated by dashed lines ineFl§b.

60

50

Impactedarea

20

10

60

50+

40

30F

201

10

2 x10°
18
16
14
12

10.8
108
104

0.2

b] L] I L L} ¥ 1 1 L] :I )
' . 08
. Interface
w0y \ s 0.6
e Z"CDF::; Porcelain i _
z o ’
= 104
% il ﬁs‘? ol
g ml[gg’}r o
. | — ]t 4 02
: M5 im0 0 D5 4rs 4 Az s
Thickness(mm)
T i I i i | I 1 1 I . L | D
10 20 30 40 50 60 70 80 a0 100 ::I 10
Imm
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theoretical residual stress calculation along theile between surface of porcelain and
external surface of zirconia.

Dental crowns have a non-trivial geometry and,enegal, the veneering layer is not thin
compared with the curvature radius of the zircdaier. They cannot generally be
considered locally flat. But at these side loaaiahe crown resembles a flat plane with
constant 0.5 mm zirconia thickness. It is knowat ttesidual stress is a function of a
layer’s thickness and distance from the interfackiilayer ceramics systems [26,39]. An
analytical solution [27] for the residual stresefpe for a line that starts at the surface of
porcelain and passes through the interface and anithe external surface of zirconia is
shown as inset plot in Figure 19b. The interfaoess at the zirconia side is tensile (+100
MPa) and compressive on the external side (-70 MdPa) changes linearly in this
interval. When an external compressive load idiegigo the crown, the initial tensile
residual stress at the veneer side can be relaWddle the inner section of lingual side,
that has initial compression residual stress, wues more compression and would be

more susceptible to phase transformation.

In order to evaluate this hypothesis that tetragaimaonia transforms to monoclinic to
relax the compression stress, a map of latticenstelated to the (101) plain was
implemented in the following way. Common strainppiag involves extracting the
lattice strain for a given plane for all data peintHere an interval of less than + 0.0001
change from the unstressed d-spacing was consideitedia. Shift in the tetragonal
(101) peak was considered for strain calculatiorg # strain related to this peak in a

particular frame was detected in the interval afsléghan + 0.0001, the frame was
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evaluated as pass (black color areas on Figureo@rwise according to the strain
magnitude, a corresponding color bar was assigndbiet measurement location on the
map. It means that frames corresponding to thatilmes that do not have too much

strain in (101) direction will pass. This colordapass map is illustrated in Figure 20.
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Figure 20 pass and color map for tetragonal relate101) crystal plane lattice strain.

An interesting result is that at both regions whptge tetragonal phase and highly
monoclinic phase were observed, there is lessnstrhi the other words they have less
residual stress after fracture. A high fractiorpbfse transformation and low stress state
at the impacted region proves the mechanism ofsstreelaxation by phase
transformation. Although the mechanism of stredaxation via phase transformation
might create some micro cracks that can propagafatigue and impacts the total life

time of the crown, it slows zirconia from failureder the localized compression load.
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This mechanism helps explain reports about theiraibf veneers by chipping without
exposing the zirconia support layer [5]. When hsgiess load is applied to the zirconia-
porcelain system, high stress state location itoria undergoes the stress induced phase
transformation providing stress relaxation reducihg potential energy for crack

initiation and growth in zirconia layer rather thitae porcelain layer.

3.5 Conclusion

Tetragonal to monoclinic phase transformations welbserved in 2D micro X-ray
diffraction frames from yttria stabilized zirconising a 200 um diameter X-ray beam.
Over a thousand frames with 100 um step size watected over eight sub regions to
cover the total cross sectional area of a sectien@dn, which exhibited failure under a
single load. A typical frame was indexed and theaaunder three monoclinic related
peaks indicated the phase transformation area &mpmg. The zirconia polycrystalline
tetragonal structure greatly exhibits phase transétion at the impacted region due to
compressive stress concentration. An analyticalehéor the lingual side, which was
approximated as locally flat, indicates that theeinside of the zirconia layer is under
compressive residual stress while the other sidadgr) is under tensile stress. In this
case, it was observed that the inner section ofitiggal side of the zirconia core has
more monoclinic phase than the outer side. Thismause initial tensile residual stress
at the outer section of the lingual side relaxedlevtne inner section lingual side, that
had initial compressive residual stress, underwmote compression and iS more
susceptible to phase transformation with an exterompressive applied load. Results

of an elasticstrain map for the (101) tetragonal peak suggestsssrelaxation by phase
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transformation. The pure tetragonal phase andhhigionoclinic phase do not show
considerable shifts in62corresponding to low lattice strains. Such obsigons should
be typical for this crown design and the methodscdbed here can be used to further
review and validate future designs, the selectidnveneering materials and the
appropriateness of their CTEs, and processing adetlcrowns, such as different firing

programs.
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CHAPTER IV

4  X-ray diffraction mapping on a curved surface

An efficient method for X-ray diffraction data cetition mapping on a given curved
surface was developed. The method uses a videodaso z alignment system to collect
the map of heights on a fine mesh grid. It alsmmnstructs the surface geometry and
determines surface normals on the 3D surfacehiit.algorithm was used to calculate the
required rotation and tilt angles to coincide thenple normal with the diffraction center
before each exposure. Collected diffraction framese analyzed to superimpose a
phase transformation map on a typical zirconia ro@rasample. With this method,
mapping of phase on a complex surface was demtedtralt is a method broadly

applicable to many important studies.

4.1 Introduction

A wide range of industrially important materialsprh aircraft engine parts to welds and
even dental crown ceramics can have complex shapkpotentially detrimental residual
stress or phase distributions. Micro X-ray diffran is a nondestructive technique that
provides the information on mapped regions of &ger[40]. In general, X-ray

diffraction mapping involves analysis and comparigd several diffraction patterns of
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multiple samples that change as a function of tmdependent variables. Common
mapping is restricted to the surface of a flat denamd two independent variables are
andy coordinates. Some uncommon methods allow truen3apping of stresses, but the
software tools in use today still generally restusers to regularly spaced grids. For 2-
D, mapping can easily be done on a selected posdfoa rectangular grid or with
arbitrary distances in bothandy directions. In recent years, with advances inus$itg
micro X-ray lenses that provide high intensity, rmiosize beams down to a few
micrometers diameter [41], and two dimensional (28)ectors; short time diffraction
measurements down to few seconds have become lgof8l). Accurate motorized
XYZ axis stages in a variety of configurations aomith an autaz-alignment system,
such as a laser video system, are available tdl ftie requirement of sample auto
positioning to the diffraction center and heightjuastiment with high precision and

repeatability.

Advances in X-ray optics, precise automatic sanppigitioning, and dramatic reduction
in data collection time provide the basic requirataefor X-ray diffraction mapping
development. Current commercially available magpaigorithms are restricted to
collecting data on the surface of relatively flatrgples [42]. X-ray diffraction mapping
has been implemented for compound control procé3f ¢r many other applications
[44,45]. This study demonstrates an efficient athom for X-ray diffraction data
collection on complex curved shape surfaces. irt@tod relies on the predetermination

of locally specified sample rotation and tilt befoeach exposure and efficiently
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overcomes the problem of shadowing by some partsaafple before reaching the

desired point or blocking the diffracted beam bgther protrusion of the surface.

4.2 Sample shadowing problem and the 2D detector
Because of geometry, collecting appropriate ditfoac results at some positions of a

curved surface without rotating and tilting is paissible.

Completely blocked
diffraction

Partially blocked diffraction
after diffraction

Correct diffraction
pattern

Figure 21 a) A completely blocked diffraction (shadwing) by the sample b) by rotating the
sample around exposure point diffraction is partialy unblocked c) totally removed detector
from shadowing of sample by a proper rotation.
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The reason is a part of surface may block the Xkbregm before reaching the desired
point or diffracted rays might be blocked partialy completely before reaching the

detector.

A blocked diffraction before reaching to the dedectchematically is shown in Figure

21a. This shadowing is avoidable by a proper samgihtion around the exposure point.
Figure 21and c illustrate two different rotatiohattcould partially and completely solve

this shadowing. For a regular curved surfaceptrst rotation is a rotation that makes the
sample surface normal parallel to the instrumethitection, as shown in Figure 21a, and
c. In the case of mapping, several measuremensudace is needed, finding proper
rotation and tilt angles is challenging and recuikmowledge of the local geometry

information to calculate the normal vector at eambasurement point. Knowing that

sample stage rotates or tilts around the centeéhefinstrument which is the same as
exposure point, if we bring the measurement pansample to the center of instrument,
all three will coincide. The idea is to calculdbte required rotation angles for each
specific measurement point. Therefore at each uneament, first we locate the

measurement point at center of the instrument gupdlydts pre calculated rotations as
shown in Figure 22. This means each measuremémit fpes its own calculated rotation

angles from geometry that will be applied whersitdcated at center of the instrument

for exposure.
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Figure 22 Translation and Euler’s rotations required before each exposure.

In this study, the sample is considered to be ppoJgtalline such that grains are oriented
randomly. In polycrystalline materials, just soofehe irradiated grains that satisfy the
diffraction law, will diffract. Rotating the sanglaround the exposure point keeps the
irradiated volume at exposure location while dif@r set of grains at the same volume

might diffract.

4.3 Auto z alignment laser-video system

Laser-video sample alignment assists in positiotiiegsample into the instrument center
before or during data collection. An associateticap microscope allows the user to
directly observe the magnified sample, laser pojraed a cross hair. The cross hair,
laser pointer, and X-ray beam must be calibratezbiocide at instrument center. Figure
23 schematically illustrates that by moving the genup and down, the cross hair, laser,

and desired point could be located at the sameiposi
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Figure 23 a) Schematic of laser-video sample aligrent system in D8 Discover X-ray
diffraction b) and c) image of laser spot and crossir with two different magnifications.

4.4 Topography measurement by laser-video

A polycrystalline yittria stabilized tetragonal @imia crown was selected for its complex
geometry. To find the geometry, heights of 700nmi(25%x28) on the surface of the
crown spaced by 250um in both x and y directionsewmeasured by the auto z-
alignment laser video system. Figure 7a, showspaview from optical microscopy of

the crown with a target grid (red). The initiavalues for all points were assigned a
convenient constant, and the system was allowédddhe correct z value for the points.
The result of determined z values overlaid on acgmaphy representation of the crown
as validation of the measured heights is illusttateFigure 7b. Point heights obtained

from laser video auto z measurement properly sogerse on the tomography geometry,
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validating the laser based method for auto geomaryection. An advantage of this
laser method is the geometry information availadileéhe current instrument reference
frame which eliminates problems related to refeeentatching, scaling, and rotation
transformation involved with using predeterminedchpbe geometries. A predetermined
geometry might be collected before installing tample on the XRD measurement stage

using other available techniques such as lasemst@f46] or micro X-ray tomography

[47,28].
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Figure 24 a) Typical optical image from the videoystem and a top view of the grid (25%28)
b) Points heights obtained from the laser video Aatz measurement superimposed on a 3-D
rendering of the sample surface from tomography.

