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Abstract: The development in the field of ceramics has been increasing over the past several decades. Among
all of the dental ceramics, zirconia ceramics show very good mechanical properties and a significant
improvement in mechanical function. However, it is properly established that each step of the fabrication
process of zirconia ceramics must be controlled to achieve the expected mechanical properties. These steps
include the block constructing, sintering process, machining and surface processing. Recent advances have
focused on zirconia ceramics in forming and sintering processes, mechanical properties, combining with
various materials, and on surface processing. All these items provide conceptions about the formability and
machinability of the zirconia. Until now, very excellent studies have been done to specify the evolution of
microstructures, phase and mechanical properties of zirconia ceramics during the sintering process. However,
more studies are required in this field. This paper aims to demonstrate general views and various studies in
the field of zirconia ceramics. The properties, applications and tests performed and the recent developments in
the field of zirconia bioceramics are discussed.

Keywords: zirconia ceramics; mechanical characteristics; machining; sintering process

1. Introduction

Breaking and teeth loss are the most common problems of the oral cavity. They not only affect
the beauty of the teeth, but also affect the chewing function. In this case, tooth restoration is the only
solution to these problems. To restore the natural function of teeth, artificial materials are often used,
and they are known as dental materials. A wide range of materials are used in dentistry for the
restoration purpose, which include metals, ceramic materials, alloys and etc. Among dental
restorative materials, metals are competitive with other materials because of the high strength. But
due to the adverse reactions of metal prostheses, like limited chemical ability, low biocompatibility,
and toxic to the surrounding tissues of the teeth and lack of the appearance beauty, the current trend
in dental materials has gone towards the development of metal-ceramic or metal-free systems. In
2005, it was estimated that more than 50% of all dental restorations are made of metal-ceramic
materials, and the Appearance beauty is obtained by expert technicians. Therefore, in addition to
functional and structural problems related to the metal part of the restoration, the skill of a technician
is also required for manufacturing. But with the development of dental materials, the use of dental
restorative materials has changed from metals to ceramics due to the need to improve clinical
performance and physical features and biocompatibility characteristics. Over the past thirty years,
the advancement of ceramics in dental applications has been remarkable. Dental ceramics include
alumina, zirconia, sanidine and etc., which have become promising substitutes in the dental market.
Among these dental ceramics, zirconia has become the most usable material in clinical applications
which has many advantages over other ceramic materials [1-8].

Zirconium oxide (ZrO2), which is also known as zirconia and zirconium dioxide, is a white
powder with a melting point of 2710°, which is sensitive to temperature, and the structure changes
with temperature. Due to this feature, it has 3 structural phases According to temperature, it finds
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the monoclinic phase at room temperature up to 1170°, tetragonal phase from 1270°c-2370° and the
cubic phase at temperatures above 2370%. During the cooling of zirconia, the tetragonal structure
turns into a monoclinic. The transformation of tetragonal to monoclinic is associated with an increase
in volume. This volume change causes non-uniformity, crack and finally failure. For this reason to
stabilize zirconia, it must be combined with various oxides, for example: magnesium oxide, yttrium
oxide, sodium oxide, lanthanum oxide, etc. But among these oxides, yttria is the most common. Phase
stabilization is usually done in three general ways: 1) partially stabilized zirconia (PSZ), that zirconia
is doped with substances like magnesium (Mg-PSZ) or calcium (Ca-PSZ). 2) Tetragonal zirconia
polycrystal (TZP), which is transformed into stabilized tetragonal form by including materials like
yttria (Y-TZP) or cerium (Ce-TZP) to stabilized zirconium dioxide. 3) Fully stabilized zirconia (FSZ)
refers to the state in which zirconia is completely stabilized in cubic phase [9-11].

Natural zirconia is significantly different from teeth respect to color, and translucency and this
feature may limit the exclusive use of this material in dental restoration. This problem was solved by
veneering the external surface of the zirconia framework with feldspar-based ceramics. But it has
limitations such as high fracture risk, less strength and being more vulnerable to fracture. In addition,
veneering porcelain requires the expertise of dental technicians and more time. Therefore, the
monolithic zirconia restorations were considered. Monolithic restorations are fixed prostheses made
of pure zirconia and have advantages like reduced fabrication time, cost-effectiveness, better
mechanical properties, and elimination of the interface between zirconia and veneer. Monolithic
zirconia is available in two forms, opaque and translucent. Opaque zirconia has more strength and is
usually used for posterior restorations, whereas translucent zirconia offers a more natural
appearance and is more often used in anterior restorations. Of course, to solve the problem of
matching the color of zirconia with natural teeth, metal oxide (Fe203) is added to zirconia with a
certain percentage [12-19].

