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ABSTRACT OF THESIS

ADVANCED MICROSTRUCTURAL CHARACTERIZATION OF FUNCTIONALLY
GRADED DENTAL CERAMIC MATERIAL FOR MATERIALS-INFORMED
FINISHING

Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) has gained popularity as
the choice of material for dental prosthetics. Ivoclar Vivadent’s IPS e.max ZirCAD Prime
dental ceramic incorporates a unique gradient technology that varies the yttria content over
the thickness of the material. The top layer is composed of 5Y-TZP which is desired for its
optical properties while the bottom layer is composed of a much stronger 3Y-TZP. In
between the two layers, 5Y-TZP and 3Y-TZP are mixed to form a transition layer. Varying
the amount of yttria allows for more esthetically pleasing translucency in the visible areas
of the restoration without compromising mechanical strength in the body. This study aims
to address the gap between microstructural characterization of this dental ceramic and
machining parameters that are relevant to the dental professionals performing surface
finishing.

The material was examined, before and after sintering, via scanning electron
microscopy (SEM), electron backscatter diffraction (EBSD), and energy-dispersive X-ray
spectroscopy (EDS), from which average grain size, crystallographic orientation, and
elemental composition were analyzed. Critical linear feed rates were derived from these
measured parameters. The recommendation of using high cutting speeds addresses the
variability in linear feed rate of handheld finishing tools as well as the ductile-to-brittle
transition of IPS e.max ZirCAD Prime.

KEYWORDS: Dental Ceramic, Yttria-Stabilized Zirconia, Gradient Technology,
Microstructural Characterization, Ductile Machining, Surface Finishing
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CHAPTER 1. INTRODUCTION

Whether it be due to disease or injury, the various parts of the human body are
susceptible to impairment, impacting health and quality of life. A chipped tooth, for
example, could be debilitating, but that does not have to be the case necessarily. Evidence
shows that throughout the history of humankind innovative solutions have been developed
to mitigate or remediate medical conditions. Naturally occurring materials have been
engineered to enhance or replace biological tissue. Now, advancements in medicine and

engineering have made it possible for synthetic substances to be used as biomaterials.

Prosthodontic treatments in restorative dentistry provide patients with artificial
teeth to ameliorate their oral health and daily functions, importantly mastication. There is
also the added cosmetic benefit of an improved smile. Restorative dental materials have
evolved with the emergence of new technologies and methods. Egyptian mummies were
found with ivory, wood, and various metals in their mouths (Johnson, 1959). During the
18th century, great progress was made in prosthodontics, thanks to the works of Pierre
Fauchard (known as “the founder of modern dentistry” and “the father of modern dental
prosthesis”), Claude Monton, and Etienne Bourdet (Johnson, 1959). They experimented
with teeth from human and animal sources, ivory, porcelain, and metals (Johnson, 1959).
Fast forward to recent times and the choice of material for dental crowns include metallic
alloys, porcelain fused to metal, resin, and ceramics (Sakaguchi et al., 2019). Selecting the
optimal material requires consideration of a wide range of factors, from biocompatibility
to mechanical strength to manufacturability. Each type of material will inherently present
certain advantages and disadvantages, but the decision comes down to striking the right

balance. In this sense, there has been a shift away from metals and towards high strength
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ceramics, which have become quite reputable for their esthetic and chemical inertness as

well as favorable mechanical properties (Stawarczyk et al., 2017).

1.1  Structure & Properties of Polymorphic Zirconia

Zirconium dioxide (ZrO>), also called zirconia, has gained popularity as a dental
ceramic over the last few decades. At different temperatures, zirconia can exist in one of
three crystalline configurations: monoclinic, tetragonal, and cubic (Figure 1.1). At room
temperature, zirconia is stable in the monoclinic phase. At 1170°C, there is a phase
transformation to the tetragonal phase that is accompanied by an approximate 4-5% volume
decrease. Finally, above 2370°C, the cubic phase is predominant, with little to no volume
change (Kisi & Howard, 1998). During cooling, the reverse martensitic transformation
from the tetragonal to the monoclinic phase (t = m) is characterized by a 4-5% volume
increase. The sudden volume increase renders the use of pure zirconia for dental
applications unattainable as the elevated internal tension results in cracks and defects
(Piconi & Maccauro, 1999; Stawarczyk et al., 2017). However, the t = m transformation
during cooling can be prevented by doping zirconia with stabilizing oxides such as CaO,

MgO, CeO,, and Y203 (Denry & Kelly, 2007).