4.5 Surface normal calculation
Normals to the 3D surface, generate a vector figddl assigns a unit length vector at

each poiniX;(x;, y;, z;) of its domain (mapped area). The vector feldas a component
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scalar fieldn,, n,, andn, and is perpendicular to the tangent plane to eacdiace point
of its domain.

n=n,(x,y,z) i +n,(x,y,2) j +n,(x,y,2) k 4-1
Where
nn=n’4+n’+n2=1

At eachX;(x;,y;,z;) point of domain there are two directionally opp@sinit normal
vectors. The normal direction is considered tgbmting outside to satisfy uniqueness.

Computed outward pointing unit normal vectors aspldyed at Figure 25.

Height (mm)

78

55

Figure 25 Outward pointing unit normal vectors for domain of measurement points.
Figure 26 shows graphically that Byangle clockwise rotation about z-axis followed by

x degree clockwise tilt aroundaxis, the sample normal at the pdtould be collinear

with thez-axis and equal t. In matrix notation two required matrixes are,
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1 0 0 cos¢p —sing 0[Mx
Re(X)-Ry(P).m = Ry(x).nq = [0 cosy —sinx] [sind) cos¢ O] [le] =n, 4-2
0 siny cosy 0 0 111n,

We are looking for the particular rotatiogp angle in such way that rotates the vector

n = n,{ + n,j + n,k and producesy; =, j +n, k
cos¢p —sing O
R,(®).n = [smcp cos¢ ][ny] = le =n, 4-3
Equation 4-3 is equal to three equations and thnk@ownsi,, 11,, andeg

cospn, —singn,, =0

singn, + cos¢n,, = n,,

. 4-4
n, =n,
Substitutingg from first equation in second equation,
¢ = cot‘l(ny/nx)
fy, = sin (cot_l(ny/nx)) n, + cos (cot_l(ny/nx)) ny 4-5

The ¢ rotation could transfer the surface normal to bglanar withy-z plane whilen,,
has+j direction. Because the system driverjfanovement has drive limits from -5° to
55 however to help prevent collisions 48° was usethasmaximum, only rotation was
considered that leads fg, with —j direction, in order to use theinterval of O to 48° for

the subsequent tilt.
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2D Detector

Figure 26 Diagram of example cases showing, a) tieray beam stopped by the sample at
point Q, b) the Diffracted beam blocked by a part 6the sample. c) The configuration after

proper rotation and tilt. d) Photograph of the experimental set up. a, b, and ¢ are not to

scale.
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For this purpose, at the first and second quadranp, was considered denoting that
has a negative sign at the second and fourth guiadramin+¢ for the fourth quadrant.

Figure 27 represents tifeangle at different quadrants and required rotaiomake 7,,

parallel to-j.
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Figure 27 The¢ angle at different quadrants and required rotationto make n, parallel

to —j.

The next step is to tilt the sample in order makéase normal collinear with the z-axis.

R,(x).mq =

1
0 cosy —smx le —[ ]—nz 4-6
0 siny cosy

From above equations we can get,

cosy.n, — sin.f, = 0 = x = tan~!(n,, /1) 4-7
Based on the algorithm explained in the previougice, a Matlab code (Appendix 3)
was developed that calculates the required tiltratation angle for all data points using

the z height matrix data. The output resultf@nd¢ are illustrated in Figure 28.
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[ Systemxdomain a0

Figure 28 Representation of required tilt and rotaton with system tilt drive limit.

Only a few of the 700 measurement points (10 ppirggire a tilt outside our system
driving limits, and for those few points, the nesrpossiblex were considered. This
output was entered in a script file that is underdaible for the machine data collection
software. Figure 29b shows the calculagethat is an angle in £90° interval depending

on point location on crown.
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Figure 29 a) Four geometrically similar regions orthe crown b) Calculated rotation angleg

in £90° interval c) Required tilt anglex d) Required rotation angleg in 0-360° interval.

Figure 29c and d show the calculated requirediootgD to 360°) and tilt values to be

fed to the machine respectively for each exposomatmn the curved surface. These
results are in agreement with what we expect frioensymmetry and shape of the crown.
For example, we have four similar cusps on the oramd thep matrix (Figure 29) has

four comparable sub regions named A, B, C, andeasain Figure 29a.
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4.6 Flow chart

In order to summarize the method, lists the stegewirocess of data collection and

analysis of diffraction data on a given curved scet

Grid assighment

X-y
matrix
2xXmxn

A 4

Auto z alignment

Matlab program

Matlab program

4

Height > Normals > Rotations

matrix matrix matrix
mxn 3xmxn 2xmxn

A 4
Script file - Bruker D8
N mxn Frames
X-y-Z v
P-x Matlab program " Out put file

SXMxn peak fitting 5 (plots)

Figure 30 Flow Chart of the data collection procedte.
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4.7 Genetic algorithm and collecting time optimization
The aim of this algorithm is to optimize the datdiection time of the developed method
for X-ray diffraction data collection mapping on a giveurved surface. The total data
collection time depends on a time needed per gachef and a time required for sample
adjustment before each exposure. Assigned expdsuee per frame is an arbitrary
constant variable but sample adjustment requirede tibetween two subsequent
adjustments could be minimized. In the intervaiween two exposures, the system
simultaneously translates measurement point tocémer of diffraction by, y andz
movement of the stage, tilts and rotates the satopteincide the sample surface normal
with instrumentz axis. The control system starsy, andz movements, tilt, and rotation
at the same time. As a result, the total timettice geometry adjustment depends on the
slowest driver. The required time fory, andz stage movement is always less than the
time required for tilt and rotation. Therefore ttueal sample geometric transformation
and rigid body rotations time depend on total resglitilt time or rotation time. This
required time for the tilt and rotation depend beit initial and final angular position.

t= Y (7P + ) = NeEPPO + Z ¢ 4-8

i

N N
=

1 i=1

Wheret is the total time needed for experimeiit?® is exposure time atlocation,N is

total number of measurement points a‘tﬁaj is the interval time required for sample

adjustment between two exposure
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adj _ t Ltilt
1= (1)

i

N
=1

N
=1

The required time for the system to go to the ragular configuration depends on the

current angular position and it is linear functafrangular difference.

lpi — @il

t7 = f (@i, @i—1) = ot too
i IXi — Xi-1l ; 4-10
titllt = f()(il Xi—l) = vtilt + tgllt

Wherev™*t andv!t, are constant drivers velocity;°t andtit are additional constant
died time required by system to start and stopgs®drrespective to the magnitude of tilt
and rotation. These four constant were obtaineth fcurve fitting on a set of drivers

velocity measurements illustrated in Figure 31

The following values were used for optimizationgnam,

vt = 6.3 £ 0.01 deg/s,v""* = 1.00 + 0.01deg/s and{®* = t§'* = 10.15 £+ 0.01 s.

59



IBOF 7 360 F
; a) b)
aoof @ ] a0}
D 240} _ 240t
k) 4
o z
5 180 @ 160}
% 2] Maximum
c : ,
g © possible tilt
2 120f = 120f
® , =
£ 10.15s:
B0 g + 1
i i ) L L L
i 10 20 0 40 50 B0
Time (s) Time (s)

Figure 31 a) rotation angle vs. time b) tilt anglevs. time.

It should be mentioned that the control system meifate the stage in both clockwise and
anticlockwise directions to achieve the desiredfigonation. It selects the direction that
takes less time. Because of this, the maximumimedjtime for rotation is for 180°. The

curve is symmetric with respective to this maximpomt.
4.7.1 The geometric map from angular space to Cartesian

In this section, we are interested in a mathemlatiego from an angular space to a subset
of R? which enables us to implement a conventional geratorithm for traveling
salesman problem to minimize the required time un roblem of tilts and rotations.
The idea is to convert the data from angular spadbe Cartesian space, minimize the
path and then convert the optimized data back & ahgular pace. It should be
mentioned that angular space is not polar spacausecbothy and¢ are angles. Let

domainD* be a subset of angular space &nb* —» R?, soT takes points in domaiR*
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to points inR?%. Let’'s denote the set of image points by doniuirFigure 32illustrates a
mapT that takes a disk region to the rectangular regiohT’ that maps the rectangular
back to a disk region. Using this geometric one@ne map, required tilt and rotation
angles assumed to be tReandy coordinates of the targets in Cartesian coordaate

illustrated inFigure 33

Figure 32 A function T from a disk D* to a rectangular region D changes the variables

between angular space and Euclidean space, and imge functionT' from D to D*.

o
£ T B B A A

-----------------------------

------------------------

Figure 33 Representation of typical required tilt and rotation with system tilt drive limit.
Points outside the blue region require a tilt morghan stage range.
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4.7.2 Travelling salesman problem (TSP)

Assume a salesman starts from a city and visitls eigg exactly one time and ends at the
original city. The problem is to find the optimizpath that takes less time and cost. We
use one time visiting each target TSP problem ighatightly modified for the case that
the origin is fixed and the path can end at anytramy target point without returning
back to the origin. Mathematically TSP is a comalbamial problem. The number of
possible ways to collect data while the originalnpas given is (n-1)!. In a case of
typical target number like 700 it will be a veryda number. Consider that 170! =
7.26x10%°  Thus an algorithm for finding the shortest timéthout checking all
possible paths is required for the large numbetaofiet points. There are several
approaches to this kind of difficult problems swashthe ant colony algorithm (ACA) or

genetic algorithm (GA) [48].
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4.7.3 Result of genetic algorithm optimization

Figure 34b represents initial TSP tour generatectdnynecting the targets with target

number.
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Figure 34 a) targets coordinates b) initial tour geerated by connecting the points by their
number c) optimized TSP path generated by geneticlgorithm d) best solution history vs.

number of iterations.
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It is clear that targets are not connected adetyist® andy space and are not actually
optimal. Reconnecting the targets we could geaeaashorter path that decrease the
required time. Based on this idea a Matlab codgémetic algorithm was implemented.
First using a 700x2 tilt and rotation data matnixi &peed of the drivers a 700x700 path
cost (time in this case) was generated and usedipat values for the prograntigure
34c demonstrates that GA generated optimal patfthoégh this is not the absolute
minimum answer, but could be one of the best arsttat we can achieve. As shown in
Figure 34d the required time for the tilt and ratatbetween the exposures has decreased
from 6 hours to 2 hours and 15 minutes, means 3'bbHitial time. Considering that
there is a dead time (10.15 s) before each adjuintiee initial time that can be
optimized is around 4 hours which is decreased afpimization to 16 minutes. This

means a remarkable result around 7% of initial time

4.8 Results and discussion

4.8.1 Analysis of diffraction data

X-ray diffraction frames collected by this methadgre in a proprietary Bruker "gfrm"
format which can be opened directly in Bruker's @2® software. Typical 2D frames

are shown in Figure 35 a and b. Frame “a” has bdti1l1) monoclinic phase peak and

a (101) tetragonal phase peak while frame “b” drdg the tetragonal peak. Peaks were
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identified according to 01-070-4426 (Monoclinic @nium Yttrium) and 01-089-9066
(Tetragonal Zirconium Yttrium Oxide) ICDD (Intermamal Center for Diffraction Data)

phase identification cards.

a)

i 1 s ar A
R b

LT . 4% -
IRIAWE A, N e Y

<28+

’rP K X 71.5
~

Figure 35 a) Typical frame from the location that tas both tetragonal and stress induced

monoclinic phases. b) Typical frame related to théocation on the crown which has only the

tetragonal phase.

