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Abstract: Ceramic dental restorative materials have growing popularity, albeit their brittle and
stochastic nature are acknowledged shortcomings that impact the prosthesis lifespan. The mechanical
performance of ceramics is dominated by the constitutional microstructural and fracture toughness
mechanisms, as well as externally applied triggers. Thus, there is ongoing expanding research in
the sphere of ceramic material engineering and thermal refinement, addressing concerns regarding
toughness, machinability, reliability, stainability, and biodegradation. While the current trend in
dental ceramic manufacturing has transitioned from micrometric crystalline sizes to submicrometric
and nanometric ranges, there is an unclear understanding of the microstructural implications on
ceramic behaviour. Therefore, this review covers the comprehensive characterisation approaches
commonly employed in the scientific literature to describe the multifaceted performance aspects
as well as clinical-related prerequisites of dental ceramics. Moreover, updated standardised testing
parameters and performance thresholds pertaining to ceramic mannerisms are described in an
attempt to translate their clinical applicability.

Keywords: dental glass ceramics; characterisation; flexural strength; fracture toughness; hardness;
machinability; edge chipping; tribology; roughness; wettability; colorimetry; translucency; irradiance;
microstructure; thermal analysis

1. Introduction and Review Methodology

Dental ceramics underwent significant developments in their composition, microstruc-
ture, and manufacturing processes, notably among the most recent polymer-infiltrated
hybrid ceramics as well as lithium-based silicate glass ceramics and zirconia polycrys-
talline ceramics [1]. The superior biocompatibility, natural aesthetic appearance, improved
mechanical performance, and established longevity have all played a role in the gaining
popularity of dental ceramics, which extended the range of clinical applications. In vitro
assessments are regarded as the foundation within the hierarchy of material appraisal,
owing to their meticulous controllability and standardisation of testing variables. This
review article provides an essential insight into the multifaceted material characterisation
realm pertaining to dental ceramics, with a detailed focus on the mechanical, tribologi-
cal, topographical, spectrophotometric, microstructural, and thermal criteria, taking into
account the most recently introduced standards of the International Organisation for Stan-
dardisation (ISO 18675:2022), in addition to the updated ISO standards (ISO 6872:2023
and ISO 9693:2019) for dental ceramic materials [2–4]. The required thresholds for specific
dental ceramic material-related properties have been highlighted for general dental practi-
tioners to enhance their future evidence-based clinical judgements, thus improving overall
patient quality of life.
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The review methodology herein comprised of employing a search strategy (Table 1),
beginning with defining inclusion and exclusion criteria, followed by screening appropriate
abstracts, retrieving full text of studies from selected abstracts, and finally extracting the
main outcomes/findings. Inclusion selection criteria involved articles written in English
language and related to dental ceramics, including in vitro studies (comparative or exper-
imental), technique reports, and review articles, whereas the exclusion criteria included
any articles that failed to pass items described in the inclusion criteria. Electronic searches
included literature evidence published up to June 2024.

Table 1. Search strategy for narrative review.

Database Search Terms

PubMed/Medline

Scopus

Google Scholar

“Dental ceramics” OR “dental materials” OR “dentistry” OR “CAD/CAM” OR “Machinable dental
ceramics” OR “Pressable dental ceramics” OR “Heat pressed dental ceramics” OR “Glass-ceramics”
OR “Polycrystalline ceramics” OR “Hybrid ceramics” OR “Mechanical properties” OR “Flexural
strength” OR “Fracture toughness” OR “Reliability” OR “Machinability index” OR “Brittleness index”
OR “R-curve behaviour” OR “Edge chipping” OR “Hardness” OR “Friction” OR “Tribology” OR
“Wear resistance” OR “Abrasion resistance” OR “Chemical solubility” OR “Topography” OR
“Roughness” OR “Wettability” OR “Optical properties” OR “Spectrophotometry” OR “Colour” OR
“Stainability” OR “Translucency” OR “Fluorescence” OR “Opacity” OR “Opalescence” OR “Whiteness”
OR “Gloss” OR “ Irradiance” OR “Spectroscopy” OR “Microscopy” OR “Crystallography” or
“Fractography” OR “X-ray diffraction” OR “Differential scanning calorimetry” OR
“Thermogravimetric analysis” OR “Thermal dilatometry”

2. Mechanical Characterisation

Appropriate in vitro simulation of the multi-directional masticatory forces significantly
aids in the prediction of short-term clinical performance and long-term survival of ceramic
restorations. Considering the brittle nature of dental ceramics and the absence of plastic
deformation processes within, intraoral occlusal stresses can lead to repercussions ranging
from subcritical crack growth to catastrophic failure. An assessment of resistance to bending,
crack propagation, and indentation of ceramic materials can enhance the understanding of
their mechanical behaviour and fracture mechanics.

2.1. Flexural Strength

The flexural strength of a ceramic material determines its resistance to bending forces,
which are a combination of tensile, compression, and shear [5,6]. Considering dental
ceramics are weaker under tension than under compression, flexural strength is a significant
parameter to investigate. It can be measured by uniaxial tests, such as three-point bending
or four-point bending, or biaxial tests, such as ball-on-ring, ring-on-ring, piston-on-ring,
piston-on-three-balls, and ball-on-three-balls assemblies. These tests are all similar in that
they are based on generating tensile stresses at the specimen surface opposite to where
the compressive load is being applied. Then, a pre-existing critical flaw located in the
area of maximum tensile stresses would propagate, leading to catastrophic failure. The
three-point bending test has been traditionally advocated as the standard flexural strength
test for dental ceramics because of its straightforward test design. Studies have reported
higher flexural strength values obtained from three-point bending tests, in comparison
to four-point bending tests, due to larger flaw-containing areas in the latter. Nonetheless,
the main drawback of uniaxial flexural strength tests is the presence of flaws along the
surface edges of the rectangular-shaped specimens [6]. Therefore, biaxial flexural tests
have become increasingly utilised due to their central loading force, which disregards the
effect of flaws on the edge surfaces [7]. Figure 1 illustrates the different flexural strength
testing apparatuses.
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flexural strength test, (e) ring-on-ring biaxial flexural strength test, and (f) piston-on-three-balls
biaxial flexural strength test. Tensile stresses are generated on the specimen surface opposite the
compressive load (brown arrow(s)).