Generally, zirconia-containing ceramic systems used in dentistry are summarized in Table 1.
Nowadays, mostly three types of them are employed in dentistry, including yttria-stabilized
tetragonal zirconia polycrystal (3Y-TZP), magnesium-partially stabilized zirconia (Mg-PSZ), and
zirconia-toughened alumina (ZTA) which includes glass-infiltrated zirconia-oughened [20]. In
clinical applications, especially dental restorations, zirconia stabilized with yttria (3Y-TZP) is more
common. This system is used in most studies, which is due to the unique and sufficient properties of
zirconia. It seems that it does not need to be combined with another material to improve properties
and it is better to optimize the manufacturing and processing steps. Naturally, zirconia contains some
limitations, but these limitations can be controlled in the processing stages of zirconia.

1.1. Properties

The choice of material in clinical applications is very critical. In choosing a material, factors like
corrosion behavior, mechanical properties, manufacturability and cost, biocompatibility and Physical
features should be considered [5]. Among the all-ceramic systems, zirconia is the most suitable
material for tooth restoration. This is refer to the unique properties of zirconia, including high fracture
toughness and good corrosion and wear resistance, excellent mechanical properties and high strength
[4, 10]. In the first medical application of zirconia presented by Helmer [21], to manufacture ball heads
for total hip replacements, no adverse reactions were observed. This issue is related to the
biocompatibility of zirconia, which is one of the most significant advantages of zirconium-based
ceramics. The thermal shock resistance of the zirconia is low, especially at temperatures above 1000°c
due to phase transformation. The hardness of monoclinic zirconia is 9.2 GPA, which reaches 11 GPA
for yttria stabilized zirconia [22]. Other characteristics of zirconia ceramics include good chemical
resistance, high hardness, resistance to cracking and mechanical stress, high toughness and good
ionic conductivity. Some salient features of zirconia are determined in Table 2.

Posterior zirconia bridges have been shown to comparable life time to metal-based restorations.
The life time of zirconia is more than 20 years in moist conditions, and this is a sign of high initial
mechanical strength of zirconia [23].


https://doi.org/10.20944/preprints202404.1457.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2024 d0i:10.20944/preprints202404.1457.v1

Table .1The summery of zirconia-containing ceramic systems used in dentistry.

Zirconia-containing ceramicSymbol Properties Main components
systems (%owt)
Zirconia-toughened alumina ZTA - Low shrinkage 10-20% zirconia+ 12%

- high porosity ceria + alumina

&
‘_:g Zirconia-containing lithium ZLS Good properties- Limited studies10% zirconia+
silicate - Machining with CAD/CAMlithium silicate
Alumina-toughened zirconiaATZ- Better mechanical properties20% alumina+
thanZTAzirconia+ yttria
- Limited studies
3 yttria-tetragonal zirconia3Y-TZP - Most common in dental 3mol % Y203
g polycrystalapplications + 80-99% ZrO2
g - Excellent mechanical
(e
S Properties

4 yttria- partially stabilized4Y-PSZ - Improved transparency 4mol % Y203
zirconia- Low strength+ 80-99% ZrO2

5 yttria- partially stabilized5Y-PSZ- Improved transparency 5mol % Y203
zirconia - Low strength + 80-99% ZrO2

Magnesia-partially stabilizedMg-PSZ- Hard machining ZrO2+ 8-10%
zirconia- Low stability mol MgO

1.2. Other applications

Zirconia is a very versatile ceramic. This makes them appropriate candidate for a
diverse range of applications in modern industries, engineering, medicine and
dentistry because of excellent properties. Including optical fiber connectors, sensors,
environmental filters, mechanical components, electronics are used. For example,
due to its high biocompatibility, it allows use in the field of biomedicine, like teeth,
body prostheses, and tissue engineering. For example, it used in orthopedic joints
and bones, surgical and dental prostheses, including making dental veneers,
crowns, fixed partial prostheses, inlays, implant bases, and orthodontic brackets.
Also, due to the low price, high strength and appearance similarity to diamond, it
has been the main competitor for diamond in the jewelry industry since 1976 (the
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time of economic industrial production). Because of their high melting point
(2710°C), zirconia ceramics are highly refractory, so they can be operated for
significant structural applications up to very high temperatures. Zirconia ceramics
have been used for coating applications due to having the same thermal expansion
coefficient as iron alloys, high toughness and cost-effectiveness [24-27].

Table. 2

: I - £ i . L linical
3Y-TZP

Property BulkFully sintered*Unit

Density >3 > 6 gr/cm?