A script file was used to integrate the diffractiongs at an angular range 6f71.5 <

x <—1089 and 26.3 <26 <323 for all 700 frames using GADDS software.
Integrated results were imported to the Matlab wpéce for base line and peak fitting.
A 30% Gaussian-70% Lorentzian function was selefdegeak fitting and initial values
were estimated from parameters provided from peting on a typical data by

OriginPro7 software.
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Figure 36 XRD pattern for the selected region thatpotentially involves both major
tetragonal (101) and monoclinic (-111) phase peaks) Lorentzian fit on monoclinic related

peak, b) Lorentzian-Gaussian fit on tetragonal reléed peak.

4.8.2 Monoclinic to tetragonal phase ratio for zirconia ample

Pure tetragonal zirconia is not a stable phaseamhtemperature, but the addition of 3%
Yittria maintains the tetragonal structure durimgtial cooling. Appealing esthetics,
chemical inertness, and biocompatibility of yttsi@bilized zirconia, in addition to is
high toughness, makes this ceramic one of the mdestanded dental restoration
materials [1,2]. A crack tip arresting mechanism diress-induced tetragonal-to-
monoclinic phase transformation in the vicinitypsbpagating cracks for yttria-stabilized

zirconia is thought to cause increased fracturgtinass [3,4]. Catastrophfatigue
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cracking limits the lifetime of zirconia based crwsvcovered by porcelain [49,50].
Chipping and crack propagation in porcelain or gltre interface at the porcelain side is
one of the most common failure modes in the systBue to the residual stress from the
cooling process, the tetragonal structure may glbrtiransform to the monoclinic in
bilayer system of zirconia and porcelain. Thisestrinduced phase transformation is
attributed to thermal expansion mismatch betweeogh@n and zirconia. Current results
indicate that even in the absence of porcelairterad tetragonal crowns may partially
transform to monoclinic. Dental ceramics are postuby high temperature sintering of
a compact powder which is machined to the desitexpe, to achieve a fully dense
crown. Due to geometry complexity of the crowrge ttooling rate of the ceramic might
not be uniform all over the crown causing inhomagers shrinkage. Depending on size
and local geometry, this non uniform shrinkage ltssin local compression or tension
residual stress. When stress reached to theatriéicel tetragonal zironia system might
relax some part of the residual stress by phassftyemation to the monoclinic structure.
Figure 37b illustrates a map of the ratio of a nuhnic peak (-111) to the tetragonal
peak (101). Comparing height projection of theasron Figure 37a, and the phase ratio
map in Figure 37b, the largest values for this phimansformation were observed at
crown’s geometric local maximums. In spite of thet that there are localized variations
a correlation between the height of the measuréut pad phase ratio exists, as is shown
in a scatter plot (Figure 37c). For better viszation, the monoclinic to tetragonal phase

ratio is superimposed to the 3D geometry and tated in Figure 37d.
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Figure 37 a) Height or geometry projection in xy phne. b) Map of monoclinic peak to
tetragonal peak ratio. c) Scatter plot. d) Phasetio map overlaid on 3D geometry.

4.9 Conclusion

A new approach for characterizing curved surfaceperties using micro X-ray
diffraction was developed. Frames were collectatbraatically point by point in a
single scan set up on rectangular grid projectetherturved surface. The algorithm first
utilizes a video laser alignment system to meatheegeometry. Points heights obtained
appropriately overlay on the tomography geometajidating the method. A program

was developed to determine the normal to the sairticeach measurement position.

68



Based on each normal, a proper local tilt and iaradngle was determined and repeated
for all points. Results feed to a script formatfed the system control software. This
method was tested experimentally for data collecim a typical dental crown as a
complex curved surface. In a single scanning @®c€00 frames were successfully
collected. Results from analyzed patterns propidase ratio mapping superimposed to
the actual geometry. A correlation between tetnafoto monoclinic phase
transformation and height of the local position whaserved. This method is general and

relevant to other material systems where geomstepmplex.
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CHAPTER V

5 Residual Stress Delaying Phase Transformation in YZP Bio-restorations

Engineering the residual stress at the complex gégnof bi-layer porcelain -zirconia
crown prevents crack initiation and improves thehamical performance and lifetime of
dental restoration. In addition to external ot stress field depends on initial residual
stress before loading. Residual stress is theltredufactors such as the thermal
expansion mismatch of layers and compliance amipgtof zirconia grains in the process
of sintering and cooling. Stress induced phasestoamation in zirconia extensively
relaxes the residual stress and changes the stegss The objective of this study is to
investigate the coupling between tetragonal to rolmo phase transformations and
residual stress. Residual stress, on the surfad¢keosectioned single load to failure
crown, at 23 points starting from the tetragonalcreposition and ending at monoclinic
reach location were measured using the micro Xeifyaction sirfy method. An
important observation is the significant range irasured residual stress from a
compressive stress of -400 MPa up to tensile stods400 MPa and up to 100%

tetragonal to monoclinic phase transformation.
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5.1 Introduction

There is a growing interest for all ceramics resions as replacement for metal alloys
[1,51,52]. All-ceramic restorations have both tleguired high strength mechanical
properties and appealing esthetics. However, tfegn fail early and unexpectedly,
typically within the first 5 years of service [53)5 Fatigue tests on a modified Y-TZP
core, designed with reduced height of the proximalls and occlusal surface, reveals
improved all-ceramic crown reliability [55]. Theese several other design factors that
can be changed. Further optimization is achievabi®ugh understanding and
engineering residual stresses. For example, atogurfor stresses from phase
transformations, base-veneer layer thicknesse$B9and the manufacturing process
[57]. All ceramic restorations in modern dentistine mostly made of machined alumina
or zirconia cores veneered with porcelain to thguimed shape before heat a treatment
process. Sintering involves firing the two layerstducture at a temperature that the
veneer fuses to the core. In zirconia-porcelastorations, sintering the zircoina layer
joins grains strongly and reduces porosity. Tlesgification occurs by atomic diffusion
in the solid state phase. On the other hand, reigteof porcelain is achieved by
formation of a large volume fraction of liquid pleasn which matter transport occurs
mainly by viscous flow. The viscous flow remairssan amorphous glass after cooling.
Crowns fabricated by this method aim for favoratilgh toughness and crack resistance
of zirconia and appealing esthetics and biocompiagitof porcelain. Although the
porcelain composition can be customized to redtsehermal expansion coefficient

mismatch with zirconia [58,59] even with the mebaises [60] or by implementing a

71



graded material [61], generally there is a residii@ss at the interface of the two layers
[62] and other critical locations of the complexogeetry crown. This residual stress
creation is avoidable, but requires some changdawdaocurrent procedure. Since the
thermal expansion of components are a functionenfperature and cooling rates and
there are multiple firing processes involved, inohg a finite element analysis based
method [63,47,28] and analytical modeling [27] aeeessary. High energy synchrotron
beam radiation has been implemented to measumusdsstress tensors in ziconia core
crowns using polychromatic Laue micro diffractiagf0[64] and biaxial residual stresses
were measured using the girmethod with monochromatic micro X-ray diffractifé®].
Laboratory micro X-ray diffraction is a well establed technique and has been utilized
widely for industrial application [65,66]. Stresseasurements using X-ray diffraction
techniques are generally limited to crystalline enials, but they have the advantage of
providing simultaneous precise information on str@sd phases. In this work, using this
advantage of diffraction, the method and resultbiakial residual stress measurement
using laboratory micro X-ray diffraction equippediwa two dimensional area detector is
presented. In the present chapter, advances usifug micro X-ray lenses that provide
high intensity, point size beams down to a few omoeters diameter, and two
dimensional (2D) detectors, accurate motorized Xads stages in a variety of
configurations along with a laser video auto z+atngnt system were adapted to fulfill

the requirement of reasonable measurement timaendacy.
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5.2 Experimental procedure

5.2.1 Material

A typical clinically available ceramic crown madktetragonal zirconia stabilized
by the addition of 3 mol % yttrium oxide (3Y-TZPpre and porcelain veneer was
selected for this study. To create a stress irdlpbase region, the required failure load
(500N) was applied to one of the crown caps usinp%mm tungsten carbide ball
indenter with a custom load frame [67]. At faduronly the porcelain veneer was
chipped off without failure of the supporting zirca core layer. The impacted crown
was sectioned in two halfs by water cooled low dpgiamond saw before mounting it on
onto an aluminum plate with high strength epoxyegliPolishing was not implemented
to avoid potential damage to the section. Figura 38ows an optical image of the crown
after it was sectioned into halves. Figure 38usitates a scanning electron microscopy
(SEM) image of the zirconia-porcelain interface.uttthg marks left behind by the
diamond cutter are visible just on the zirconiaesi®Vhile in low magnification bonding
between porcelain and zirconia appears uninterdJ@ehigher magnification image of
the interface exposes small micro cracks less tham running along the interface.
Edax element mapping illustrated in Figure 38 dwshohe distribution of zirconium

element at interface region of zirconia-porcelain.
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Porcelain Veneer

Zirconia core

Figure 38 An optical microscope image of sectionedample. b) SEM micrographs of
interface ¢) zoom image d) Edax element mapping sts the distribution of zirconium

element at interface of zirconia and porcelain.