Commercial CAD/CAM ceramics are generally supplied in fixed geometries of either
cuboidal blocks or disc-shaped blanks to accommodate for the rising trend of CAM/CAM
machining in the dental market. The small dimensions of the CAD/CAM blocks (ranging
from 8 × 8 × 15 mm3 in size I8 blocks up to 18 × 16 × 18 mm3 in size C16 blocks) might
potentially fail to meet the size requirements of uniaxial flexural strength testing stan-
dards [8]. The ISO 6872 standard for ceramics tolerates span lengths at 12 mm (three-point
bending) and 16 mm (four-point bending). However, bearing in mind the dependence of
ceramic strength on volume (i.e., specimen size), these shorter span lengths could give
rise to inherent testing errors that are significantly intensified by specimen miniaturisa-
tion [9]. In miniaturised uniaxial testing set-ups, extensive care is needed to ensure the
precise positioning of the loading component as well as thorough edge chamfering of
specimens, to prevent skewed distribution of the strength values [9]. On the other hand,
the biaxial flexural test technique is not hindered by chipped-edge-induced stresses and
exerts multiaxial stresses that better mimic intraoral forces. Noteworthy shortcomings of
these rotationally symmetric biaxial testing methods are the prerequisite of an absolute flat
parallel plane on the ceramic specimen surface and the inevitable presence of friction at
the specimen and loading components interface [8]. The ball-on-three-balls (B3B) biaxial
strength test configuration was developed to eliminate the friction component between
the loading/supporting balls and the sandwiched ceramic specimen by the passive rolling
of the loading balls upon specimen fracture [10]. B3B tolerates the testing of samples of
rectangular geometries (plates), which offers a convenient solution to compute the strength
of CAD/CAM ceramics delivered as blocks and is not altered by slight warping or flat-
ness deviation ≤ 16%. The B3B testing apparatus provides a stress field with three-fold
symmetry (in discs) or mirror symmetry (in plates) on the tensile surface of the ceramic
specimen, after which the tensile load is transmitted by a loading central ball within a fixed
contact area, creating stresses as a function of the elastic moduli of both the loading ball
and the tested specimen (Figure 2). If considerable specimen deformation occurs upon
loading, this could change the contact area with the loading ball and, in turn, skew the
stress distribution. Materials with lower elastic moduli, such as dental composites, exhibit
greater deformations and a larger contact area than materials with higher elastic moduli,
such as ceramics; hence, greater precautions must be taken when testing the former [8,11].
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Figure 2. B3B testing apparatus demonstrating three-fold symmetry in disc-shaped specimens (upper)
and mirror symmetry in rectangular plates (lower). Tensile stresses are generated on the specimen
surface opposite to the compressive load (white arrow).

The calculation of flexural strength relies on finite element analysis to obtain the
function δ, which is factored by independent variables: the dimensional ratio related to the
support radius (Ra), the supporting ball radius (Rb), the radius of the specimen R (Ra/R),
the thickness-to-specimen radius ratio (t/R), and the tested material Poisson’s ratio (v).
Due to excess material on plate specimen corners, this causes a stiffening effect within the
specimens, hence altering the value of function δ via finite element analysis. Therefore,
in specific plate dimensions of 12 × 12 mm2 in thickness t, the function δ is measured as
follows [8]:

δ = 0.323308 +

[
[(1.30843 + 1.44301v)]

[
1.78428 − 3.15347

(
t

Ra

)
+ 6.67919

(
t

Ra

)2
− 4.62603

(
t

Ra

)3
]]

[
1 + 1.71955

(
t

Ra

)] (1)

Ra =
2
√

3Rb
3

(2)

Subsequently, the flexural strength (σ) in B3B is reported as the maximum stress
created on the tensile side of the specimen at fracture, calculated by the following equation:

σ = δ Fmax/t2 (3)

Measurement errors of the B3B testing method are ≤2% and mainly stem from mis-
calculations of specimen dimensions as well as the intrinsic uncertainty of the function
δ computed by the linear elastic model. Further measurement errors are <1% and are
prompted by misorientation of loading balls, improper force measurement, inaccurate
specimen geometry, and incorrectly positioning the rectangular plate specimens in relation
to the loading balls. However, since these factors minimally influence the final strength
values (i.e., ≤2%), their errors in measurements can be neglected. On the other hand,
major error contributors (>2%) are the specimen thickness and Poisson’s ratio. Thicker
specimens of low elastic modulus will require higher fracture loads due to the larger contact
area, while thinner specimens will experience greater deflection; hence, customised finite
element analysis will be needed in these specific circumstances [12].