1170°C | 4-5% volume decrease 2370°C
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Figure 1.1 The phase transformations of zirconia at different temperatures.

The most commonly used stabilizer in dentistry is yttrium oxide, or yttria (Y203)
(Soleimani et al., 2020). This stabilized zirconia material is called tetragonal
polycrystalline zirconia (TPZ) or tetragonal zirconia polycrystal (TZP). The monoclinic
phase is disfavored, and the cubic and tetragonal phases exist in varying amounts as
metastable phases at room temperature (Singhal, 2020). The first dental zirconia mainstay
was the addition of 3 mol% yttria, known as 3 mol% yttria tetragonal zirconia polycrystal
(3Y-TZP) (Zhang & Lawn, 2019). 3Y-TZP is composed of 80 wt% tetragonal phase and
20 wt% cubic phase, and its enhanced mechanical properties are attributed to a
transformation toughening phenomenon (Zhang et al., 2020). When a crack forms and
begins to propagate, its large tensile stresses alleviate the constraints of the matrix. This
induces a local phase transformation from the tetragonal phase to the monoclinic phase.
The associated volume expansion compresses the crack and prevents it from further

propagating (Garvie et al., 1975; Pelleg, 2014).



3Y-TZP possesses the highest strength and toughness of all dental ceramics
(Chevalier & Gremillard, 2017; Ali et al., 2014). But it is lacking in its optical properties -
its opacity is not as esthetically pleasing for those who would prefer the restoration to
resemble natural teeth. To enhance translucency and create more teeth-like shades, the
yttria concentration has been increased to 4 mol% and 5 mol% vyttria (4Y-TZP and 5Y-
TZP, respectively), resulting in a composition of 40-70 wt% cubic phase (Zhang et al.,
2020). The improved optical properties come at a cost. With the reduction in the amount
of tetragonal phase, transformation toughening can no longer occur and there is a loss in

mechanical performance (Zhang et al., 2020).

An attempt to remedy the loss of mechanical strength while maintaining improved
esthetics has been recently introduced by using a multi-layered technique in which different
yttria content is varied over a disc thickness, resulting in different amounts of the cubic
phase in each layer (Vardhaman et al., 2020). This layering combination is mainly between
a high-flexural strength 3Y-TZP in the dentin/body area for higher strength and a highly
translucent 5Y-TZP that is placed in the more visible areas for better esthetics (Michailova

et al., 2020).

1.2 IPS e.max ZirCAD Prime: A Functionally Graded Dental Ceramic

The material of interest for this study is the IPS e.max ZirCAD Prime (shade A2)
from Ivoclar Vivadent. The manufacturer has incorporated gradient technology in which
the top layer (incisal zone) is the more translucent 5Y-TZP layer, the transition zone is a
mix of 5Y- and 3Y-TZP, and the bottom dentin zone consists of the stronger 3Y-TZP, as

shown in Figure 1.2.



5Y-TZp
Top layer / incisal zone — 3mm

5Y-TZP + 3Y-TZP
Transition zone —4mm

3Y-TZP
Bottom layer / dentin zone — 9mm

Figure 1.2 Anillustration depicting the gradient composition of IPS e.max ZirCAD

Prime (Ivoclar Vivadent).

The introduction of CAD/CAM (computer-aided design/computer-aided
manufacturing) has allowed dentists to scan the patient’s mouth, create a restoration, and
implant it, all within a day’s time (Skorulska et al., 2021). Ivoclar Vivadent has produced
this ceramic with the intention of dental practitioners using CAD/CAM to create the final
restoration. The procedure to convert the disc of material to the desired crown or bridge
includes the following steps: CAD design, CAM nesting, milling, finishing, sintering,
finishing, and staining/glazing (Ivoclar Vivadent). Ivoclar Vivadent recommends fine
tungsten carbide burs and diamond grinding instruments for separating and finishing the
pre-sintered restorations. Fine diamond grinding instruments and rubber polishers are

recommended for post-sintered processing.