5.2.2 Method

To find the best line for residual stress measurgsénitially an X-ray micro-diffraction
mapping global search was done using the BrukeD38over XRD2 micro-diffraction
system equipped with a Hi-Star 2D area detector@aderal area Diffraction Detection
System (GADDS). The maximum detector distance .&8fn) by this system was
selected because frames collected at higher detdistance have more strain resolution
and here peaks were better distinguished althdogih intensity decreases. At 300 mm

the detector simultaneously covers the area ofi2020 and 20° iny with a 0.02°
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resolution. Two intervals fortRat each diffraction point (X, Y) was considereigstfa
frame from 18° to 38° for phase analysis and thdérame from 63° to 83° interval in

high 29 was selected for Sig bi axial stress measurements.

Mapping X-ray diffraction was performed by colleqi 186 frames até2between 18°
and 38°, Cu-K radiation at tube parameters of 40 kV/40mA, with.2 mm diameter
collimator, in reflection mode, a fixed X-ray beantident angle §:=14°), a detector
angle of#,=14°, with 120s/frame exposure times, and 100unars¢ipn step in both X
and Y translation stage directions. Residual stfesa selected line were measured by
the same system at 23 points along a line scarg wsimono capillary with a 50 pm
diameter focused micro X-ray beam along the linéctviltonnects two side of zirconia

layer.
5.2.3 Peak selection for residual stress measurement

Since there is a larger peak shi€20)°, and less chance of a displacement error for
highei28, it is appropriate to find a peak at hig angles. The selected peak is better to
have sufficient intensity and be separated froneogieaks. Figure 39a shows the typical
whole labeled XRD pattern of stabilized zirconial anselected high@2angle (004) ring
for residual stress measurements. Figure 39btrdlies that a frame’s background
intensity decreases at high angles, which improves the signal gain. Using Bradaw

for A = 1.541784 and giverd, = 73.065 and 004 ring,

1 _h2+k2+l2 1 0% + 02 42

——= — = + doos = 1.29514 5-1
2 a2 @ dZ, 3606707 5180207 00
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The peak shift is expressed in degrees [68],

A(260)° = 180tV L rand sin?() = 0, = o ; ”
= —2— gptand sin®(Y) = gy = —360tanfsin?(P) 1 + v

For given maximum sensitivity 0.01° (System linot accurately position the angles),

E=205 MPa,v =0.22, minimumoy as a function of 2andy can be obtained. For a

typical 29=146.13° andy=12°, a residual stress with magnitude of +*1 MPa is

measurable.
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Figure 39 a) X-ray diffraction pattern of tetragonal zirconia and selected (004) peak b)

background intensity decreases vs.62
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5.2.4 Choosing an appropriate time per frame

As all XRD stress measurement methods are baseeak location shifts, determining
the exact peak position is an important step agdires adequate peak fitting. A proper
peak fitting requires high quality data. Collegtithe frames at highé2angle with a
50 um collimator by a laboratory X-ray system regsilong time exposure on the order
of an hour per frame because the total intensay thaches by detector is as low as 25
counts per second. Collecting several numbersamhds requires finding a reasonable
time per frame. A set of frames with times frormihute to 120 minutes were collected.
Results frame and selected integrated region dwmstrited in Figure 40a and b
respectively. A Matlab code was developed to fitoanbination of two Pearson VII
functions [69] on (004) and (220) peaks as showhigure 40c. The curve y{2is the
intensity as a function of angular positiof that we want to fit on measured intensity
1(20) around the (004) and (200) peaks. Because ) @nhd (200) peaks overlap, a

combination of two functions each represent oninefpeaks.

y (20) = AL fi(20 — 26,) + A, £, (20 — 26,) 5-3
Where, A, A,, 01 andé, are intensity of fitted peaks and angular positbfitted peaks
centers, respectively.
fi (26 — 26) = [1 + K (26 — 26;)* ™™ 5-4
WhereK; determines the width of the fitted curve afidgoverns the rate of decay of the
tails. ForM; = 1, the profile is purely Cauchy, ft; = 2, a Lorentzian function, and for

M; =infinity, the profile is purely Gaussian.
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Although increasing the exposure time per framevides reasonably less noisy data,
there is an experimental upper limit for collectitme after which the ratio of the signal
to noise remains constant. The Mean Square EM&E] of the data from the fitted
curves that represents the signal to noise rapdoised in Figure 41, and based on that, a

45 minute exposure was selected per frame.
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Figure 40 a) frames with various times b) integraté pattern c) normalized and fitted peaks

by two Pearson VIl functions.

78



160

¢ MSE plot vs. time
Fitf(x)=a*x*b +c

Geheral model Power:
120 H 1 Fx) = awxabtc
Coefficients (with 95% confidence hounds)

a 147.2 (141, 153.5)
b = —0.8955 ¢-1.006, -0.7846)
c 7.540  (4.346, 11.557

71 Goodness of fit:

SSE: 36.15

R-sguare: 0,993

Adjusted R-sguare: 0.9974
RMSE: 2.273

MSE

0 20 40 60 80 160 120
time(min)

Figure 41 square error of curve fits on (004) and2320) peaks saturates by 45 min.

5.3 Results and discussion

Since the main objective of this experiment is noestigate the relation between the
stress state and the degree of tetragonal to mamphase transformation in zirconia,
finding the line between two points on the compiexcked geometry of crown that starts
from tetragonal phase and ends in monoclinic plssgitical. The area suspected to
have stress induced phase transformation was mappkad the best line for residual
stress measurement, shown in Figure 42a. The arebes 3 monoclinic related peaks
were normalized to the maximum area for all codldctrames, illustrated in Figure 42b.
To validate this map, the area under a normalieédhdonal peak is mapped in Figure
42c. From both maps the best location with therel@sproperty of monoclinic phase in
one side and tetragonal on the other side acresthitkness of zirconia layer is apparent.
Without the map, it would be difficult to find su@path, as the tetragonal phase may

just partially transform to monoclinic under thepatt load.
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Figure 42 a) ptical microscope photo ofa sectioned failed crown. The box outlines the
location of the X-ray map, b) High resolution X-ray diffraction map of the total area under
(011,110, and 101) monoclinic peaks (Map of the area under the(101) tetragonal peal.

Along the line that connects the two sides of tlieonia layer, 23 points were selec
for a line scan using a tum mono capillary optic (also indicated kiigure49a). Two
intervals for 2 at each point were considered, one frame from @838° and a fram
from 63° to 83°. Franweat the first interval were collected for phasalgsis, because

this interval both monoclinic and tetragonal peaiesbright and have enough separati

The second interval at higld was selected for Sipr stress measuremen

The frame in Figure 48shows only the tetragonal crystal structure v Figure 43b
shows just the monoclinic structure correspondimghe point 1 and 23, labeled
Figure 49b. Frams collected in between the pure tetragonal andooiioic phases
were integrated to yield intensity versud diagrams. Diffraction patterns across
selected line for all measurement points (illugidat Figure 43a)reveal a gradual pha
transition. Similarly, the tetragonal to monodtirphase transition is confirmed at hi

260 frames (shown ifrigure44c).
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Figure 43 a) Tetragonal 2-D diffraction image (B=18° to 38°). b) Monoclinic 2-D
diffraction image. c) Integrated rings giving inensity versus B diagrams, starting at the
zirconia porcelain interface and proceeding acrosthe zirconia layer.

The mapping process was repeated on a sectioneth evithout impact. It did not show
monoclinic phase. This suggests that the phassitiron discussed above was created

by impact damage. The external load created asstreld that finally caused the failure

of the veneered layer while the zirconia did nok lhat transformed. The gradient of
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phase transformation from zero to 100 percent Wed observed is understood if we

consider the role of residual stress.
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Figure 44 a) Tetragonal 2-D diffraction image (B=63° to 83°). b) Monoclinic 2-D
diffraction image. c) Intensity versus D diagrams across the thickness, from integrated

rings.

In order to measure residual stress at each plomt,frames with different sample tilt

value were collected to cover 60° ¢f angle. Using a sequential list, the system
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automatically located each predetermined pointh® ihstrument center of diffraction
using a motorized five axis (X, Y, 4} (tilt), ¢ (rotation)) sample stage. Angles are
shown schematically in. Final height adjustmentshie Z-direction were made by an

auto video-laser system before each data collection

Figure 45 Schematic of the sample orientation andgsition of the 2d detector with respect

to the diffraction cones.y is the angle subtended by the diffraction rings othe 2D detector.
The applied stress was concentrated in small ardarneath the ball indenter tip, a good
candidate location for phase and stress analysisliise scan right under the indenter
load. Figure 46 b shows the location of exposwiatp selected on a line that connects
the bottom and top side of the zircona layer. Esroollected from points 1 and 23
illustrated in Figure 46 c and d are substantidifferent. This difference indicates stress

induced change in crystal structure.
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Figure 46 a) An optical microscopy image of the meaarement location on the crown b)
exposure points, starting at the interface betweenirconia and porcelain (point 1) and
proceeding across the zirconia layer away from thaterface (point 23) ¢) Monoclinic 2-D
diffraction image (20=63° to 83°) d) Tetragonal 2-D diffraction image (8=63° to 83°).

5.3.1 Observation of phase transformation from X-ray diffraction frames

A mosaic pattern of frames collected along the <resction line that connects the
surfaces of the zirconia layer under the indentag@int qualitatively reveals phase
transformation, as shown Figure 47. Frames celtkdt locations 1 and 23 have
different sets of rings identifying the two diffetephase of zirconia, but frames at the
middle of the length (frame number 12) show bothgas.

84



Porcelain
23

Zirconia

Figure 47 Mosaic pattern of 2D XRD frames along theross section from the inside surface

to the porcelain interface that cover they = 0° to 20° segment of diffraction cones.
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Figure 48 a) Typical segmented diffraction frame.b) Integrated intensity profile, fitted by

two Pearson VIl functions for a 1° highlighted segrant.

Figure 48a, illustrates a typical frame with a segtad region that involves (004) and
(220) rings. The integrated intensity for each segihwas fitted by two Pearson ViIi

functions using a Matlab program.
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The (004) tetragonal zirconia peak at 73.065° &&1) monoclinic zirconia peak were
selected for stress calculation using the gin#thod. They range was segmented into
smaller integration segments of aydfange. The residual stress for every scan paast w
evaluated from sin2 versusy curves using the following equation [68],

_ Slope E
O-¢' B dll)=0 ' 1+v

5-5

Based on the slope and the intercefj_(,) the residual stresses were determinkds
convenient to usé,,_, as stress free reference value, which typicallgdea an error of
only 0.1% [68]. The error bars in measured stessere determined based on the
confidence bound of the peak fitting and variandeseven measurements at each
location. The calculated confidence bound corredpoto a 2 range that itself

corresponds to a rangedrspacing.