2.2. Reliability

Due to the brittle nature of dental ceramics, their ability to resist fracture under stress is
highly influenced by the size and distribution of an intrinsic flaw population. Considering
that larger sized flaws are more likely to cause failure yet are not normally distributed
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within the Gaussian curve, strength measurements of ceramics are statistically analysed
via Weibull statistics rather than statistics based on a Gaussian distribution. The following
equation is used for Weibull fracture strength analysis:

Pf (σ) = 1 − exp
[
−
(

σ

σ0

)m]
(4)

where Pf (σ) is the probability of failure for a given flexural strength, σ is the fracture
strength, σ0 is the characteristic strength at the 63.2% fracture probability, and m is the
distribution shape parameter, known as the Weibull modulus: m is characterised by the
slope of the curves in Weibull plots, which imply the reliability of a given material. A higher
m is associated with a steeper curve and a narrow distribution of flaws, indicating higher
reliability of the material [13]. Upper and lower limits of the 95% confidence intervals for
σ0 and m can be calculated following the EN 843–5:2007 [14]. In general, large sample sizes
are required for ceramic material strength assessment to foster adequate confidence limits
of minimal bias risk [15]. To correct for statistical bias errors, an unbiased estimate of the
Weibull modulus was obtained by correction of the biased Weibull modulus by means of
an appropriate unbiasing function using the following equation:

m̂U = m̂ × UF (5)

where m̂U represents the unbiased Weibull modulus, m̂ is the biased Weibull modulus,
and UF is the unbiasing f actor as a function of the sample size obtained from BS EN
ISO 20501:2022 [16]. In accordance with the Weibull probability theory of ceramic flaw dis-
tribution, larger sized specimens will have a greater likelihood of enclosing larger inherent
flaws, thereby resulting in lower flexural strength outcomes. Based on this assumption,
direct comparisons between strength values of different testing apparatuses or dissimilar
specimen dimensions violates the principles of Weibull probability and thus should be
avoided [8]. Nonetheless, in order for dental clinicians to correctly interpret the strength
data obtained from two different in vitro testing methods (test a and test b), the strength
values can be scaled [17]. When specimens’ fractures are caused by volume flaws then the
scaling of strength values is performed as a function of the effective volume (Veff):

σa = σb

(Ve f f b

Veffa

)1/m
 (6)

where σa is the flexural strength obtained in test a, σb is the flexural strength obtained in
test b, Veffa is the effective volume in test a, Veffb is the effective volume in test b, and m is
the Weibull modulus. On the other hand, if surface flaws are the cause of fracture, then the
scaling of strength data can be performed via the effective surface (Seff):

σa = σb

(Se f f b

Seffa

)1/m
 (7)

where Seffa and Seffb are the effective surfaces in test a and test b, respectively. The ef-
fective volume and effective surface parameters are related to the specimen geometry
(height, length, and width) and differ according to the type of flexural test employed
(e.g., three-point bending, four-point bending, or B3B) [18].

2.3. Fracture Toughness

Fracture toughness (KIc) describes the ability of brittle materials, i.e., dental ceramics,
to withstand unstable crack propagation from a pre-existing flaw when the material is
loaded under tension [19]. Griffith introduced KIc by identifying that stress in a loaded
brittle material is concentrated at the tip of a flaw and is proportional to the length of this



Prosthesis 2024, 6 1060

flaw. Irwin expanded this theory to ductile materials, identified the stress intensity factor
“K”, and concluded that brittle fracture takes places when the stress intensity at a crack of
length “ac” exceeds the critical stress intensity factor, i.e., K > KIc. Therefore, Kc symbolises
the fracture toughness, and the subscripts I, II, or III denote mode fracture that occurs. The
different fracture modes include mode I (crack opening by tensile forces perpendicular to
the crack direction), mode II (shear/sliding force), and mode III (tearing/torsional force;
Figure 3) [20,21].
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Figure 3. Different failure modes. (a) mode I (tensile force), (b) mode II (shear force), and (c) mode III
(torsional force). Orange arrows signify the direction of applied load.

KIc can be measured by fracture testing methods with predetermined cracks introduced
on the surface of specimens (e.g., single-edge v-notched beams, surface-crack-in-flexure
method, double cantilever beam, compact tension, single-edge pre-cracked beam, chevron
notch short rod, and the notchless triangular prism test) [22,23] or by indentation-based
approaches (e.g., Vickers or Knoop indentation fracture tests; Figure 4) [24,25]. A main
shortcoming of indentation fracture tests is the scattered KIc values that are obtained due
to the residual stresses surrounding the crack propagation. Hence, indentation-based
methods can provide a comparison between materials but cannot identify the exact fracture
toughness value of a specific material, as the KIc values measured with the indentation-
based techniques result in 48% variations from their true KIc values [15,26].
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(f) single-edge double-notched beam, (g) surface-crack-in-flexure, and (h) indentation-based fracture
toughness method. Orange arrows represent the direction of fracture load.

Recently, fracture toughness of dental ceramics has been measured by the ball-on-
three-balls test (B3B-KIc), akin to the surface-crack-in-flexure methodology. B3B-KIc can
be executed on rectangular plates as well as disc-shaped specimens and has reported
comparable results to standard KIc measuring techniques [27–29]. Using a Knoop indenter
tip, a semi-elliptical crack is created on the surface of a specimen opposite the compressive
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loading stresses, with depth a and full-width 2c pre-crack dimensions (Figure 5), and
B3B-KIc (MPa

√
m) is calculated with the following equation:

B3B KIc = σ × YB3B ×
√

πa (8)

where σ is the B3B flexural strength of specimen, with thickness t, Poisson’s ratio v, crack
depth a, and half-crack length c, Ra is the support radius, and YB3B is the geometric
factor specific for B3B-KIc, as calculated via finite element analysis [30] based on the
specimen geometry:

YB3B =

(
v,

a
c

,
a
t

,
t

Ra

)
(9)
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the pre-cracked specimen surface in tension.

According to the BS EN ISO 6872:2023 standard [3], the clinical indications of dental
ceramics are ultimately governed by their mechanical performance (Table 2), specifically,
their flexural strength (σ) and fracture toughness values (KIc).

Table 2. Dental ceramic mechanical thresholds and corresponding clinical applications.

Flexural Strength
(σ) MPa

Fracture
Toughness (KIc) MPa.m1/2 Clinical Indication

50 0.7
1. Adhesively cemented monolithic single-unit anterior prosthesis.
2. Veneering of metal or ceramic substructures.