Due to the advertised layered process, the restoration must be prepared to optimize
the different layers contained in the disc. Furthermore, the additional steps of finishing
require careful selection of tools and machining parameters to minimize the risk of damage
and early failure of the restoration. Through characterization, a clearer understanding of
the microstructure is made possible, both in the pre- and post-sintered states, which then
help to provide finishing recommendations for the improved performance of the IPS e.max

ZirCAD Prime dental ceramic.



CHAPTER 2. LITERATURE REVIEW

2.1  Significance of Characterizing the Microstructure

Grain size and microstructure play a crucial role in determining the physical
properties and performance of materials. Grain size refers to the average size of individual
grains within a material’s microstructure while microstructure encompasses the
arrangement, distribution, and characteristics of these grains as well as other constituents
such as pores. Pelleg (2014) describes grains and grain boundaries as dislocation inhibitors.
The Hall-Petch relationship (shown by the equation below) describes the influence of grain
size on the strength of crystalline materials. It states that the strength of a material increases

as the average grain size decreases (Pelleg, 2014; Trunec, 2008).
o= 0y+kd%°
where:
e o is the yield strength of the material.

e oo is a material-specific constant representing the strength contribution from
mechanisms other than grain size (such as solid solution strengthening or precipitate

strengthening).

e ki is the Hall-Petch coefficient, which reflects the strength increase per unit reduction

in grain size.

e dis the average grain size of the material.



The presence of grain boundaries, which are the interfaces between adjacent grains,
can impede dislocation motion and hinder deformation. As the grain size decreases, the
number of grain boundaries increases, creating more obstacles for dislocations to move and
interact. This results in a greater resistance to deformation and an increase in the material's
strength (Pelleg, 2014). But it must be noted that the Hall-Patch relationship only holds
true in the submicron range (Trunec, 2008; Eichler et al., 2007). Nanocrystalline materials
(< 100 nm) deviate from this relationship since their fracture toughness depends on the
grain size itself. In addition to grain size, polycrystalline ceramics can exhibit anisotropy,
a “directionally-dependent property” (Pelleg, 2014). Isotropic materials have consistent
properties in whichever crystal orientation, whereas anisotropic materials have texture, or

a preferred orientation, that can affect physical properties in those directions.

2.2 Microstructural Characterization of IPS e.max ZirCAD Prime

While different types and brands of 3Y-TZP and 5Y-TZP dental applications have
been investigated, there is limited research on the characterization of ZirCAD Prime
specifically and, thus, limited information on finishing recommendations that can be

provided to professionals in the dental industry.

Inokoshi et al. (2023) performed X-ray diffraction (XRD) analysis which revealed
that the top and bottom layers consist of 51.32 wt% and 18.11 wt% of the cubic phase,
respectively, while in the transition layer it varied between 34.23 wt% and 51.19 wt%. X-
ray fluorescence spectroscopy (XRF) determined the content of Y203 to be 5.6 mol% in

the top layer, mix of 3.86 mol% and 4.69 mol% in the middle layer, and 3.1 mol% in the
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bottom layer. Scanning electron microscopy (SEM) was used to calculate grain sizes and
the observation made was that grain size decreases from the top to bottom layer, with the
bottom layer having the smallest grain size. It was also observed that the middle transition

layer had the greatest variation in grain size.

Strasser et al. (2023) came to a similar conclusion with their SEM analysis and
XRD analysis confirmed that the top, middle, and bottom layers consisted of 5Y-TZP,

mixture of 5Y-TZP and 3Y-TZP, and 3Y-TZP, respectively.

Dimitriadis et al. (2023) performed thermal etching after SEM and measured the
grain sizes to be 1130 + 490, 900 £ 190, and 340 + 110 nm, in the top, middle, and bottom

layers, respectively.

Marini et al. (2023) reported grain size measurements from SEM of less than 0.50

pum in all layers, without no statistical difference between the three.