Figure 49b shows combined residual stress measuateresults with tetragonal to

monoclinic phase transition ratio in percent. Thaxial residual stress was found to
range from -400 MPa to 400 MPa for the scanned liA®@ important point to note is

initially at point 1 the stress was -400 MPa (coesggive) and gradually increased to
+400 MPa (tensile) at point 7, and then droppedei@ (average) after this peak. The
gradual changes in the phase transformation raitio this gradual stress change from
compression to tensile, then to zero, revels adues$istress relaxation from phase
transformation. This mechanism of phase transfoomgrevents the zirconia layer from
crack growth in its application as a dental matec@nbined with a porcelain veneer.

Considering the fact that meta stable tetragomabmia transforms to monoclinic due to
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tensile stress, and the current observed relatbnden stress and phase ratio, determines

an important role for compressive residual stréskeazirconia layer interface.

Before applying any external load to a typical am@a-porcelain crown, depending on
cooling process, geometry and relative thicknessydrs, a residual stresses from -100
MPa to +100 MPa is expected along the thicknesarobnia layer. If the zirconia layer
is in compression before applying external tenisiéel, initially the compressive residual
stress might be compensated and only further gereading would result in phase
transformation. It is here that the meta-stalti@¢mnal zirconia relaxes the tensile stress
by performing phase transformation and likely dslagyack initiation It was observed
from Figure 49 that stresses go to zero at aboUt pbase transformation. The current
measurement was performed in one line scan on 4) (@ak and focusing mostly on
introducing the technique. As future work, moreasw@ements at other locations of the
crown and considering other peaks would be bemficHowever, the technique is
powerful and these first results are sufficientnidicate some interesting behavior. The
transformation to a majority monoclinic phase 1.5hrfrom the interface would also
mean communication of stresses from gran-to-grdininvthis tetragonal phase becomes
limited. Thus the stress in the monoclinic phaseilel dominate in this region. The
transformation to monoclinic during impact wouldveabeen associated with a volume
expansion. Once the driving force from the applestl was released, the residual stress

state would have changed.
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Figure 49 a) 23 exposure points, starting at the iarface between zirconia and porcelain
(point 1), proceeding across the zirconia layer awafrom the interface (point 23). b)

Combined phase transition and residual stress alonipe line scan.
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It is possible that this volume change is also @ased with micro-cracking. Future
work could also include microscopic evaluation tbserve cracking. That micro-
cracking would have limited residual stresses ia gart of the sample and supports the
current observation of nominally 0 MPa stress bdydn8 mm from the interface.
Further future work could also include observing #tresses in the direction parallel to
the interface. The stresses examined here weageediprimarily perpendicular to the
interface. In addition, implementing this methadasspecimen fatigued to failure would

be clinically relevant.

5.4 Conclusion

The overall state of residual stress is an impofetor in failure and lifetime of ceramic

dental restorations. Novel crowns could be designgh an understanding of residual

stress’ critical role. A method of combined phassnsformation and residual stress
measurement were adapted for dental crown studigwbilized tetragonal zirconia,

currently a dominant material for dental restomaticc meta-stable and transforms to
monoclinic under critical stress. Current resatisple phase transformation and residual
stress measurement. This is an important factalesign, because this transformation
under critical load retards failure. A significardnge of residual stress from a
compressive stress of -400 MPa up to tensile stods4d00 MPa and up to 100%

tetragonal to monoclinic phase transformation welbserved for an impacted crown

under a single load to failure. Knowledge on phasesformation coupled with residual

stress states, layer thickness, and the manufagtyprocess opens up the keys to

designing longer life dental restorations.
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CHAPTER VI

6 Three Dimensional X-Ray Diffraction Cone Detectiorand Visualization

A new method of sensing and analyzing three dinoeagiX-ray diffraction cones was
introduced. Using a 2D area detector, a sequehfrarnes was collected while moving
the detector away from the sample with small egusllaced steps and keeping all other
parameters constant. A three-dimensional dataset eveated from the subsequent
frames. The three-dimensional X-ray diffractionteat detection (XRE) contains far
more information than a one-dimensional profile lexked with the conventional
diffractometer and two-dimensional X-ray diffractio(XRD?). The present work
discusses some fundamentals about XRBuch as data collection method, 3D
visualization, diffraction data interpretation apakential application of XRDin various

diffraction fields.

6.1 Introduction

Exposing photographic films was the first way fetetting diffracted X-rays. An X-ray
affects film like visible light. Film designed fot-rays has thicker emulsion than normal
photographic film to increase absorption. Filmed#drs are thin, flexible, and have high
resolution and dynamic range, though accuracy eaanbissue. Films were replaced by

counter detectors in powder X-ray diffraction syssemuch earlier than replacement of
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photography film in digital cameras. A point deétemeeds only to move step by step on
circumference of a circle centered on the powdacemen to record diffracted intensity
as counts per second vs. diffraction angl@).(2Having Intensity vs. diffraction angle
(20) is enough to compare the pattern with known specin the past twenty years, due
to the advances optics and computing power, rerbfgkadvances have been
demonstrated to replace point detectors with twoedisional detectors. In the case of
samples with texture, large grain size, or smadmily, the integrated data from a 2D
detector has better intensity, resolution, and issieg resulting in better phase
identification and quantitative analysis [70]. Thesame advantages also enable practical
use of smaller beam sizes. Two dimensional datetiave been adapted for most of X-
ray diffraction techniques. The speed of collegtiiffraction data using a 2D detector is
typically several orders of magnitude faster thaDapoint or line detector. In the case of
phase analysis, 2D diffraction data should be nattegl first to 1D intensity versus
diffraction angle to be comparable with ICDD cardst still has remarkable advantage
in reduction of data collection time and capabildy illustrating spottiness or local
texture in a diffraction ring. 2D detectors haweb implemented to measure residual
stresses with high sensitivity, speed and accusawe whole or a part of the diffraction
ring can be measured simultaneously capturing gahal components of the strain [71].
Two dimensional detectors are appropriate for lapgén and textured samples and Pole
figures can be measured at fine steps for textuaéysis [18].Two dimensional detectors
are appropriate for large grain and textured sasngtel Pole figures can be measured at

fine steps for texture analysis [72,73]. Recerlljahkaramiet al. introduced the idea of
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using 2D detectors with proper sample rotation #hd for diffraction mapping on
curved surfaces [74]. Their method relies on angiddample shadowing of the detector
and is only practical using 2D detectors, espacialcase of textured samples. Although
the case of phase identification requires integnasteps on recorded frames, it gives
better intensity and statistics for phase ID andngitative analysis, particularly for small

guantities of a phase [75, 76].

Three-dimensional detection of diffracted X-raysonft exposed material is of
fundamental importance for many X-ray diffractioechniques and applications [77].
However, accessing the three-dimensional diffrackeday data seems practically
impossible with laboratory systems. This kind ofa¥ detection would benefit from a
3D array of detectors without introducing disturbarmr absorption of the X-ray while it
is passing though the detector. In addition to th@ngulation method useful for
detecting grain depth [78], Bungg al. used a sweeping method based on continuous
movement of area detector for texture analysis.[7Bje idea of 3D detection of X-ray
using laboratory scale XRD system was discusse®ddly B He in his book on two
dimensional X-ray diffraction [80]. In a chaptem enovation and future development
he has introduced concepts of a three-dimensicgtaictbr and its potential application.
This study demonstrates an efficient way for 3Ded&bn and visualization of X-ray
diffraction data. During data collection, a 2D amdetector collects frames at different
distances from the center of diffraction in a steggamanner in order to be used as 3D
data set. It should be noted that we use the 3@rdetection of diffracted X-ray for the

technique and not 3D-XRD. The term 3D-XRD alre&dg being used for 3D map of
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sample microstructure in three dimension X-ray oscopes, a method to be

distinguished from what is introduced here [81].

6.2 Experimental procedure

Polycrystalline Alumina (Nist 1976a) was selected this study. X-ray diffraction was
performed with Cu K radiation at tube parameters of 40 kV/40 mA usaingruker D8
Discover XRD micro-diffractometer equipped with the General @\r®iffraction
Detection System (GADDS) and a Hi-Star two dimenaiarea detector. A laser—video
Z-alignment system was used for sample alignmenhising the 2D detector, 47
diffraction patterns containing several Bragg pefa&s alumina were collected starting
with a 70 mm sample to detector distance (SDD)® 1Bm at 5 mm steps. At each step,
only the sample to detector distance was increasglll.other parameters were kept
constant. The experimental set up with the detexttowo different positions is shown in
Figure 50.

The angle between the detector surface normal veotd the direction of diffracted
beam was kept constant. The X-ray beam incidegleah and detector anglé, were
20°. The exposure time was 60 s/ frame with an |8®0diameter beam. The detector
distance changed manually at each step. Systabratain including determining the
precise sample to detector distance and beam cewtdch involves flood field
correction and spatial correction were performe).[4At each distance after calibration,
the sample to detector distance was validated théhsalue on the scale and the detector
center verified. The 00-046_1212 ICCD Powder difion file was used for peak

matching in calibration.
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Figure 50 Experimental setup using Bruker D8 discoer X-ray diffraction system. A laser

camera alignment system was used to position thersple at the focal point of the X-ray
beam.

6.3 Results and discussion

Figure 51 shows the comparison between the cormmaitilD diffraction pattern, 2D
diffraction pattern, and three dimensional detectad a diffraction pattern from the
alumina powder. As dimension of the acquired dataeases, more information is
available for diffraction analysis such as stresalysis, phase identification, particle size
and shape and texture [82]. In discussions ofaliffon, the word "cone" is taken to

mean "double cone," i.e., two cones placed apeypéx.
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Figure 51 The diffraction pattern of polycrystalline alumina powder: (a) 1D diffraction

pattern, (b) The 2D diffraction pattern, (c) The 3D diffraction pattern (simulated from
ICCD card 00-046-1212) d) conic section of diffra@n cone with 2D detector.