100 1.0

1. Adhesively cemented monolithic single-unit anterior or
posterior prosthesis.

2. Adhesively cemented partially or fully covered substructure
for single-unit anterior and posterior prosthesis.

300 2.0

1. Adhesively or non-adhesively cemented monolithic single-unit
anterior or posterior prosthesis, and for three-unit prostheses
not involving the molar region.

2. Adhesively or non-adhesively cemented partially or fully
covered substructure for single-unit anterior or posterior
prosthesis, and for three-unit prostheses not involving molar.
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Table 2. Cont.

Flexural Strength
(σ) MPa

Fracture
Toughness (KIc) MPa.m1/2 Clinical Indication

500 3.5

1. Monolithic three-unit prostheses involving molar restoration.
2. Partially or fully covered substructure for three-unit prostheses

involving molar restoration.

800 5.0

1. Monolithic partially or fully covered substructures for four or
more units.

2. Fully covered substructure for prostheses involving four or
more units.

2.4. R-Curve Behaviour

Subcritical crack propagation within dental ceramics is a time-dependent phenomenon
wherein long-term repetitive loading fosters strength degradation. Dental ceramics’ tough-
ening mechanisms, such as crack shielding, crack bridging, crack branching, and phase
transformation, are able to enhance the fracture toughness (i.e., crack resistance) as the
crack dimension increases. This distinct mannerism is termed crack growth resistance curve
behaviour i.e., R-curve behaviour. Ceramics exhibiting R-curve behaviour are deemed more
reliable (less scatter in strength values) and of predictable longevity. R-curve behaviour
can be inferred from the surface-crack-in-flexure strength testing method, wherein ceramic
specimens are indented with different loads then flexural-strength-tested (e.g., four-point
bending and B3B). Upon plotting the flexural stress against the indentation load in a double-
logarithmic scheme, with a least-square linear regression curve fitted through the data
points, R-curve behaviour can be assumed if the slope of this fit line differs significantly
from −1/2. Thereafter, fracture toughness (MPa·m1/2) is computed and plotted against
the increasing crack sizes to construct R-curve behaviour plots pertaining to individual
ceramic materials. Information obtained from the R-curve shape, steepness, and crack
extension range can provide valuable insight regarding ceramic microstructure and fracture
mechanics [1,31,32].

2.5. Machinability

In compliance with the trend for subtractive manufacturing of computer-aided
design/computer-aided manufacturing (CAD/CAM), most dental ceramics available in
the market are presented in the form of machinable blocks of fixed geometry and with
precise crystallisation and sinterisation guidelines. The recently introduced ISO standards
(ISO 18675:2022) were proposed to evaluate the machining tolerances and post-machining
distortion in CAD/CAM ceramics [2]. Polycrystalline zirconia and alumina machinable
blocks can be supplied as powder-pressed (i.e., green blanks) or partially sintered, which
inevitably results in 20–35% volumetric shrinkage upon complete sintering into a fully
dense blank. A parameter commonly reported by manufacturers of machinable ceramics is
the shrinkage factor (d), a measure of the three-dimensional changes in volume coinciding
with sintering, such as green or partially sintered blanks. Prior to sintering, the width,
thickness, and length of the specimens are recorded as w1, b1, and l1, respectively, and after
sintering is completed, the dimensions are remeasured (w2, b2, and l2) and, subsequently, d
is computed, as follows:

d = (dw + db + dl)/3 (10)

where dw = w1/w2, db = b1/b2, and dl = l1/l2.
The shrinkage factor facilitates the calculation of the percentage of overestimation

needed to obtain dental ceramic restorations of an accurate fit. Another important con-
sideration when sintering is the possibility of warpage that occurs in green or partially
sintered blanks. Warpage (e) is the degree to which a blank acquires a uniformly flat surface
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after final sintering or post-machining processing (Figure 6). The percentage of warpage of
ceramics can be recorded by calibrated digital micrometres, as follows:

e =
( c

x

)
× 100 (11)

where c denotes the clearance between a flat surface and maximum point of warpage and x
denotes the distance between two ends of the ceramic bar [2].
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The machinability index (i.e., machining difficulty) and brittleness index (i.e., suscepti-
bility to brittle fracture) have been frequently employed in the literature when describing
machinable ceramic materials [33,34]. A quantification of the intact minimal machined
thickness of a dental ceramic can be determined through the merlon fracture test, wherein
fractured merlons (i.e., free-standing walls) signify that the milling process is detrimental to
dental restorations of similar margin thicknesses [2]. The test specimen geometry consists
of a round hollow ring with a solid bottom (analogous to the occlusal surface of a crown)
and four protruding merlons (analogous to crown margins; Figure 7). Data for the merlon
fracture test specimen geometry are provided by the American Dental Association as STL
files to be imported into the equipped CAD/CAM software, with a selection of merlon
wall thicknesses ranging from 0.1 to 0.5 mm. Subsequently, specimens are machined with
the milling bur direction parallel to that of the merlon walls. After milling, intact merlons
and specimen bottoms are counted in addition to fractured merlons (if >1/3 of the merlon
tip is lost) and fractured specimen bottoms (have a hole visible to the naked eye) [2,35].

The machinability of dental ceramics can also be reported as a function of their
brittleness index (BI), which is the ratio between their hardness (GPa) and the critical strain
energy release rate (J/m2):

BI = H/GIC (12)

and
GIC = KIc/E (13)

where H denotes the hardness, GIC is the critical strain energy release rate, KIc is the fracture
toughness, and E is the elastic modulus.