Winter et al. (2022) conducted energy-dispersive X-ray spectroscopy (EDX) to find
that the highest yttria content is in the top layer and decreases down to the bottom layer.
Their analysis also revealed the presence of lanthanum along with the expected zirconium,

yttrium, oxygen, aluminum, and hafnium.

Rosentritt et al. (2020) found via SEM that the top layer contained grains measuring
around 1 pum and grains in the remaining layers measured around half the size. They also

observed that the bottom layer grains were slightly larger than those in the middle layer.



2.3 Finishing Parameters

Finishing refers to the machining process in which the surface of a workpiece is
refined, polished, or improved to achieve the desired appearance, dimensional accuracy,
and surface quality. It involves removing any remaining imperfections, roughness, or tool
marks left from earlier manufacturing operations. Depending on the specific requirements
of the application, finishing can involve various techniques and processes specific to the
desired outcome (Schey, 2009). Finishing processes involve various parameters that are
carefully controlled to achieve the desired product. The specific parameters depend on the
type of finishing process and the material being worked on. Schey (2009) mentions the

following as common parameters in finishing processes:

e Cutting Speed: The speed at which the tool or workpiece moves relative to each other
during the finishing operation. It influences the material removal rate, surface finish,

and tool life.

e Feed Rate: The rate at which the tool or workpiece advances per unit of time. It affects

the material removal rate, surface roughness, and tool wear.

e Depth of Cut: The thickness or amount of material removed in a single pass. It

influences the material removal rate, cutting forces, and surface finish.

e Tool Geometry: The shape, size, and cutting edge geometry of the tool. It impacts the

chip formation, cutting forces, surface finish, and tool life.

e Tool Material: The material from which the tool is made. It determines the tool's wear
resistance, toughness, and thermal properties, which affect its performance and tool

life.

10



e Coolant or Lubricant: The use of coolants or lubricants during the finishing process to
reduce heat, friction, and tool wear. It helps to control chip formation, improve surface

finish, and extend tool life.

2.4 Ductile to Brittle Transition

In order to achieve good surface quality, precision machining is necessary.
However, a ceramic’s brittleness makes it prone to cracks and early fracture (Singh et al.,
2020). This issue can be avoided by employing ductile mode machining (Choudhary &
Paul, 2021; Bifano et al., 1991). Ductile removal consists of the chip deforming through
rubbing, plowing, and chip formation (Sun et al., 2015). The workpiece undergoes a great
amount of plastic deformation before fracturing. During brittle removal, there is fracture
forming, fracture spreading, and peeling off, resulting in potential cracks and rough
surfaces. The transition between ductile and brittle mode is influenced by the many
machining parameters. But if the grinding depth is less than the ductile-brittle transition
depth, then ductile removal will occur and smooth surfaces with minimal defects can be

expected (Yang et al., 2019).
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Brittle Zone

Figure 2.1 Illustration to depict varying grinding depths at which a tool can reach

the ductile, transition, or brittle zone of a workpiece.

The grain size of a material is a critical factor in machining as it directly affects the
material’s mechanical properties and response to cutting forces (Yang et al., 2020;
Armstrong, 1970). According to the Hall-Petch relationship, finer grains exhibit higher
strength and vice versa; this applies to both the workpiece and the tool. Careful
consideration of available resources must be made to determine the optimal combination
of machining parameters to achieve efficient material removal, desired surface finish, and

extended tool life while ensuring the integrity of the workpiece.
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CHAPTER 3. EXPERIMENTAL PROCEDURE

3.1  Background Information on SEM, EBSD, & EDS

In scanning electron microscopy (SEM), electrons are emitted and collimated into
a beam. This beam travels through a set of electromagnetic lenses (in the electron column)
that focus the beam onto the sample. Kinetic energy from the beam results in elastic and
inelastic collisions with the sample atoms which then emit different kinds of signals,
including backscattered electrons, secondary electrons, Auger electrons, x-rays, and
cathodoluminescence. Backscattered electrons are electrons that are reflected back from
the original electron beam and come from deep within a sample. They provide information
on crystallography, topography, and magnetic field. Secondary electrons originate from the
surface of the sample and are useful for examining topography. Auger electrons are ejected
due to energy from an electron in one shell jumping into a vacancy in an inner shell.
Information regarding elemental composition from the top surface is revealed through
these particular electrons. X-rays that are produced when the electron beam hits the surface
provide information about elemental composition as well. Finally, cathodoluminescence,

emitted light, is used for image resolution (Datye & DelLaRiva, 2023).