Young's modulus< 8200-250GPa
Fracture toughness - > 6Mpa/m?
Compressive strength 1880 > 2000 GPa
Bending strength - 900-1200MPa
Hardness <20 1200-1300HV
Microstructure size80 > 500 nm

Melting point 2710°c

Coefficient of thermal1.08* 10 5w/(m.k)
expansion

* (=2 15000¢)

2. Processing methods of zirconia

Blank manufacturing comprise the first stage of the zirconia production process. In this way,
zirconia powder is combined with specific amounts of other materials (according to the Producer
Company) and compressed with an isostatic pressure. Two methods are available for compressing
zirconia: cold isostatic pressure and hot isostatic pressure. In the first method, zirconia powder is
compressed with a cold isostatic press with a pressure of 200-300 MPa. In another method, zirconia
powder is first compressed under a dry condition with a pressure of 90 Mpa, then hot-pressed at a
300° temperature with a pressure of 240 MPa. After the compression is shaped into a disk which is
known as green state zirconia. Then it is cut into desired dimensions and sintered at different
temperatures. After that, it is machined and various tests are performed on zirconia samples. Usually,
the phase transformation of zirconia at each stage of sintering is determined by X-ray diffraction
(XRD) and scanning electron microscope (SEM) is used to analyze the surface morphology.

2.1. Sintering process

Sintering is one of the methods of shaping metal and ceramic materials. Although there are many
laboratory methods for production fully dense zirconia: like Laser, microwave, hot press, sintering,
spark plasma and high temperature isostatic press, but sintering remain the most suitable and
economical method for industrial applications. Sintering represent the growth and expansion and
sticking of material particles through surface melting under suitable temperature conditions so that
it becomes a solid mass. The overall purpose of sintering is to produce a coherent body under
appropriate temperature conditions. Recently, a method called two-step sintering (TSS) has been
developed, at first the ceramic is pre-sintered at a low-temperature and machined, then sintered at a
higher temperature [28-30]. The quality of the prosthesis surface depends on the sintering process
not only on the machining process. Therefore, the sintering process serves as the technical basis for
improving the machinability of zirconia.
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2.1.1. Deformation behavior of zirconia during sintering process

The size of zirconia microstructures significantly depends on the sintering temperature [1]. So
that with increasing the sintering temperature, the microstructures of zirconia become larger and the
pores between them decrease, so it becomes denser [31]. The porosity of zirconia reaches 1.4% after
the sintering temperature of 1400°. The maximum achievable density for zirconia used in clinical
applications is about 6.1 gr/cm? [8]. Zirconia approaches this density from the sintering temperature
above 1300°. Therefore, the density of the material is affected by changing the porosity distribution
[32]. Generally, in the sintering process, zirconia is brittle in the range of 800°c-1000°c, most of the
condensation of materials is done in the temperature range of 1000°c-1300°% and in the temperature
range of 1300°c-1500°¢, the sintering process is completed and the hardness is stable. [30].Most of the
densification of zirconia occurs from temperature above 1300°c, and the densification is almost
completed at 1700°c. Grain growth has two types of behavior. The first behavior indicates slow grain
growth for low temperatures, and the second behavior is related to grain growth for temperatures
higher than 1550%, in which zirconia-forming fine grains grow faster [33]. Danilenko et al. [28]
pointed out that the microstructure and shrinkage characteristics can be controlled by sintering, so
sintering remain a significant step in the production of ceramic materials.

2.2. Machining

Zirconia restorations need processing and surface modification after the sintering process and
are usually done by mechanical operations, the best of which is machining [34]. Currently, various
types of machining processes are carried out, like micromachining, lithography, engraving, and laser
machining [4]. Among all of them, the laser machining process is better because of non-contact
features and high efficiency in terms of creating microtextures on the surface [35]. But this modern
technology require more equipment and cost [36]. Recently, computer-aided design and
manufacturing technology (CAD/CAM) are used as a new approach that reduces the number of
prosthetic manufacturing steps. This process allows the formation of zirconia with complex shape
and eliminates the manual methods of the dental technician [37]. Generally, two main processing
techniques are defined for zirconia machining: 1) hard machining 2) soft machining [20]. Hard
machining involves direct machining on the material after complete sintering. Soft machining refers
to a technique in which ceramics are pre-sintered at a certain temperature and machined, then
completely sintered at a high temperature [31]. Zhang et al. [36] proposed an ultrasonic vibration
assisted milling process as a new technology in hard machining. This technology partially solved the
impact of hard machining on the fabrication of ceramic prostheses, but resulted higher costs for
manufacturers. Soft machining produces less friction, and the tool wear during milling, so soft
machining is more desirable [20].

By examining three different machining methods (conventional machining, polishing or rough
polishing, and micro-machining) on zirconia, Traini et al. [34] found out the highest hardness, and
fracture strength is for samples that have been conventionally machined, so it is better to use
conventional machining. Also, the machining results in Min Ji and Jinyang study showed that before
the sintering temperature of 1100%, the material removal process is in the form of chip and typically
fails, but after the temperature of 1100°, it is in the form of cracking [38].The researchers have focused
on the machining science studies for understanding the basic responses of sintered zirconia and high
quality restorations.