Prosthesis 2024, 6, FOR PEER REVIEW 9 
 

 

describing machinable ceramic materials [33,34]. A quantification of the intact minimal 
machined thickness of a dental ceramic can be determined through the merlon fracture 
test, wherein fractured merlons (i.e., free-standing walls) signify that the milling process 
is detrimental to dental restorations of similar margin thicknesses [2]. The test specimen 
geometry consists of a round hollow ring with a solid bottom (analogous to the occlusal 
surface of a crown) and four protruding merlons (analogous to crown margins; Figure 7). 
Data for the merlon fracture test specimen geometry are provided by the American Dental 
Association as STL files to be imported into the equipped CAD/CAM software, with a 
selection of merlon wall thicknesses ranging from 0.1 to 0.5 mm. Subsequently, specimens 
are machined with the milling bur direction parallel to that of the merlon walls. After 
milling, intact merlons and specimen bottoms are counted in addition to fractured 
merlons (if >1/3 of the merlon tip is lost) and fractured specimen bottoms (have a hole 
visible to the naked eye) [2,35]. 

 
Figure 7. Specimen geometry in the merlon fracture test apparatus. 

The machinability of dental ceramics can also be reported as a function of their 
brittleness index (BI), which is the ratio between their hardness (GPa) and the critical strain 
energy release rate (J/m2): 𝐵𝐼 = 𝐻/𝐺   (12)

and 𝐺 = 𝐾 /𝐸  (13)

where H denotes the hardness, GIC is the critical strain energy release rate, KIc is the fracture 
toughness, and E is the elastic modulus. 

A lower BI indicates the capacity for plastic deformation, whereas a higher BI implies 
brittle fracture behaviour. In general, adequate machinability of dental ceramics can be 
fostered when BI < 4.3 µm−1 and can be enhanced by ultrasonic vibrations [36–39]. 

2.6. Edge Chipping 
Chipping of dental ceramic restorations occurs as a result of the proximity of intraoral 

forces to the restoration edge, leading to the detachment of ceramic flakes. Edge chipping 
resistance (ReA) can be directly measured with a customised device (e.g., CK 10, 
Engineering Systems, Nottingham, UK) utilised for the crack detection of brittle materials, 
such as dental ceramics, wherein an indenter chips away the ceramic at progressively 
increasing distances in relation to an interface edge of the material bulk (Figure 8). 
Universal testing machines have also been employed for edge chipping tests, in which an 
indenter of a predetermined load is applied at a specific distance away from the edge, and 
the force required to generate a chip is subsequently recorded. Other edge chipping 
parameters include the chipping factor (CF%), edge chipping toughness (Te), edge 

Figure 7. Specimen geometry in the merlon fracture test apparatus.

A lower BI indicates the capacity for plastic deformation, whereas a higher BI implies
brittle fracture behaviour. In general, adequate machinability of dental ceramics can be
fostered when BI < 4.3 µm−1 and can be enhanced by ultrasonic vibrations [36–39].
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2.6. Edge Chipping

Chipping of dental ceramic restorations occurs as a result of the proximity of intraoral
forces to the restoration edge, leading to the detachment of ceramic flakes. Edge chipping
resistance (ReA) can be directly measured with a customised device (e.g., CK 10, Engineering
Systems, Nottingham, UK) utilised for the crack detection of brittle materials, such as dental
ceramics, wherein an indenter chips away the ceramic at progressively increasing distances
in relation to an interface edge of the material bulk (Figure 8). Universal testing machines
have also been employed for edge chipping tests, in which an indenter of a predetermined
load is applied at a specific distance away from the edge, and the force required to generate
a chip is subsequently recorded. Other edge chipping parameters include the chipping
factor (CF%), edge chipping toughness (Te), edge chipping strength (SE), and the applied
force versus edge distance (F vs. d). In general, the forces leading to ceramic chipping
depend on the geometry and direction of the loading component as well as the hardness
and fracture toughness of the restoration [40,41].

Prosthesis 2024, 6, FOR PEER REVIEW 10 
 

 

chipping strength (SE), and the applied force versus edge distance (F vs. d). In general, the 
forces leading to ceramic chipping depend on the geometry and direction of the loading 
component as well as the hardness and fracture toughness of the restoration [40,41]. 

 
Figure 8. Schematic representation of the edge chipping testing device. 

2.7. Hardness 
Hardness of dental ceramics is the resistance of the surface to indentation or 

scratching and is calculated as the maximum applied force per unit area of indentation. 
Hardness can be used as an indicator of various properties, including wear resistance and 
polishability. It can be measured by multiple surface hardness tests that differ in their 
indenter shape and loading force applied. Macro-indentation tests apply forces between 
2 and 30 kN, micro-indentation tests apply forces less than 2 N with indentation depth 
≥0.2 mm, while nano-indentation tests generate indentations <0.2 mm in depth. Micro-
indentation tests are more commonly used to test the hardness of dental materials. 
Popular ceramic hardness testing methods are the Vickers, Knoop, and Martens hardness 
tests [5,42–44]. Vickers and Knoop hardness tests are dependent on the load and dwell 
times; hence, difficulties may be encountered when recording measurements since upon 
removal of the indenter, the measurement of the resultant indentation is limited by the 
reduced resolution of the optical system, the indentation perception of the operators, and 
the elastic recovery of the material [45,46]. 

The Vickers hardness test is comprised of a square-based pyramid diamond indenter 
with opposite sides meeting at the apex at 136°. Hardness is calculated from the surface 
area of a square-shaped indentation that is produced when the indenter is forced into the 
tested surface for a specific dwell time. The resultant indentation in the Vickers hardness 
test has the same geometry for different tested materials and testing loads and can be used 
to measure microhardness for a wide range of materials, such as cast alloys, brittle 
materials, and tooth structure. On the other hand, the Knoop hardness test consists of an 
indenter that is a rhombic-based pyramidal diamond with diagonals that are seven times 
longer than its width, generating an elongated indentation. The Knoop hardness test can 
measure a broad range of hardness values by applying different loading forces, and thus 
can be used in brittle material of minimal thickness [42,44,47]. 