Electron backscatter diffraction (EBSD) is a SEM-based technique in which an
electron beam is scanned across a tilted crystalline sample. A diffraction pattern in
produced from which the following information can be extracted: crystal structure and

orientation as well as grain morphology and boundaries (Wilkinson & Britton, 2012).

Energy-dispersive X-ray spectroscopy (EDS) detects and analyzes the x-rays that
are emitted during SEM in an energy spectrum. Energy peaks provide information on the

elemental composition of the material (Hodoroaba, 2020).
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3.2  Data Collection
A 1cmx1cm block was cut and polished from the 16 mm thick IPS e.max ZirCAD
Prime disc while it was in its green state as shown in Figure 3.1. Polishing was performed

according to a 5-step process as shown in Table 3.1.

Figure 3.1 Diagram of the experimental sample of IPS e.max ZirCAD Prime.

14



Table 3.1 Steps for polishing the pre-sintered sample (Pace Technologies, n.d.).

Abrasive

Lubricant

Force

Speed
(head/base)

Time

70 um diamond
grinding disk

Water

5-10 Ibs

200/200 rpm

Planar

30 pm DIAMAT
diamond
suspension on
CERMESH
Metal Mesh cloth

5-10 Ibs

200/200 rpm

5 min

6 um DIAMAT
diamond on
TEXPAN
polishing pad

SIAMAT
colloidal silica

10 Ibs

200/200 rpm

5 min

1 um DIAMAT
diamond on
GOLDPAD or
ATLANTIS
polishing pad

SIAMAT
colloidal silica

10 Ibs

200/200 rpm

5 min

SIAMAT
diamond on
TEXPAN
polishing pad

10 Ibs

200/200 rpm

5 min

Scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), and
energy dispersive spectroscopy (EDS) were performed at various locations along the

sample using the FEI Helios Nanolab 660 Dual Beam System (Electron Microscopy

Center, University of Kentucky).

For post-sintering analysis, the same 1 cm x 1 cm x 16 mm sample was sintered

using the Programat S1 (version 6.0) sintering furnace. The manufacturer’s instructions

were followed as shown in Table 3.2.
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Table 3.2 Sintering program (lvoclar Vivadent)

Temperature 1 | Temperature 2 Heating-up Dwell time

(°C) (°C) rate (°C/min) (min)
Heating phase 20 900 10 -
Holding phase 900 900 - 30
Heating phase 900 1500 3.3 -
Holding phase 1500 1500 - 120
Cooling phase 1500 900 10 -
Cooling phase 900 300 8.3 -

Following sintering, the sample was mounted using a conductive copper

compression mounting powder and polished according to Table 3.1.

Again, SEM, EBSD, and EDS were performed at various locations on the sample.

ImageJ software was used to measure grain size in the SEM and EBSD images.

3.3  Statistical Analysis of Data

Minitab statistical software was used to analyze the data. Pre-sintered data indicated
normal distribution. For the post-sintered measurements, outliers were removed after
which the Anderson-Darling Normality Test was performed. For the top, transition, and
bottom layers of the post-sintered sample, p-values of 0.326, 0.010, and 0.935 were
calculated, respectively, indicating normal distribution for the top and bottom layers, but
non-normal distribution for the transition layer. Johnson transformation was performed to
normalize the dataset from the transition layer. Mood’s median test was conducted and p-

value of 0.000 was the result.
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CHAPTER 4. RESULTS & DISCUSSION

4.1  Pre-Sintered Sample
Images of ZirCAD Prime in its green state reveal a quite porous microstructure
composed of irregular and angular shaped particles. The average grain size was measured

to be 0.102 um with a standard deviation of 0.032 pm.