3. Limitations

3.1. Shrinkage

Zirconia experiences approximately 20-25% shrinkage during the sintering process. Therefore,
the shrinkage rate should be predicted before milling and it is an important factor to achieve an
accurate fit of the prosthetic veneers. According to Amat et al., zirconia has a 48% shrinkage at a
sintering temperature of 900°% and a 9% shrinkage at a temperature of 1200°%. Which means with
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increasing the temperature, the shrinkage decreases. It should be noted that during the compression
of zirconia, there may be blank in some parts, in which case, it may have non-uniform shrinkage due
to non-uniform compression of particles during the sintering process of zirconia. So, if zirconia
sintering at high temperature it will be uniform. Also, for dental applications, it is better to use
monolithic zirconia because the addition of metal oxide (to match the tooth) increases the rate of
shrinkage [39-42]. A sample with less shrinkage is more suitable because it is closer to the real
dimensions of the tooth.

3.2. Aging

Yttria is used as a stabilizer in zirconia to achieve phase stability, but in the oral environment, it
is exhausted through reaction with water in the presence of moisture. So, it transforms from
tetragonal to the monoclinic phase (t-m). This spontaneous degradation mechanism is called low
temperature degradation (LTD), which is also known as aging. The most critical temperature range
for zirconia aging process is 200°C-300°C according to Swab. This process happens with long-term
use of zirconia in a hydrothermal environment like the mouth, in fact, the linkage of zirconia are
disrupted by water. This phase transformation is associated with microcracks, surface roughness and
4.5% increase in volume [43-47]. This issue can affect the mechanical properties over time.

In a comparative study to modify the surface of dental zirconia ceramics to improve aging, the
low temperature degradation textured zirconia ceramic surfaces is affected by the depth and width
of the groove. And proposed to consider the minimum width of the groove and the depth of the
groove corresponding to natural teeth [1].

It is necessary the LTD of zirconia occurs only on the surface of the sample, and this is a positive
event because it takes many times for water to penetrate the main part of the restoration, so this
process does not shorten the life of the restoration. On the other hand, prevent further propagation
of cracks with increasing the volume of the zirconia. It should be noted that low temperature
degradation is related to factors such as microstructural properties and density, sintering
temperature and manufacturing method, type and amount of stabilizer, surface milling. With
changing in these parameters can be improved the LTD of zirconia [48-51]. Generally, the low
temperature degradation of zirconia can be summarized as follows:

1) loss of yttria through reaction with water, 2) transition of tetragonal phase to monoclinic (t-
m), 3) increase volume and appearance of microcracks on the surface of the dental restoration, 4)
progress of phase transition from the surface to the inner part of the restoration.

4. Basic researches on zirconia

Zirconia was identified in 1789 by the German chemist Martin Heinrich Klaprot and was used
as a pigment in combination with other materials for a long time [3]. The first suggestion to use
zirconia for medical purposes in vivo was made by Helmer [21] in 1969. Zirconia was introduced as
an alternative for femoral heads instead of titanium or alumina prostheses. The result after
implanting zirconia was evaluated and no adverse reactions were observed and they related to the
biocompatibility of zirconia. This was one of the first in vivo studies. But the first study on the use of
zirconia for the construction of the femoral head prosthesis with the current application was
conducted by Christel et al. [52], More than three hundred thousand zirconia hip prostheses have
been implanted [53]. Just two failures have been reported [54] that the reason was steam sterilization
and phase transformation [33].

In 1975, Garvie [55] called the zirconia "ceramic steel" to rationalize the good mechanical
properties of it. Since 1990, in vitro studies have been conducted to evaluate zirconia cellular
behavior. In laboratory evaluations, it was confirmed that zirconia does not cause any toxicity. In a
test conducted by Ichikaw et al. [56], the zirconia ceramic bonded well to the tissue and it was shown
that the zirconia possessed mechanical stability during the 1-year experimental period. Also, in 3-
year study by Suarez et al. [57] on dental restorations, no negative effects were observed in terms of
compatibility. And based on the findings of this study, zirconium oxide restorations can be
considered reliable for clinical application.
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Although there are no long-term clinical experiment to prove the positive effects of zirconia and
long-term evaluations are needed to conclude the reliability of zirconia. But the studies carried out to
date indicate that zirconia restorations are accepted by the tissue, do not cause destructive effects and

are sufficiently resistant.
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5. Mechanical properties

The mechanical properties reviewed on zirconia ceramics include hardness, fracture toughness,
bending Strength, Young's modulus, Elastic and plastic deformation, compressive strength, etc.
Zirconia ceramics are used for many clinical applications like dental restorations, body prostheses
and tissue engineering. The materials employed in the medical applications must possess appropriate
mechanical properties. For example, for load-bearing structures, the material must have mechanical
stability equal to or greater than of natural tissue. Various studied have been conducted on the
mechanical properties of zirconia ceramics.