The Martens hardness test (Figure 9), formerly known as the Universal hardness test, 
is appropriate for hardness testing of the majority of solid materials, as it takes into 

Figure 8. Schematic representation of the edge chipping testing device.

2.7. Hardness

Hardness of dental ceramics is the resistance of the surface to indentation or scratching
and is calculated as the maximum applied force per unit area of indentation. Hardness can
be used as an indicator of various properties, including wear resistance and polishability.
It can be measured by multiple surface hardness tests that differ in their indenter shape
and loading force applied. Macro-indentation tests apply forces between 2 and 30 kN,
micro-indentation tests apply forces less than 2 N with indentation depth ≥ 0.2 mm, while
nano-indentation tests generate indentations < 0.2 mm in depth. Micro-indentation tests
are more commonly used to test the hardness of dental materials. Popular ceramic hardness
testing methods are the Vickers, Knoop, and Martens hardness tests [5,42–44]. Vickers
and Knoop hardness tests are dependent on the load and dwell times; hence, difficulties
may be encountered when recording measurements since upon removal of the indenter,
the measurement of the resultant indentation is limited by the reduced resolution of the
optical system, the indentation perception of the operators, and the elastic recovery of the
material [45,46].

The Vickers hardness test is comprised of a square-based pyramid diamond indenter
with opposite sides meeting at the apex at 136◦. Hardness is calculated from the surface
area of a square-shaped indentation that is produced when the indenter is forced into the
tested surface for a specific dwell time. The resultant indentation in the Vickers hardness
test has the same geometry for different tested materials and testing loads and can be
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used to measure microhardness for a wide range of materials, such as cast alloys, brittle
materials, and tooth structure. On the other hand, the Knoop hardness test consists of an
indenter that is a rhombic-based pyramidal diamond with diagonals that are seven times
longer than its width, generating an elongated indentation. The Knoop hardness test can
measure a broad range of hardness values by applying different loading forces, and thus
can be used in brittle material of minimal thickness [42,44,47].

The Martens hardness test (Figure 9), formerly known as the Universal hardness
test, is appropriate for hardness testing of the majority of solid materials, as it takes into
consideration the elastic and plastic deformation of materials. This is due to the fact that
the hardness value is achieved from the indentation depth beneath the working load and
is not as affected by the specimen’s viscoelastic or optical properties. Furthermore, the
geometry of the indenter (identical to the Vickers pyramidal diamond indenter) provides a
hardness value that is independent from the force chosen in testing [43]. Martens hardness
tests can be performed by macro-, micro-, and nano-ranged measurements, and testing
can be carried out by controlling the force or the indentation depth. During the test, the
vertex of the diamond indenter is forced onto the specimen surface and then is held in
place for a specific amount of time. The testing force, F, and indenter displacement, h, are
measured directly throughout the testing while both increasing and decreasing the test
force. The indenter displacement denotes the total elastic displacement in the surface as
well as the plastic depth of the impression. In standard conditions, the test force is placed
gradually, and the distance between the centre of each indentation and the edge of the
specimen is maintained at a space ≥ 40× greater than the indentation depth. Subsequently,
both the applied force and indentation are simultaneously measured, as well as other
parameters, including Martens hardness (HM, N/mm2) and the indentation modulus (EIT,
kN/mm2) [48–50]:

HM =

[
F

As(h)

]
(14)

EIT =
(

1 − v2
s

)[( 1
Er

)
−
(

1 − v2
i

Ei

)]
(15)

where F is the test force (N), As(h) is the surface area of the indenter at distance h from the
tip (mm2), vs and vi are Poisson ratios of the specimen and indenter, respectively, while Er
and Ei are the moduli of the indentation contact and the indenter, respectively.
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2.8. Research Trends in Mechanical Characterisation of Dental Ceramics

Clinical relevance of the mechanical characterisation is derived from in vitro to in vivo
extrapolations. Flexural strength tests are commonly employed in the literature due to
their relatively straightforward specimen design and test apparatus [6,7]. Nonetheless, the
quasi-static nature of these bending tests abstains from providing information regarding
crack resistance and deformation during high-strain-rate loading. Fracture toughness data
of dental ceramics has been reported to be a better predictor of their clinical longevity
than flexural strength data, as the former can yield information related to unstable crack
growth [51]. However, a noteworthy drawback of fracture toughness testing is the stren-
uous and time-consuming specimen preparation aspect. Machinability and brittleness
indices yield significant information regarding the minimal thickness requirements of novel
CAD/CAD dental ceramics indicated for veneers and in patients with limited occlusal
clearance. Nevertheless, there are a variety of different indices used to quantify the brit-
tleness in the literature [39], which could render difficulty in clinical inferences. Hardness
tests can aid in interpreting the degree of wear resistance of dental ceramics, albeit not all
hardness tests can be employed on dental ceramics due to their brittle character, such as the
Rockwell and Brinell hardness tests [5,42], and hence they were not explored herein. Fur-
thermore, relying on an objective approach, such as the Martens hardness test, is preferred
to subjective methods (i.e., Vickers and Knoop) seeing as the latter could be negatively
influenced by the microcracks observed along the diagonals of the indentation [50].

Bearing in mind that each mechanical characterisation approach serves a dedicated
purpose, thus, they cannot be ranked in terms of favourable versus unfavourable ap-
proaches. Irrespective of the employed methodology, the implementation of artificial aging
prior to the mechanical characterisation of dental ceramics can complement the clinical
applicability of the presented testing methodologies herein.