Figure 52 illustrates the geometry of a diffractamme with detection surface of a flat 2D

detector at two different distances between theptaand the detectoD(). The detector

swing angle is called. The detector was kept at constant angular posf = 20°) for
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all the 47 frames.Changing theswing angleconic sections are no longer circular ¢
may be an ellipse, parab, or hyperboladepending the way that detector plane cuts
diffraction cones [77].In the case of a sample without residual streggadiion cones
are right circularwhere right means that the axis passes througlteher of the base

circularmeans that the base icircle.

b

tinnrnn

o

(

Figure 52 a) S$hematic of conic section a 2Ddetector plane with a diffraction cone at two
different distances.

A mosaic pattern of frames collected along diffémetector distances from the stand
alumina sample is shown Figure 53. The frame collected at the closest distance (7
had the greatest number of rings and the framedelll at the furthest distance (30 «
had the least rings. Frames close to the sampier @larger segent of the diffractior

cones iny but they have less angular resolution. Along wibhservation of energy,-
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rays are absorbed as they pass through mater@isditng to an exponential law, so rings

in frames at a closer sample detector distancenach brighter and have more intensity.

\
|
|
) |
]

1 26

Figure 53 Mosaic pattern of 2D XRD frames with diferent detector distance starting from

7 cm to 30 cm with 5 mm steps. The number on righibp corner of the frame represents the

detector distance.
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Figure 54 intensity change of rings vs detector dignce.

The same trend of intensity decrement also exatshie frame background level. All
frames were integrated in thedirection and their intensity normalized to lengthy
coverage is plotted in Figure 54. The intensisiesuld be normalized to the lengthyof
coverage, as frames with increasing detector distarover smaller segments of the

diffraction cone.

The “.gfrm” files were opened in GADDS software lhia proper contrast and then
1024x1024 pixel size “TIF” format screen shots everaptured. Using a global

threshold, automatic image segmentation was effggtimplemented in segmenting the
diffraction rings from background of the framesgu¥e 55 shows the rings distinguished
from background and the passive area of a partiérdene captured at a 12 cm sample-

detector distance.
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Figure 55 Semi segmented area of 2D frame. Grayloois the background, black is passive

area of detector and different rings are separateaith different color.

Figure 56a demonstrates all 47 frames importecegaesice of imagess.In Figure 56b

selected frames are shown with transparency.

.
v
*

Actual frames

T
=

" Three dimensional data analysis and visualization was carried out using Amira 3.1.1.
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Figure 56 a) Sequential frames b) Visualization afelected semi transparent frames.

Any arbitrary plane can be selected to see thescsestion of the data set. This is a
means to change the detector position and directianually among the data set and
look at a particulavirtual frame. We call these cross sections virtual frame ag tan

be used for all possible analysis similar to arualctaw data frame. Figure 57 and b
show an oblique cross section cut and an orthogmoak section (virtual frame). One

can navigate through the data set and look at dmfyay cross section.

a)

Virtual frame
r_'ﬁl 3

G

L/

AR
o=

NV

Virtual frame

Figure 57 Oblique cross section (virtual frame). bjOrthogonal cross section (virtual frame).
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6.3.1 Accessing the information of diffraction cone

In order to visualize the volumetric nature of difftion cones, two solid volumetric parts
of diffraction cones included in the data set fr(kth3) and (104) are illustrated in Figure
58a. In the case of polycrystalline materials,hedifraction ring is made up a large
number of small spots, each from a separate crystdicle. The spots lie so close
together that they appear a continuous line whendttector is close to the sample as
shown in Figure 58b. Figure 58c and d are framdleated from the same section of a
diffraction cone at a larger sample-detector distan When increasing the sample-
detector distance, field of view, and intensityrioigs decreases as resolution increases.
The spottiness nature of cones is observable fraggur& 58d. This spotty nature of
diffraction makes the diffraction cone a discontins surface when the detector is
located far from the sample. Rings with less isignwill be spotty at a much shorter
sample-detector distance than high intensity ringlke ring (104) has 1.5 times higher
intensity than the (113) ring, and as is observditden Figure 58d, the ring (113) is

spotty at a 30 cm sample-detector distance whd€1B4) ring still is continuous.
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Figure 58 a) Volumetric visualization of two diffraction cone sections. (113) becomes
discontinues after position (2) for detector b), cand d) are frames at different sample-
detector distance (SDD) from the same region of ces.

A surface mesh with closed boundaries consistingtrigingles was generated for
volumetric visualization of the diffraction condsat were included in the data sets, as
shown in Figure 59a. Using a proper thresholdffeadtion cone can be considered as a
shell between two top and bottom surfaces, as showre zoom image (Figure 59b). In
conventional 1D XRD, the shape of a powder difiatipeak can be characterized by a

Full Width at Half Maximum (FWHM). Here we definbe average thickness of a

diffraction cone shell as a simple way for charaz&ion in correspondence to the
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FWHM in conventional diffraction. The following skusses a method used to calculate
the local thickness of a diffraction cone shelhefie are two surface functions, for a top
surfacefi(x,y) and for the bottonf,(x,y), obtainable from the triangular surface mesh, as

illustrated in Figure 59b.

Jxy)

L~Top surface

L)

“Bottom surface

" o | e)

Figure 59 a) Surface mesh on (113) and (104) difitdon cones. b) The surface mesh
confines the diffraction cone section between twopper and lower surfaces functions. c)
Cloud of points placed on the top and bottom surfaes of diffraction shells. d) Points are
located on lower and upper boundary of the rings.e) A zoom image showing the location of

typical boundary points.

Becausdi(x,y) andfy(x,y) are two locally variant curved functions, thetdice between

them is not well defied. First an interpolatedface function between the top and
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bottom surfaces is fitted, and then the shortesttfio-surface distance for all points
placed on the top and bottom surfaces was calcllalde average thickness for (104)

and (113) cones was3® and 1.18respectively.

A right cone of apex to baseand base radiusoriented along the y axis, with vertex at

origin as shown in Figure 60 can be described byathimplicit Cartesian equation.

zi=+ ’czyiz—xl-z Fory; € [0,h] andx; € [0,7] 6-1
r

Wherec = - =tan (). The opening angled2of a diffraction cone which ithe vertex

angle made by a cross section through the apexcantér of the base could have a

constant value between 0 and

Figure 60 Diffraction cone geometry.

Similar to curve fitting on 2D detector frames fording a diffraction ring, a customized
Matlab code was developed to 3D-interpolate thdragifion cone surface with the
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function in equation 1. This interpolated surfaceaswused both for thickness
measurement and to determine thevalue for the (104) and (113) cones. The resilts
3D interpolation on (104) cone section is illustchin Figure 61 and thed Zalue found

to be 35.09°. This corresponds to 35.153° accgrtbnthe 00-046_1212 ICCD Powder

diffraction file.

I | Cone section fit on (104)

® ZVs X Y

Figure 61 3D interpolated surface between pointsald for (104) cone.

6.4 Conclusion

Detecting the complete X-ray diffraction cone in 3Pace is an attractive way for
development of new experimental techniques in Xsance. A new approach for
characterizing materials using X-ray diffractiorsi@en developed. Using a Bruker D8
Laboratory X-ray diffractometer and a 2D Hi-stated#or, sequences of frames with a
fixed experimental set-up at different sample detedistances were recorded. Recorded

frames were visualized in 3D and the concept oftaal frame was developed. Virtual
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frames were introduced as an arbitrary cross sedidhe data set which is similar to
what a 2D detector would record if it placed ints@an arbitrary cross-section in a real
experimental set up. Appling a proper threshadltys were separated from background
and solid shells of diffraction cones were visuadiz Nodes on surface meshed solid
shell represented the diffraction cone used forid@rpolation. The thickness of the
shell was measured and introduced to correspondemdide FWHM of peaks in

conventional X-ray diffraction. The opening ang of a diffraction cone was

calculated from 3D interpolation on an example paa#d found in agreement with the

ICCD card corresponding value.

This is the beginning of 3D detection and visudi@aof X-ray diffraction cone. A more
comprehensive data set is required for additioeaketbpment of the method. A wider
detector equipped with motorized sample-detectstadce driver is recommended. The
current method of data collection could be impletadror residual stress measurements.
Residual stresses, depending on magnitude andidiredistort the diffraction cone. In
polycrystalline samples, from the shape, intensltgnge along the surface of diffraction
cone, and discontinuity of the 3D cones; usefuadi&e graininess of the sample, depth

of diffraction, grain size and distribution could bxtracted.
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CHAPTER VII

7 Conclusions

- Mapping contact induced phase transformation of dntal ceramics

The zirconia polycrystalline tetragonal structureaily exhibits phase transformation at
the impacted region due to compressive stress otnaten. Tetragonal to monoclinic
phase transformations were observed in 2D micr@ydiffraction frames from yttria
stabilized zirconia using a 200 um diameter X-ragrh. Results of an elassitrain map
for the (101) tetragonal peak suggests stressattax by phase transformation. More
phase transformation was detected at inner seofitime lingual side, because the initial
state of compressive residual stress assists lthasegaransformation at the inter section of
lingual side of the core while initial tensile stseat the outer sides under the veneer
relaxes under compression and initially prevenesphransformation.

- Investigating a combined residual stress and phastransformation measurement
Coupling phase transformation and residual stresgsorement is an important factor in
design, because transformation under critical ledards failure. Using Bruker D8 micro
X-ray diffraction, a laboratory method of combinptase transformation and residual
stress measurement were adapted for dental crowdiest A significant range of

residual stresses from a compressive stress of M up to tensile stress of 400 MPa
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and up to 100% tetragonal to monoclinic phase toamsmtion were observed for an
impacted crown under a single load to failure.

- Development of a model for residual stress predion of various porcelain layer
thicknesses
The residual stress was tensile in the zirconia sifdhe interface and compressive in the

porcelain side. The magnitude of the residualsstrdepends on initial and final
temperature as well as the thickness of the parcalal zirconia layers.

Based on the fundamental equations for strainnafyical model for a bi-layer ceramic
composite was developed. The bilayer model cangisif a 0.5 mm yttria stabilized
tetragonal zirconia disk veneered with a 0.5 mmktlporcelain had a predicted residual
stress ¢x) of -60 MPa, 100 MPa, -40 MPa, and 10 MPa for ltb&om of the zirconia
layer, the zirconia at the interface, the porce#dithe interface, and the top surface of the
porcelain respectively.

- A recommendation for minimum porcelain thicknessn modern crown design
Considering the thickness measurement resultsresiidlual stress prediction for bi-layer
ceramics shows locations where the thickness ofptireelain relative to the zirconia
layer is small (<0.2 mm). These locations are higlresidual stress and a likely
initiation site for clinical failures, so therefoshould be avoided. For a typical crown
only 3.3% of the porcelain was below than 0.2 mithis can be avoided by minor
adjustments on the initial design.