The mechanical properties of zirconia structures are significantly affected by the machining
quality [58]. Therefore understanding the mechanical behavior of zirconia is very important because
it determines the machinability and wear behavior of the material [59]. It is substantial measuring the
mechanical properties of pure zirconia is very difficult because the properties of zirconia are
determined at high sintering temperatures. Generally, if for evaluating mechanical properties,
complete densification is expected, the material should be sintered to a temperature higher than the
monoclinic to tetragonal transformation (i.e. at temperature of 1200°C). It is difficult to measure the
toughness of monoclinic zirconia due to problems during sintering. However, in many studies the
mechanical properties of zirconia have been determined, but more studies are needed because of the
importance in engineering applications [23]. Nowadays, many researches are based on the Sakai [60]
model that was presented in 1999. In this technique, by creating a single indention on the surface of
the ceramic, resistance to plasticity and deformation was analyzed. This test called nanoscratch and
its an effective method for analyzing mechanical properties. This test determines the deformation of
the surface, the amount of displacement and the indention depth. Also, to obtain the contact
hardness, Young's modulus and the deformation behaviors of the materials if combined with the
electron microscope are suitable [61, 62]. All of which provide insights into the plasticity and
machinability of materials.

With increasing the sintering temperature, the hardness of the zirconia increases [31]. The
standard hardness value for zirconia used in dental applications is 1200-1300 HV. Zirconia shows
good hardness properties in the temperature range of 1400°c-1600°c [36]. In fact, it reaches the desired
standard value in this temperature range. Furthermore, no significant difference was observed by
examining the hardness of the zirconia in aging and normal conditions. Because these mechanical
properties are related to the nature of zirconia ceramics [62]. The strength and hardness of zirconia is
enough to stand the chewing process, even if the impacting agent has a very high hardness [7].

At temperatures where the material is porous, the sample shows little resistance to bending and
fracture [63]. So, with increasing the hardness of the material, the bending strength also increases
[64]. The flexural strength of sintered zirconia for clinical applications is 836 MPa. Stawarczyk et al.
[65] proposed that sintering temperature should not exceed 1550° to have a suitable bending strength
and mechanical properties. In the study of fully sintered zirconia (1300%- 1700°¢), the highest bending
strength was in the temperature range of 1400%- 1550°% and the lowest bending strength was at
17000c.

According to the studies of Haixin et al., the compressive strength of green zirconia is 1886.38
GPA. This value reaches 2025.9 GPA at the sintering temperature of 1100°%. In another study, the
value of compressive strength at sintering temperature of 1550°, 1988.27 GPA has been evaluated
[66]. The compressive strength of zirconia in the green state is also significant. But the sintering
process also has an effect, and increasing the sintering temperature improves this property. Although
the results show that there is no specific trend.

The studies of Tateishi and Yunoki [67] showed that with increasing sintering temperature, the
impact resistance of the zirconia increases. The fracture toughness of sintered 3Y-TZP is 6 Mpa/m?.
Zirconia reaches this range of fracture toughness from the sintering temperature of 1300°. This value
reaches almost 8 Mpa/m? at the sintering temperature of 1500° [29].

An understanding of the elastic/plastic deformation caused by the machining of pre-sintered
zirconia is needed to predict the machinability [68]. Nano-indentation tests are very useful for
characterizing mechanical properties and elastic deformation at the nanoscale. The contact hardness
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of zirconia is dependent on the loading rate according to Alao and Yin's research [58]. Resistance to
plasticity decreases with increasing loading rate if the elastic displacement is independent of loading
rate. As the temperature increases, the plastic properties of the material increase and the zirconia
tends to crack [31]. If the elastic deformation of the material is more significant, the material can be
less resistant to failure [58]. According to Gregorova et al. [27] the elastic modulus does not
demonstrate a specified trend with increasing temperature, but it is expected to decrease. Although
there is an increasing trend in some of the studies. The expected Young's modulus for zirconia is 250
GPA, which is obtained at temperatures above 1400°c.

In comparison of different temperatures of complete curing of zirconia, the Weibull module has
the highest value at 1400°% temperature and the lowest value at 1700°c temperature [8]. The Weibull
modulus describes the dispersion in the mechanical properties of ceramics. Therefore, at higher
temperatures, this amount of dispersion is less, and the material has reached greater stability.