3. Tribological Characterisation

Considering the dynamic nature of the oral environment, dental ceramic restora-
tions are relentlessly exposed to thermal, mechanical, and chemical stresses, ranging from
natural conditions (humidity, pH fluctuation, load cycles, temperature variation, and an-
tagonistic contact) to prophylactic factors (toothbrush abrasion and mouthwash erosion)
to pathologic elements (bruxism, gastroesophageal reflux disease, and excessive acidic
beverage consumption). Thereby, dental ceramic material loss is exacerbated as a func-
tion of these patient-related environmental factors. ISO 14569 standards illustrate the
variety of methodologies employed to investigate the wear caused by toothbrush abra-
sion (ISO/TR 14569-1:2007) and that caused by two- and/or three-body contact (ISO/TS
14569-2:2001) [52,53]. Direct tribological quantification of dental ceramics can be accom-
plished through tribometers with differing testing apparatuses that mimic two-body or
three-body wear. Tribometers differ in terms of the loading component geometry as well as
the direction of movement (sliding, or sliding plus impact), and thus can be classified as
reciprocating tribometers (e.g., pin-on-disc, ball-on-3-flat, and sphere-on-plate), ball-crater
tribometer, or chewing simulators (Figure 10) [54]. Repercussions of antagonistic wear
can be assessed indirectly through qualitative analysis of surface topography of dental
ceramics obtained from profilometer scanners, confocal laser microscopy, scanning electron
microscopy, atomic force microscopy, quantitative light-induced fluorescence, or nano-
indentation [55–57]. Among the tribological parameters reported in the literature are the
coefficient of friction, specific wear rate, wear volume loss, and chemical solubility.
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3.1. Coefficient of Friction

The coefficient of friction (COF) represents the ratio of the frictional force (F) with-
standing motion between two contacting surfaces to the normal force (N) that presses
the two contacting surfaces towards each other. The COF parameter of dental ceramics
is usually automatically calculated by software equipped within the tribometer devices
throughout the frictional episodes. In general, reduced wear potential of dental ceramics is
found when their COF resembles that of the natural dentition [55].

3.2. Worn Volume and Specific Wear Rate

The degree of volumetric loss that occurs within a dental ceramic substrate due to
wear mechanisms, i.e., worn volume, is an important indicator of its longevity. Worn
volume (∆V) can be quantified as follows:

∆V =
∆m
ρ

(16)

where ∆m is the change in mass (before and after the wear test) and ρ is the density of
the ceramic [52]. Volume loss can also be quantified using specific software, in which the
three-dimensional virtual models of the specimens before and after the test are overlapped
and subtracted using methods such as confocal laser scanning microscopy [58].

The wear rate of dental ceramics depends on their microstructures, elastic modulus,
fracture toughness, as well as the occlusal forces and opposing substrate material [59]. The
specific wear rate (k) can be computed by the following equation:

k =
∆V

W × S
(17)

where ∆V is the worn volume (mm3), W is the normal applied load (N), and S is the total
sliding distance (m) [55].

3.3. Chemical Solubility

Exposure to acidic solutions, such as food simulating liquids, bleaching mouth rinses,
or gastric juices, presents a risk for surface and bulk degradation of dental ceramics. The
degree of erosion susceptibility differs based on the pH of the corrosive media, acidic
challenge duration, as well as the material type, thickness, and anatomical location of
the ceramic restoration [60]. Chemical solubility is a significant parameter that can aid in
predicting the clinical survival of dental ceramics and can be quantified as follows:

CS =
(m1 − m2)

A
(18)
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where CS is the chemical solubility (µg/cm2), m1 and m2 are the ceramic sample mass (µg)
before and after exposure to an acidic challenge, respectively, and A is the specimen surface
area (cm2).

According to the ISO 6872:2023 standards, chemical solubility should not exceed 100 µg/cm2

in the case of ceramics employed as veneering or monolithic restorations, whereas the chemical
degradation of ceramic frameworks should not surpass the 2000 µg/cm2 limit [3].

3.4. Research Trends in Tribological Characterisation of Dental Ceramics

Bearing in mind the vast amount of literature regarding artificial chewing simulation,
an ideal reproduction of human masticatory movements has not yet been achieved to date
considering that no simulator has incorporated both maxillary and mandibular complete
arches; conversely, single antagonists of varying materials (enamel, stainless steel, tungsten
carbide, steatite, and resin) have been employed [61]. Furthermore, a comprehensive model
comprising the multifactorial fluctuating intraoral conditions (humidity, temperature, and
pH) has not yet been delivered, thus contributing to the difficulty in standardisation of these
thermodynamic testing methodologies. Hence, when comparing data from such studies,
exact values should not be compared; instead, trends should be observed, and clinical
judgements resolved accordingly. Nonetheless, tribological testing of dental ceramics is
advantageous in its ability to incorporate underlying processes of lubrication, friction,
and wear of occluding surfaces that interfere with ceramics’ performance inside the oral
environment [62].

Determining the degree of dental ceramics’ chemical solubility as a function of expo-
sure to various acidic agents is beneficial in understanding the risk of the erosive suscepti-
bility of ceramic restorations in patients with high intraoral acidic challenges. A notable
limitation of the ISO 6872:2023 chemical solubility approach is its sole dependency on the
total surface area of tested specimens (≥30 cm2) without further indications regarding
sample size or individual specimen dimension or geometry [3]. It has been reported that
higher chemical solubility is detected in cubic-shaped specimens than in spherical geomet-
ric specimens, and reduced individual surface areas dissolve at greater rates than in larger
sizes. Hence, this renders comparisons between chemical solubility data to be inaccurate.
A recently proposed modification to the ISO 6872 reports that minimal physical handling
during dental ceramic specimen transfer enhances the reproducibility of chemical solubility
measurements [60].

4. Surface Topographical Characterisation

A smooth surface texture of a dental ceramic restoration is imperative to the clinical
success: rougher surfaces increase the likelihood of interacting with the surrounding oral
environment, impacting hydrophilic and light transmission capacities. Ceramic restorations
with high surface roughness (>0.2 µm) have been associated with higher plaque accumula-
tion, antagonistic wear of the natural dentition, and human tactile perceptibility [63–65].