7.1 Measurement advancements

- Development of a new method for X-ray diffractionmapping on curved surfaces
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In case of dental crown, a part of surface mayktbe X-ray beam before reaching the
desired point or diffracted rays might be blockeditiplly or completely before reaching
the detector. Considering a complex geometry afoave an efficient method for X-ray
diffraction data collection mapping on a given @dvsurface was developed. This
method is general and applicable to other compleantetry materials. Using this
method, a correlation between tetragonal to monicphase transformation and height
of the local position was observed.

- X-ray Diffraction mapping with five axis stage ard genetic algorithm optimization

A new approach for characterizing curved surfaceperties using micro X-ray
diffraction was developed. Using genetic algorithptimization, the required time for tilt
and rotation between the exposures has decreased 6rhours to 2 hours and 15
minutes, which is a 37.5% improvement.

- Porcelain layer thickness measurement method uginX-ray micro tomography
Tomography data to reconstruct the 3D structurda@fcrown followed by finite element
surface meshing to calculate the minimum distaneéwéen nodes on surfaces.
Thickness measured using this method can be colnyyldid-material bending equations
to approximate the state of residual stress agmifft locations of the crown.

-Three Dimensional X-Ray Diffraction Cone Detectiorand Visualization

A novel method of data collection and visualizatioh three-dimensional X-ray
diffraction (XRD®) was developed. A virtual frame as a new termrhin XRD field was

introduced, which is an arbitrary cross sectiontted data set, similar to what a 2D
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detector would record if it is placed in such aritaary cross-section in a real

experimental set up.
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CHAPTER VI

8 Future work

8.1 Phase mapping

The current research work so far has been focusindeveloping models and techniques
and validating the results. In collaboration wiilEO Nautilus dental Studio we have
received samples prepared with different parametknplementing the current methods
on those samples and more collaboration with dealel is one of the future directions.
From this we will have information on residual sseas a function of differences in
cooling methods and be able to provide a techniatcan offer the dental community
badly needed feedback on optimizing processing oaksth

Comparing and validating the results with othemhiegues like nano indentation and
simulation is the next goal. This comparison snpled to be done on a simplified flat
disk sample to reduce the unknowns. This flat darhjps been impacted by custom
build load frame to mimic the chewing mechanismigufe 62 shows the rectangular

grids planed to be replaced with customized mesh.
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Figure 62 optical image of impacted area by fatigue loadingroa flat zirconia sample

The aim of collecting several micro XRD frames ampacted area is to map the ph
transformation in zirgnia structure. Phase transformation mostly ocatithe center ¢
impact region and drastically decreases by dist&nooe center. Instead of a rectangt

grid, micro XRD frames could be collected on theaally designed grid as shown

Figure 63.

Figure 63 proves that it is possible to collect the data orustomized mest
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Figure 64 a) Fibonacci sequence appearing in sunfl@rs b) modified for our purpose.

Using a Matlab code, points initially were created polar coordinates and then
transformed to the Cartesian coordinate in a fildaustandable by the GADDS system
controller software. The developed code creatady falistributed points in the

measurement domain. Each set of points is oncamilerence of a circle with equal
angular distance. Circles are not equally spacwetl the distance between circles is
growing by a growth factor of 1.3 in order to cotlédewer frames at other regions. A
similar pattern shown in Figure 64a appearing iturgin sunflowers is describable by a
Fibonacci sequence. Here a following series wad ts find the number of points on the

consequent same center circles.

an+1= 2a-1 8.1
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8.2 Diffraction from single grains at interface
Studying and analyzing the collected data of thasphtransformation for individual
grains observed at the interface of porcelain arabina is the next goal to achieve. A

typical frame containing individual phase transfechgrain is shown in Figure 65.

Figure 65 a) Measurement points located at interfax b) individual grain transformed
grains.
To develop a more theoretical and experimentatioglebetween phase transformation

and residual stress in meta stable zircoina cromese experiments are underway.

8.3 Three Dimensional X-Ray Diffraction and residual stess measurement

In Chapter 7 it has been tried to develop concepthree dimensional X-ray diffraction
data collection and visualization technique. Thenng@al of the chapter was to collect a
three dimensional data set and visualize it. H isng way to improve the method and
implement it for real applications like residualesises measurement. In recent decade,

advances in 2D X-ray diffraction have been remakamd it is well developed to be
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considered comparable with conventional 1D XRD meéthThere is considerable room

for developing the method.

8.4 Further developments

1) Repeat this study to further quantify and studydbepling of phase transformation
and residual stress. This could be done firstaiplates.

2) The methods developed here could be used to oomifie minimization of residual
stress from engineering the CTE of porcelain.

3) Measure the improvement on residual stress fromdang the thin regions in a
crown.

4) Nanoindentation measurement of residual stressdcbel validated by XRD in
crystalline systems such as alumina or zirconitaém implement for determining the
residual stresses in porcelain. In general the XRfdhods developed here can be
used to validate and infer the residual stresspsiicelain.

5) The methods developed here can be used to vakdatemodels predicting residual

stress in dental restoration associated with ptrassformation.
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APPENDICES

Appendix 1

A meshed model in Amira was saved as a file witteresion of“. hmascii” which could
be opened by notepad. Typical hmascii file is shdvaliow which contains nodes
coordinates, triangle faces and volumetric meshiese we are just interested in the
nodes and faces. Because the original file wasarge, the main body has been replaced
with dots.

HYPERMESH Input Deck generated by amira
*filetype (ASCII)
*yersion(6.0)
BEGIN DATA node number
BEGIN NODES

X: y s
*node (1,1420.828491!,552.108645,55.048492,0,0,0,0,0)
*node (2,422.552399,550.826538,55.098877,0,0,0,0,0)

nodes
coordinates .
*node (202735,478.354919,153.112747,459.054420,0,0,0,0,0)
END NODES
BEGIN COMPONENTS
*component (1,"?",1,1)

face number material index
= 3 nodes number that create a face
*tria3 (LiUA65128011281)

*tria3(2,1,64,65,281)
Faces

L_*tria3(89999,1,148697,148676,148698)
__*component (2, "Material3",1,2)
*tetrad4(l,1,65,604,280,281)

*tetrad (2,1,25078,25065,25066,25428)

Volumetric *tetrad (1102476,1,127901,43870,32252,43571
*component (3, "Materialb", 1, 3)

*tetrad (761581,2,420,112,113,149746)
*tetrad (761582,2,460,159,142,149744)

elements

L *tetrad(1102489,2,156267,162420,185360,156363)
END COMPONENTS
END DATA



%NMatlab code for minimum distance calculation
n=1;
x1=x(:); %face coordinates matrix imported to the workspace from
hmascii file
x2=sort(x1);
for i=1l:length(x2)-1
if  x2(i+1)>x2(i)
x3(n,1)=x2(i);
n=n+1,
end
end
for i=1:length(x3)
x3(i,2)=nodes(x3(i),2);
x3(i,3)=nodes(x3(i),3);
x3(i,4)=nodes(x3(i),4);
end
n=1;
p1=p();
p2=sort(pl);
for i=1:length(p2)-1
if p2(i+1)>p2(i)
p3(n,1)=p2(i);
n=n+1,
end
end
for i=1:length(p3)
p3(i,2)=nodes(p3(i),2);
p3(i,3)=nodes(p3(i),3);
p3(i,4)=nodes(p3(i),4);
end
ii=length(x3);
ji=length(p3);
% first let’s calculate some initial value for dmin
for i=1:ii
for j=1:1
dmin(i)=((x3(i,2)-p3(j,2))"2+(x3(i,3)-p3(j, 3))"2+(x3(i,4)-
p3(j,4))"2)".5;
end
end
%original loop for dmin
for i=1:ii
for j=1ijj
d=((x3(i,2)-p3(j,2))"2+(x3(i,3)-p3(j,3))"2+ (x3(i,4)-
p3(j,4))"2)".5;
if d<dmin(i)
dmin(i)=d,;
end
end
end
calib=11.5/550;
dmin(2,:)=dmin(1,:)*calib;
B histogram plot----------=-==-=----
[muhat,sigmahat,muci,sigmaci] = normfit(dmin(2,: );
numbins = 25;
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hist(dmin(2,:),numbins)
set(get(gca, ‘Children’ ), 'FaceColor' ,[.8.81])

hold on

hold on

[bincounts,binpositions] = hist(dmin(2,:),numbins);
binwidth = binpositions(2) - binpositions(1);

histarea = binwidth*sum(bincounts);

xh = binpositions(1):0.001:binpositions(end);

yh = normpdf(xh,muhat,sigmahat);
plot(xh,histarea*yh, ', 'LineWidth' ,2)
xlabel(  'Porcelain layer thickness (mm)' );
ylabel( 'Frequency' );

Appendix 2

% Colored map of minimum distance measurement
% first lets calculate some initial value for dmin
ii=length(nodes);
ji=length(x3);
for i=1:ii

for j=1:1

dmin(i)=500;
end

end
%orignal loop for dmin
d=0;
for i=1:ii

for j=1ijj

d=((nodes(i,2)-x3(j,2))*2+(nodes(i,3)-x3(j, 3))"2+(nodes(i,4)-
x3(j,4))"2)".5;

if d<dmin(i)
dmin(i)=d;
end

end

end

nodes(:,5)=dmin’;

% - - -
¢=0.5*ones(4080,3);
v=zeros(3,3);
for i=1:1:4080

f=faces(i,(2:4));
f1=f(1);

f2=f(2);

f3=£(3);
faces(i,5)=dmin(f1);
faces(i,6)=dmin(f2);
faces(i,7)=dmin(f3);
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faces(i,8)=(dmin(f1)+dmin(f2)+dmin(f3))/3;
v=[nodes(f1,2:4);nodes(f2,2:4);nodes(f3,2:4)]

hold on;patch( 'Vertices' v, 'Faces' ,[123], 'FaceColor' ,[11-
faces(i,8)/max(faces(:,8))
faces(i,8)/max(faces(:,8))], 'FaceAlpha' ,1) %spring;
% axis equal;
xlim([0 700]);
ylim([0 700]) ;
zlim([0 450]);
end

%---extra colors

% if faces(i,8)>=max(faces(:,8))/2

% % hold on;patch('Vertices',v,'Faces',[1 2
3],'FaceColor',[2*faces(i,8)/(max(faces(:,8))) 0 O ],'FaceAlpha’,1)
% else