6. Tool wear in machining

Generally, the life of machining tools ends with the tool wear, cracking and fraction. Tool wear
attends the deformation of the cutting part proper to the gradual loss of tool material during cutting
process. There are two forms of tool wear, surface and lateral. Wear is caused by friction and heat
during machining. Usually, the most failures occur on the marginal edges of the tool. In applicatory
situations, when the tool does not produce workpiece of the expected quality, the end of the effective
life of the tool [69-74]. Usually, the factors that affect the tool life include the type and properties of
the machined material, the material and geometry of the tool, and the cutting speed and depth of the
machining [69]. Testers usually determine the material of the tool. However, according to the
standard, the use of uncoated steel and cobalt alloy is recommended [73, 74]. Malkin and Huang [75]
realized that milling of the material surface accounts for almost 80% of the total cost of manufacturing
ceramic workpiece, which is due to the cost of replacing tools that are excessively wearing or broken.
Therefore, the study of wear behavior is important to achieve machining results with high efficiency
and high quality [76].

Zirconia ceramics are naturally brittle, therefore, they are highly exposed to surface damage
during machining [77]. A good and undamaged surface is required in clinical applications to avoid
tissue damage and infection. Many suggestions have been made to reduce the damage caused by
machining. There are many theories for surface modification of zirconia, such as addition of
conditioner during machining that destroys mechanical properties [78], or changing the position of
the tool with the workpiece that does not affect the surface [79]. Machining at higher speed or higher
loading force, which causes degradation of strength and tool wear and the surface damage.
Increasing these parameters removes more material from the surface and increases tool wear. In the
pre-sintering state, the cracking resistance against machining in this material is equal to 132.74 Mpa.
This low value causes energy to be absorbed into the pores and increases the possibility of damage
to the surface [80]. Anandita et al. [77] machining characteristics are influenced by process parameters
and tool geometry. If the cutting depth is less than the critical depth and the material is in a formable
state and subjected to cutting with a microscopic tool, it leads to the creation of a crack-free surface.
In the part where the hardness is lower or the porosity is higher, occurs more fracture. But in the part
of the sample where the hardness is higher, more cracking occurs, and in this area, tool wear is more
concentrated [38, 81].

Wear represent the gradual reduction of material from the surface of an object moves relative
to another object. In fact, during machining, when the milling tool enters contact with a sample
material, it may suffer erosion or loss. The tool wear on the machined surface and stresses created
during the machining process affect the finished product of dental restorations. The tool wear is
inevitable and not considered a negative process. But the amount, type and occurrence time of the
tool wear should be checked that it can controlled by zirconia processing methods like sintering.
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7. Suggestions

In the field of improving of zirconia ceramics, many suggestions have been proposed in various
studies. Some suggestions are effective and nowadays have been used in scientific literature.

Combination with other materials: To improve the properties of zirconia, there are many
studies in the form of combining this material with other materials, for example silicon carbide (as a
conditioner to improvement surface roughness) [82], silica (Sio2: for a smoother surface) [83],
methacrylate (to increase hardness) [41] and alumina (to improve mechanical properties) [84]. The
results of these studies are consistent with the previous results for zirconia ceramics. So it should be
accepted that these results are related to the nature of zirconia ceramics and because of the excellent
properties combined with any material the characteristic features retain and improve.

Two-step sintering: In this method, initially, the zirconia ceramic is pre-sintered at a lower
temperature and machined, then it is fully sintered at a higher temperature. This method allows
resisting cracking during machining [85]. It also reduces milling time and wear of cutting tools [86].
The purpose of two-step sintering is to control the grain growth rate [87]. According to Mazaheri et
al. [88] by examining the effects of sintering paths on grain growth behavior, two-stage sintering
reduces the rate of grain growth during final sintering compared to single-stage sintering. However,
there is additionally an opposing theory that related the control of grain growth rate to the increase
of heating rate. According to Irvine et al. [81], the hardness of pre-sintered zirconia is about 66
Vickers, but its hardness increases to 1600 Vickers with full sintering. In the pre-sintering state, the
cutting length reaches up to 1400 mm, but in the full sintering state, it finally reaches 350 mm [76]. In
the full-sintered state, a tool wear increases, tool life and cutting depth decreases. As a result, two-
stage sintering is suggested. This method has been employed in the last few decades as a very efficient
method to improve the mechanical properties and machining of zirconia.

Rapid sintering (RS): Sintering endures 6-8 hours for heating, cooling and dwell time. If the
sintering process takes more than 8 hours, it is uneconomical. This has encouraged manufacturers to
use fast firing ovens. This method with increasing heat rate, reduces the processing time from hours
to minutes. This matter leads manufacturers to use ovens with rapid sintering. This method reduces
the processing time from hours to minutes. A comparison of the data of rapid sintering and
conventional sintering is reported in Table 3. This process saves time and energy in zirconia ceramics
and thus increases productivity. By comparing the rapid and normal sintering of zirconia, a similar
behavior has been observed in the mechanical properties. This method is particularly useful for
sintering dental restorations in minutes, which can result in the fabrication of the restoration while
the dental patient is waiting. However, this method has limited reliability, actually the consequences
of zirconia on different generations have been uninvestigated, and so more research is required in
this field [89-92].