While more studies would need to be conducted, this material in its green state
could potentially be categorized as a nanostructured ceramic (grain size <100 nm).
Ceramics are known to be brittle, but nano-sized particles can allow for “superplastic
deformation” (Mayo, 1996). In addition to high ductility, nanocrystalline materials also
exhibit high strength and hardness, compared to the more coarse-grained materials (Pelleg,
2014; Mayo, 1996). The small size also promotes lower sintering temperature and times,

resulting in high production rates at low costs (Arena et al., 2019).
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Figure 4.1 SEM image of the experimental sample in its green state.
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Normality Plot for Pre_Sintered Grain Length
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Figure 4.2 Normality plot for grain size measurements of pre-sintered sample
(Minitab).

EBSD data reveal an anisotropic crystal structure, as shown in the images below.
There is texture, with preference for the (001) plane in the x- and y-directions while the
(110) plane in the z-direction occurs less frequently. Anisotropy is a contributing factor in
the optical properties of Y-TZP. With the different crystal orientations, light scattering

occurs and translucency diminishes (Zhang, 2014).
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Figure 4.3 Inverse pole figure (x-direction) from EBSD of the pre-sintered material.

EDS results are reported in Table 4.1. The elements match with what lvoclar
Vivadent has shared (Table 4.2), with some additional elements as well. Due to the

unsintered state of the ceramic, the layers are not as easily distinguishable.
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4.2

Table 4.1 EDS results of elemental composition of the pre-sintered sample.

Element Wit%
Zr 60
0] 24
C 14
Y 4.5
Hf 1.5
Fe 0.5
La 0.4
Ca 0.3
Al 0.2
Fe 0.2
Na 0.1

Table 4.2 Elemental composition of IPS e.max ZirCAD Prime (lvoclar Vivadent).

Material Percentage
ZrO» 88.0 - 95.5
Y203 >45-<7.0
HfO, <5.0
Al>O3 <1.0

Other oxides <15

Post-Sintered Sample

After sintering, there appears to be complete elimination of pores and the grains are

distinguishable from each other as shown in Figure 4.4 below.
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Figure 4.4 SEM lift out images taken after sintering of a) top layer, b) transition layer,
and c) the bottom layer.
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Grain sizes were measured for each layer and box plots showed unequal variances
between the three layers as well as outliers. Since the measurements were taken manually
using the ImageJ software, the outliers were removed from the datasets. Histograms of
cach layer’s grain size distribution as well as the Anderson-Darling Normality Test
revealed non-normality in the transition layer (Figure 4.5). Johnson transformation was
performed to normalize the data from the transition layer. One way ANOVA was
conducted to determine whether the means are statistically different, followed by post hoc
Tukey test. The average grain size of the bottom layer is significantly different from the
top and transition layers (Figure 4.6). Mood’s median test was conducted in support of
ANOVA to determine if the medians of each layer are different. The differences between

the medians of the groups are also found to be statistically different.
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a) Summary Report for length_1
Layer_1 = Top

Anderson-Darling Normality Test

A-Squared 0.41
P-Value 0.326
Mean 1.0571
StDev 0.4350
Variance 0.1892
Skewness 0.446362
Kurtosis -0.34797
N 47
Minimum 0.2670
1st Quartile 0.7190
Median 0.9960
3rd Quartile 1.3570
| Maximum 2.0540 |

85% Confidence Interval for Mean
0.9293 1.1848

95% Confidence Interval for Median
0.8618 11590

95% Confidence Interval for StDev
0.3615 0.5463

95% Confidence Intervals
Mean | - ]
Median | * {
085 030 0.95 100 105 110 115 120

Figure 4.5 Grain size distributions for each of the three layers, a) top, b) transition, and
¢) bottom, in the sintered sample (Minitab).
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b)

Summary Report for length_1

Layer_1 = Transition

Anderson-Darling Normality Test

0.86028

95% Confidence Interval for Median

0.69487

—

0.43946

A-Squared 103
P-Value 0.010
Mean 0.96936
StDev 0.50573
Variance 0.255T6
Skewness 0.292563
Kurtosis =0.976301
N 85
Minimum 0.09900
st Quartile 0.54700
Median 0.94200
3rd Quartile 1.36300
Maximum 2.07500