% hold on;patch('Vertices',v,'Faces',[1 2 3], 'FaceColor',[1 1-
faces(i,8)/(max(faces(:,8))) 0],'FaceAlpha’,1)

% end

% hold on;patch('Vertices',v,'Faces',[1 2

3],'FaceColor',[faces(i,8)/max(faces(:,8)) 1-faces( i,8)/max(faces(:,8))
1],'FaceAlpha’,1)%cool;

% hold on;patch('Vertices',v,'Faces',[1 2 3],'F aceColor',[1 1-
faces(i,8)/max(faces(:,8))

faces(i,8)/max(faces(:,8))],'FaceAlpha’,1)%spring;

% hold on;patch('Vertices',v,'Faces',[1 2 3],'F aceColor',[1-
faces(i,8)/max(faces(:,8)) 1

faces(i,8)/max(faces(:,8))],'FaceAlpha’,1)%summer

% hold on;patch('Vertices',v,'Faces',[1 2 3],'F aceColor',[0
faces(i,8)/max(faces(:,8)) 1-faces(i,8)/max(faces(: ,8))
],'FaceAlpha’,1)%Winter

% hold on;patch('Vertices',v,'Faces',[1 2 3],'F aceColor',[1 1-
faces(i,8)/max(faces(:,8)) 0],'FaceAlpha’,1)%Autumn

% hold on;patch('Vertices',v,'Faces',[1 2 3],'FaceC olor',[.8-

faces(i,8)*0.8/max(faces(:,8)) .8-faces(i,8)*0.8/ma x(faces(:,8)) .8-
faces(i,8)*0.8/max(faces(:,8))],'FaceAlpha’,1)%gary ;

Appendix 3

a Matlab code was developed that calculates theirsefjtilt and rotation angle for all

data points using the z height matrix data.

%program for rotation and tilt Masoud allahkarami 2 010 OSU

%target file saved using script file Run_Frame_X_Y_ Z 5*700 ----RFXYZ
L1=length(RFXY2);

%%initial input data was 25*28 matrix 700 data poin ts 25=xL, 28=yL
xL=1;

count=1;
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while count<=L1
if count<Ll && RFXYZ(count,4)==RFXYZ(count+1,4)
xL=xL+1;
else
count=count+ 2*L1;
end
count=count+1;
end

%input "yL",y length
yL=L1/xL;

%Rc Run column,%Fc Frame column,%Xc X column,% Yc ¢ olumn,%Zc Z column
Rc=RFXYZ(1:L1,1);

Fc=RFXYZ(1:L1,2);

Xc=RFXYZ(1:L1,3);

Yc=RFXYZ(1:L1,4);

Zc=RFXYZ(1:L1,5);

% xP, yP, x and y matrix that we need for plots the y have origin at 0
and

% stepsize of Xc and Yc

xstep=abs(Xc(2)-Xc(1));

ystep=abs(Yc(xL)-Yc(xL+1));

xP=zeros(yL,xL);

yP=zeros(yL,xL);

for j=2:xL
XP(:,))=xP(;,j-1)+xstep;
end
for i=2:yL
yP(i,:)=yP(i-1,:)+ystep;
end
zmn=reshape(RFXYZ(1:L1,5),xL,yL);zmn=zmn’; % matrix of height
zm=-zmn; %pnegative of height matrix (Useful for Excel modifi cation)
% - - mmmm——e e
z=zm(’);
contourf(zm(1:yL,1:xL),10);figure(gcf);
hold on;
surfnorm(zm(1:yL,1:xL));view([-45 32]),colorbar;fig ure(gcf);

[Nx,Ny,Nz] = surfnorm(zm);
phi=atand(Ny./NXx);
% - S

phi360=[];
% - e
for i=l:yL

for j=1:xL

if  Nx(i,j)>=0 && Ny(i,j)>=0
phi360(i.j)=phi(i,j);

end

if  Nx(i,j)<O && Ny(i,j)>0
phi360(i,j)=phi(i,j)+180;
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end
if  Nx(i,j)<O && Ny(i,j)<=0
phi360(i,j)=phi(i,j)+180;
end
if  Nx(i,j)>=0 && Ny(i,j)<0
phi360(i,j)=phi(i,j)+360;
if phi360(i,j)==450;
phi360(i,j)=450-180;
end
end

%-------- mmmmmmmm oo
Lphi360=360-phi360;
Lphi90=90-Lphi360;
Sphi=180+Lphi90;
%-------- mmmmmmmm oo
Sfphi=Sphi;
for i=l:yL
for j=1:xL
if  Sphi(i,j)<0
Sfphi(i,j)=360+Sphi(i,j);
end

end
end
% ---

mat=0;

PhiRNx=[];
PhiRNy=[];
PhiRNz=[];
matl=[];

for i=l:yL

for j=1:xL
r=[cosd(90-phi360(i,j)) -sind(90-phi36

phi360(i,j)) cosd(90-phi360(i,j)) 0;0 0
V=[NX(iL), Ny(i.j), Nz(ij)];
mat=r*v'
PhiRNx(i,j)=mat(1,1);
PhiRNy(i,j)=mat(2,1);
PhiRNz(i,j)=mat(3,1);
matl=[matl mat];

end

chi=atand(PhiRNy./PhiRNz);
Schi=chi;

Sfphiinv= Sfphi’;
SCulomnphi=Sfphiinv(:);
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Schiinv=Schi’;
SCulomnchi=Schiinv(:);
Sphichi=[SCulomnphi SCulomnchi];

rfxyz(1:L1,1)=RFXYZ(1:L1,1);
rfxyz(1:L1,2)=RFXYZ(1:L1,2);
rfxyz(1:L1,3)=RFXYZ(1:L1,3);
rfxyz(1:L1,4)=RFXYZ(1:L1,4);
rfxyz(1:L1,5)=RFXYZ(1:L1,5);
rfxyz=[rfxyz Sphichi];

Appendix 4

Prediction of the effect of the porcelain layerckmiess (here for a fixed zirconia layer at
0.5 mm) on residual stress in particular positiohsterest for the bottom of the zirconia
layer, interface of the zirconia side, interfacedled porcelain side, and top surface of the

porcelain.

for j=1:1:400
hold on

% 2 & b index for upper layer

% 1 & a index for base layer t

ta=0.5; %layer thickness mm
tb=.05+j*.01,; %layer thickness mm
T2=1173;

T1=273;

DT=T1-T2;

ctea=11.3e-6;
CTEa=[ctea;ctea;0];
EL1=205;
ET1=EL1;
vLT1=0.22;
VvTL1=VLT],
GLT1=EL1/(2*(1+VvLT1));
Sl1la=1/EL1;
S22a=1/ET1,
S12a=-vLT1/EL1;
S66a=1/GLT1;
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Q1la=S22a/(S1la*S22a-S12a"2);
Q22a=S11a/(S1la*S22a-S12a"2);
Q12a=-S12a/(S11a*S22a-S12a"2);
Q66a=1/S664a;

Qa=[Q1la Q12a 0;Q12a Q22a 0; 0 0 Q66a];
a=DT.*(Qa*CTEa);

cteb=10.3e-6;

CTEb=[cteb;cteb;0];

EL2=70;

ET2=EL2;

vLT2=0.22;

VTL2=vLT2,

GLT2=EL2/(2*(1+VLT2));

S11b=1/EL2;

S22b=1/ET2;

S12b=-vLT2/EL2;

S66b=1/GLT2;
Q11b=S22b/(S11b*S22h-S12b"2);
Q22b=S11b/(S11b*S22b-S12b"2);
Q12b=-S12b/(S11b*S22b-S12b"2);
Q66b=1/S66b;

Qb=[Q11b Q12b 0;Q12b Q22b 0; 0 0 Q66b];
b=DT.*(Qb*CTEDb);

%p---------
N=(((ta+tb)/2)-(ta-(ta+tb)/2))*a+((ta-(ta+th)/2)-(-
M=0.5*(((ta+th)/2)"2-((ta-(ta+tb)/2))"2)*a+0.5*(((t
(ta+tb)/2)"2)*b;

A=ta*Qb+tb*Qa;
B=0.5*(((ta-(ta+th)/2))"2-(-(ta+tb)/2)"2)*Qb+0.5*((
(ta+th)/2))"2)*Qa;
D=(1/3)*(((ta-(ta*+th)/2))"3-(-(ta+th)/2)"3)*Qb+(1/3
((ta-(ta+tb)/2))"3)*Qa;

As=inv(A); %AS=A*

Bs=-inv(A)*B; %Bs=B*

Cs=B*inv(A); %Cs=C*

Ds=D-B*inv(A)*B; %Ds=D*

Ap=As-Bs*inv(Ds)*Cs; %Ap=A'
Bp=Bs*inv(Ds); %Bp=B"
Cp=-inv(Ds)*Cs; %Cp=C'
Dp=inv(Ds); %Dp=D'

ABD=[Ap Bp; Bp Dp];

NM=[N;MJ;

eOk=ABD*NM,;
e0=[e0k(1);e0k(2);e0k(3)];
k=[eOk(4);e0k(5);e0k(6)];

%p---------

zmin=-(ta+th)/2;
zmax=(ta-(ta+tb)/2);
zb=linspace(zmin,zmax,11);
for i=1:length(zb)
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eb=e0+zb(i)*k-DT*CTEDb;
sigmab(:,i)=Qb*eb;

end

zmin=(ta-(ta+tb)/2);
zmax=(ta+tb)/2;
za=linspace(zmin,zmax,11);
for i=1l:length(za)
ea=e0+za(i)*k-DT*CTEa;
sigmaay(;,i)=Qa*ea;

end

% -- --
sigma=[sigmab sigmaa];

z(j,)=[zb za];

sigmal(j,:)=sigma(l,:);
plot(z(j,:),1000*sigmal(j,:), g )
grid on

result(1,j)=1000*sigma(1,1);

result(2,j)=tb;

result(3,j))=1000*sigma(1,11);
result(4,j))=1000*sigma(1,12);

result(5,j)=1000*sigma(1,22);

end

figure(2)

hold on

plot(result(2,:),result(1,:), -g" , 'LineWidth' ,2)
plot(result(2,:),result(3,:), '--g'" , 'LineWidth' ,2)
plot(result(2,:),result(4,:), --r' , 'LineWidth' ,2)
plot(result(2,:),result(5,:), -r' , 'LineWidth' ,2)
xlabel( 'Thickness of porcelain layer (mm)' )
ylabel( 'Stress(GPa)' )

legend( 'Zirconia Bottom Surface' , 'Interface Zirconia side'
Porcelain side’ , 'Porcelain top Surface’ )
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