Table. 3
Comparison of rapid sintering data and normal sintering.
sintering program (1500°c)
Rapid Sintering (RS)Normal Sintering (NS)
Heat rate (°c/min) 206

Sintering time (min) 3090

Increasing sintering time: Increasing the sintering time is recommended to increase the fracture
resistance, but may decrease the strength of zirconia, also, it does not affect the phase change of
zirconia. Sintering in a shorter time does not weaken zirconia. Although it is significant that to obtain
transparent dental restorations, more brief sintering time should be considered [93-96]. As a result
the authors proposed normal sintering.

Heating machining: This method was proposed by Ito et al. [97]. According to this study, if the
machining speed increases, the heat is more produced. Therefore, the milling temperature increases,
and the hardness of the zirconia surface decreases and becomes flexible. Due to this issue, machining
becomes easier, an accurate surface is obtained and tool wear is reduced.
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Sandblasting: Sandblast was suggested by Monaco et al. [37]. This machining method is for
polishing and preparing surfaces. In pre-sintered samples, sandblasting produces more irregular
surfaces than full-sintered samples. Consequently it is better to sandblast the samples after complete
sintering.

Extrinsic coating technique: In the study of Shui et al. [98], this technique was presented. This
model refers to coating the surface of zirconia by immersion in sodium-rich feldspar or brushing the
surface of the sample before the final sintering process. Due to the appearance color of zirconia, it has
a limited use in anterior restorations. This method is more suitable for fabricating transparency and
natural color of zirconia, if it does not affect the mechanical properties.

8. Discussion

The mechanical properties of zirconia are similar to stainless steel. The extension strength of
zirconia is 1200-900 MPa and its compressive strength is about 2000 MPa [66]. Other ceramic
technologies only allow the fabrication of structures that are resistant to chewing on anterior teeth.
But zirconia ceramic restorations can also be used on posterior teeth [99]. Posterior zirconia
restorations have been shown to have comparable longevity (more than 20 years) to metal-based
restorations. Luthy [100] reported an average load-bearing capacity of 518 N for alumina restorations,
282 N for lithium disilicate restorations, and 755 N for zirconia restorations. Therefore, zirconia is a
good choice for dental restorations.

Brittle materials must be machined in a ductile state. Formative mode machining is a method to
achieve high surface quality workpiece. Machining at high temperature is not suitable for obtaining
flawless workpiece [101]. Surface quality is important in mechanical behavior such as wear and
fatigue of dental restorations. Which include surface roughness and morphology and phase
transformation [86]. Also, the material removal process shows that any material can be machined
without damage on a small scale and in a formable mode [102].

Understanding the mechanical behavior of zirconia can provide scientific insights into the
machining mechanisms of the material's ductile state, which can be simulated by an indentation. That
the mechanical contact conditions for indentation are similar to the machining conditions. Machining
forces, speed, and tool geometry can be simplified by indentation loads, loading rates, and
indentation tool geometry [61]. The response of materials to machining and functional processes can
be predicted, but not exactly. As a result, direct machining is better than creating an indention [58].

Zirconia ceramics have many advantages over the other ceramic materials due to the
transformation hardening mechanisms of microstructure. Which can give them very good
mechanical properties. These mechanical properties depend on the process in sintering and
manufacturing and processing the workpieces. The production of zirconia biological materials
requires the use of high purity, because high purity materials can only have the required stability,
especially when they are used in the body [3]. And because long-term human tests to prove clinical success
are still lacking [103]. So a long experimental research study is usually needed to improve the results.

Zirconia ceramics show the highest fracture toughness among all dental ceramics [6]. Fracture
toughness represents the resistance of a ceramic material to crack growth, which is mainly controlled
by the transformation resistance mechanism, depending on grain size, sintering temperature, and
yttrium content [92]. Furthermore recent advances in the processing of high-transparency zirconia
materials can significantly increase the clinical indications of monolithic zirconia restorations to
prevent interface fractures in veneer-core structures [86]. Therefore, to receive a restoration with high
fracture tolerance, it is better to use monolithic zirconia without impurities. And used the appropriate
sintering temperature to achieve the expected mechanical properties and appropriate microstructure
size.