95% Confidence Interval for Mean

1.07845

17

95% Confidence Interval for StDev

0.5957

95% Confidence Intervals

0.8 09 10 11

Summary Report for length_1
Layer_1 = Bottom

Anderson-Darling Normality Test

A-Squared 017
P-Value 0.935
Mean 0.43184
StDev 0.12099
Variance 0.01464
Skewness 0.203713
Kurtosis -0.127629
N 86
Minimum 0.17800
1st Quartile 0.34850
Median 0.43600
3rd Quartile 0.51300
Maximum 0.75800

0.40590

0.39746

0.10522

95% Confidence Interval for Mean

0.45778

95% Confidence Interval for Median
0.45754
95% Confidence Interval for StDev

0.14237

95% Confidence Intervals

0.41 0.43

Figure 4.5 Continued.
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Grouping Information Using the Tukey Method and 95% Confidence
Layer 1 N Mean Grouping

Top A7 1.0571 A
Transition 85 0.9694 A
Bottom 86 0.4318 B

Means that do not share a letter are significantly different.

Figure 4.6 Comparison of average grain sizes using the post hoc Tukey test at a
significance level of 95% (Minitab).

The average grain sizes and standard deviations of each layer are reported in Table
4.3. There is an increase in grain size from the pre-sintered to post-sintered state. This
means that the grains have coalesced, or grain coarsening has occurred. The average grain
sizes of the layers decrease going top to bottom. The top layer consists mostly of the cubic
structure which is of a larger grain size while the tetragonal phase contributes to the small
grain sizes in the bottom layer. The grain distribution varies across the layers as well. The
larger distribution in the transition layer can be attributed to the mixture of 3Y-TZP and
5Y-TZP, which is a combination of the large cubic grains and smaller tetragonal grains in

varying amounts.

Table 4.3 Average grain size and standard deviation for each layer of the post-sintered

sample.
Mean (um) Standard Deviation
Top Zone 1.06 0.435
Transition Zone 0.969 0.506
Bottom Zone 0.432 0.121
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EBSD results still indicate slight anisotropy after sintering. The preferred
orientation is the (001) plane in the x- and y-directions. The (010) plane in the z-direction

occurs less frequently.

IPF Coloring || XO
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o
" Raster: 478x498 Step Size: 0.025um .|

Figure 4.7 Inverse pole figure (x-direction) from EBSD of the sintered layers, a) top, b)
transition, and c) bottom.
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Figure 4.7 Continued
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EDS results of the post-sintered sample are listed in Table 4.4. Some
elements detected in the pre-sintered state are not found after sintering (Ca, Mg, Na). The
most important takeaway is the gradual increase of the yttria content from the bottom to

top layer, reflecting the gradient technology of the ZirCAD Prime ceramic (refer to Figure

4.8 below).

Table 4.4 Elemental composition of sintered sample

Element Wit%
Zr 60
0] 19.5
C 20
Y 3-6
Hf 1.5
Fe 0.5
La 0.4
Al 0.2
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Figure 4.8 Schematic of varying yttria content from EDS over the different layers of the

sintered sample.

4.3 Recommendations for Finishing Parameters

Feed rates for dental handpieces are hard to quantify due to user-dependency.
Unlike a CNC machine where the movement of the tool is controlled, human motion is
variable. But what can be controlled is the tool material and geometry as well as the
workpiece, for which there is a better understanding with the grain sizes characterized in
this study. Based on these parameters, linear feed rates can be estimated, using the equation

below:

Linear feed rate = V. x f x N
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where:

e I/ is the spindle speed (in RPM)

e fiscritical feed rate (in pm/tooth/revolution)

e N is the number of effective teeth of the grinding tool

The critical (maximum) feed rate considers two average grain diameters as the flaw
size (Schoop, 2015). It takes into account the ductile region of the material that must be
maintained, so that the brittle zone is not reached and crack formation is minimized. The
tool of choice is fine diamond bur for grinding, as it is recommended for both pre-sintered
and post-sintered processing by the manufacturer. The diamond bur is assumed to be of
fine grit size of 20 um and diameter of 1.3 mm (Song & Yin, 2010), spinning at 15,000
revolutions per minute, resulting in a cutting speed of 61.3 m/min (Chavali et al., 2015).
Table 4.5 below summarizes the different linear feed rates as they pertain to the pre-

sintered and post-sintered ZirCAD Prime ceramic.