Table. 4
ar Lo , | in_dental
Manufacturing country ZrO2Y203Density

and company (wt. %)(wt. %)(g/cm?)
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Conclusion

Ceramics used in the medical field are known as bioceramics. Bioceramics should be
biocompatible. That is, it should be not recognized as a foreign substance in the body. It should also
be biodegradable. Biodegradability means that the substance is destroyed or dissolved without
harming the tissue. And it should be suitable in terms of mechanical properties and retain mechanical
stability as much or more than natural tissue. In the clinical applications of zirconia, the results show
no toxicity and adverse reactions have been detected, and because of the high biocompatibility of this
material. In addition, zirconia ceramics have many advantages over other ceramic materials due to
the transformation hardening mechanisms that occur in its microstructure and obtain very
exceptional mechanical properties. As a result, zirconia belongs to the group of bioceramics.

Zirconia bioceramics are materials with excellent strength, high fracture resistance and good
chemical properties widely used in clinical applications like orthopedics, dentistry, etc. The structure
of this material changes with temperature. They use stabilizing oxides to prevent structure from
changing. In dental applications, tetragonal zirconia stabilized with 3 mole % of yttria (3Y-TZP) is
usually used. The most common zirconia (3Y-TZP) is reported in Table. 3 in terms of constituent
content and country of manufacture. Several generations of zirconia have been created with different
compositions to improve transparency and mechanical properties. In the structural zirconia
applications, it is necessary to employ chemical structures with high purity, because high purity
materials can gain the required stability, especially when they are used in the body. This means that
the higher the impurity in the raw materials, the lower the stability. For example, zirconia with yttria
content of more than 4% wt provides more transparency, but reduces mechanical properties. As a
result, the constituent contents of zirconia are significant and should be investigated.

To use zirconia in structural applications, it is necessary to sinter this material at a suitable
temperature. Sintering is a process in which ceramics are baked and during which the properties of
the material are constantly changing. Including grain size, structural phase, mechanical properties,
etc. Of course, the machinability also changes with Sintering process. It is better to sinter zirconia for
machining at a lower temperature and then complete the sintering process at higher temperatures to
achieve the desired mechanical properties. Full sintering improves the mechanical properties of
ceramics but reduces machinability, leading to long machining times and tool wear. Accordingly the
sintering process affects the quality of the material and the final precision of machining. Additionally,
the heating rate is important in sintering. The lower the heating rate, the better the material
densification behavior. However, this difference does not affect the final sintering results.

The density of raw zirconia is between 3-4 g/cm?®. And this value in sintered zirconia used in
dental applications (the maximum density desired for using zirconia in dentistry) reaches 6.04 g/cm3.
From the sintering temperature above 1300°c, the density of zirconia crosses the border of 5.73 g/cm?
and reaches 5.98 g/cm? at the 1500% sintering temperature. It can be concluded that a temperature
above 1300% represent the full sintering temperature for zirconia. And at the final temperature of
1600°, it achieves the desired maximum density. The density is 4.11 g/cm?® at 1100° sintering
temperature and 5.13 g/cm? at 1200°c sintering temperature. In view of this issue, it can be concluded
the pre-sintering temperature should be up to 1200%. So zirconia machining should be in these
temperature ranges. On the other hand, the temperature above 1300°%c was considered unsuitable for


https://doi.org/10.20944/preprints202404.1457.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2024 d0i:10.20944/preprints202404.1457.v1

13

machining. Achieving the desired maximum density without grain growth is one of the main goals
of sintering optimization in materials. Obviously, to improve these sintering results, a long
experimental exploratory study is usually required. However, the two-step sintering method is
suitable for optimizing the sintering path and controls the process of microstructure growth. The rate
of contraction of zirconia decreases with increasing temperature and stops at 1500°c sintering
temperature. Therefore, the shrinkage rate of zirconia can also be controlled by the sintering process.
Two-step sintering is also useful for zirconia shrinkage due to grain growth rate control. Because the
shrinkage rate is lower at the initial sintering temperature.

The values of the mechanical properties of zirconia (Table. 2) show that this material achieves
desirable mechanical properties for use in high tolerance structures at high sintering temperatures.
Zirconia is more formable at pre-sintering temperature. For this reason, it is recommended to be
machined at pre-sintering temperatures. Definitely, many factors affect the mechanical properties.
The loading rate also affects the mechanical properties. According to some authors, hardness and
resistance to cracking and Young's modulus are independent of loading rate. There is also an opposite
theory. Of course, it can be due to the range of selected loading rates in each research. However, it
can be express it is difficult to predict the behavior of zirconia. It has been well established that
zirconia has excellent properties in various fields. However, these properties depend on the selective
process in the fabrication and processing of zirconia. In different researches, each of them introduced
a different temperature as the optimal temperature for zirconia sintering. It is difficult to predict the
behavior of zirconia from its mechanical properties and more studies are required. To provide
valuable information, tests in the oral environment about the long-term performance of zirconia
ceramics are needed. Zirconia must be carefully checked in the environment of use and failures and
problems analyzed. It is expected that there will be significant improvements in the field of ceramics
in the future.
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