Table 4.5 Critical feed rates and linear feed rates for ZirCAD Prime, assuming a
diamond bur with 20 pm grit size and 1.3 mm diameter.
ZirCAD Prime Avg. grain Critical feed rate Linear feed

sample size (Um) (um/tooth/rev) rate (mm/sec)
Pre-sintered 0.102 0.204 5.3
Post-sintered — 1.06 512 54.6
top layer
Post-sintered 0.969 1.94 49.9
transition layer
Post-sintered - 0.432 0.864 222

bottom layer

The calculated linear feed rates are maximum thresholds, beyond which the critical

feed rate will be surpassed and brittle fracture may occur. At a cutting speed of 61.3 m/min,
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the linear feed rate can be exceeded if a dentist grinds aggressively by applying more force.
But when higher cutting speeds are applied, more heat will be generated, causing
workpiece to become more ductile. So raising the cutting speed results in an increase in the
linear feed rate, allowing a much higher range for the dentist to operate within, before the
critical feed rate can be reached. This is in agreement with previous studies. Alao et al.
(2016) found that high deformation rates in indentation, which correspond to high cutting
speeds in abrasive machining are favorable for material removal in the ductile mode. For
sintered 8Y-PSZ, Yoon et al. (2019) observed that higher cutting speeds widened the
plastic deformation zone in front of the tool, allowing for an increased ductile cutting
length. Therefore, the key recommendation of this study is to use higher cutting speeds to

avoid early fracture.

In addition, it may be difficult for dentists to distinguish between the different
layers of the restoration once it has been milled and separated from the original disc. To
avoid any uncertainties, another recommendation of this study is to use the minimum
cutting speed needed for the bottom layer throughout the entire restoration. The bottom
layer requires greater cutting speeds due to its smaller grain size. The other two layers are
not significantly different from each other, so the minimum cutting speed required for the

bottom layer will encompass what is necessary for the top and transition layers.
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CHAPTER 5. CONCLUSION

The microstructure of IPS e.max ZirCAD Prime (before and after sintering) was
characterized using EDS, EBSD, and SEM. EDS data confirmed the gradient in yttria
content over the three layers of the material. EBSD data showed the grain structure and
crystallographic orientation, with slight anisotropy. SEM revealed that the three layers
were chemically different. Pre-sintered ZirCAD Prime was found to have an average grain
size of 0.102 um (SD: 0.032). After sintering, average grain size measurements in the top
5Y-TZP layer, 5Y-TZP + 3Y-TZP transition layer, and bottom 3Y-TZP layer were
calculated to be 1.06 um (SD: 0.435), 0.969 um (SD: 0.506), and 0.432 um (SD: 0.121),
respectively. The bottom layer was found to be significantly different from the top and

transition layers.

Critical feed rates were derived from average grain size measurements. In order to
remain in the ductile mode during surface finishing - therefore minimizing brittle fracture
and the risk of potential failure of the dental ceramic - dental professionals are
recommended to use higher cutting speeds while operating dental handpieces. Also, since
the bottom layer has a smaller average grain size that is significantly different from the
other two layers, it is recommended that the minimum cutting speed needed for the bottom
layer is used throughout the restoration, in case the boundaries between the three layers

become unclear to dentists.
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CHAPTER 6. FUTURE WORK

Experimental data is necessary to validate the findings of this study. Design of
Experiments can help to evaluate the effects of each machining parameter (e.g. tool
material, cutting speed, and linear feed rate) on each layer of IPS e.max ZirCAD Prime.
There are many grinding and polishing systems available on the market and the effects of

higher cutting speeds on tool wear and thermal shock need to be considered.

Additional characterization methods (microstructural, mechanical, optical, thermal,
etc.) will help to get a better understanding of the effects of machining parameters on the
material. An area of focus would be local tetragonal to monoclinic phase transformation
due to grinding and its consequences. Long term studies could be conducted to monitor the

aging and degradation.
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