4.1. Surface Roughness

Surface roughness signifies the height fluctuations of a surface area, depicted by peaks
and valleys of a wavelength in relation to a parallel reference plane. There are multiple
roughness parameters that can communicate the texture of a surface by measuring different
height points within a defined surface area, in which the lower roughness values indicate a
smoother surface texture. Cross-sectional roughness profiles yield two-dimensional param-
eters (e.g., Ra, Rq, and Rt), while topographic maps yield three-dimensional parameters
(e.g., Sa and S; Figure 11). Sa is the average roughness value of the profile’s departure from
the mean reference line, within a specific sampling area. Sq is the square root of the mean
of all height deviations, and Sq magnifies any odd height deviations in a specific surface;
hence, this parameter is more accurate than Sa. Additional roughness parameters include
Sz (average greatest peak-to-valley height of successive sampling areas) and Sp (maximum
profile peak height above a mean line within the sampling area) [66].
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Surface roughness of dental ceramics can be analysed via contact or non-contact meth-
ods. Contact methods include the surface roughness tester, stylus profilometer, and atomic
force microscopy (in static mode). The main drawback of these devices is the potential
abrasion of the specimens by the profilometer stylus; hence, forces must be applied at levels
below the hardness values of the specimens tested. Non-contact methods include the opti-
cal profilometer, confocal microscopy, scanning electron microscopy, laser reflectivity, and
atomic force microscopy (in dynamic mode). The passivity in non-contact devices as well
as the small diameter of the coupled laser scanner (<100 mm) provides surface topography
measurements of higher accuracy [66–68]. The non-contact optical profilometer (Figure 12)
is commonly used to measure height and volume differences in surface topographies. It
comprises of a light source that transmits polychromatic light within a special lens that
splits the light beam into a full spectral field according to the different refractive indices of
the white light components. Surface analysis is accomplished by splitting the emitted beam
within the profiler into two rays: one aimed at a standardised reference mirror and the
second aimed away towards the specimen surface. Each wavelength is focused on a point
that resides at an exact distance from the sensor, forming a band of monochromatic imaging
points. The ability of the sensor to detect the distance is achieved by correlating the central
wavelength of the reflected beam with the height of the focused point. Subsequently, an
image of the surface topography is formed by a scanning raster, with profiling rates up to
1000 measurements per second at a resolution of up to 5 nm [69–71].
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4.2. Wettability

Wettability is a measure of the ability of a liquid to sustain contact with a solid surface
as a result of the balance between the adhesive (liquid-to-liquid) and cohesive (liquid-to-
solid) intermolecular interactions (polar vs. nonpolar) [72]. Wettability of dental ceramics
is reported in terms of the contact angle (θ◦) of a liquid at the three-phase intersection of
solid/liquid/vapor phases, computed by Young’s contact angle equation based on the
assumption of a topographically smooth substrate surface:

cos θ =
(γSV − γSL)

γLV
(19)

where γ is the interfacial tension, and subscripts S, V, and L represent solid, vapor, and
liquid phases, respectively.

Upon calculating the contact angles, the degree of surface hydrophilicity is determined
as super-hydrophilic (θ◦ ≈ 0◦), hydrophilic (0◦ < θ◦ < 90◦), hydrophobic (θ◦ > 90◦), or
superhydrophobic (θ◦ > 150◦) [73]. Contact angle measurements are obtained via direct
optical-based or indirect force-based techniques. Direct tests can be static, such as the
sessile drop and captive bubble method, or dynamic, such as the tilting plate or needle
method (with advanced, θA, and receding, θR, contact angles). Indirect methods include
the Wilhelmy method and meniscus geometric shape analysis (Figure 13) [74–76]. The
relationship between surface roughness and wettability can be explained by the Wenzel
model (based on the assumption of complete liquid penetration into rough substrate
surfaces) [77,78]:

cos θ∗ = r cos θ (20)

where θ* is the measured contact angle of a rough substrate, r is the roughness coefficient
(i.e., ratio of actual surface area to projected surface area), and θ is the contact angle of
a smooth surface of the same substrate obtained from Young’s contact angle equation
(Equation (19)).
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Figure 13. Methods of the contact angle measurements: (a) sessile drop, (b) captive bubble, (c) tilting
plate, (d) needle method, (e) Wilhelmy method, and (f) meniscus shape method. Where S is the solid
phase, L is the liquid phase, V is the vapor phase, θ is the contact angle, θA is the advancing contact
angle, and θR is the receding contact angle.

According to the Wenzel model, in hydrophobic surfaces (θ◦ > 90◦), a smooth surface
texture will enhance the wettability, whereas in hydrophilic surfaces (θ◦ < 90◦), rougher
surface textures promote wettability.

Calculations generated from the measured contact angle (θ◦) can quantify important
parameters pertaining to the surface tension of a liquid and the surface energy of a solid.
Within the field of adhesive ceramic bonding, a high surface energy on the substrate surface
and low surface tension of the adhesive bonding agent are favoured for uniform spreading,
while complete wetting is obtained when the surface tension of the adhesive is lower than
that of the substrate surface [79]. Furthermore, the degree of hydrophilicity/hydrophobicity
of ceramic substrates predicts the degree of bacterial adhesion, biofilm formation, and
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staining susceptibility, i.e., hydrophobic surfaces exhibit lower surface energy and thus
do not favour bacterial adhesion. On the other hand, the extent of wettability and surface
energy of the intaglio ceramic surfaces can predict their bond strength and adhesion
performance to the underlying substrate (Figure 14) [80].
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Figure 14. Representative contact angles (θ◦) of saline drops deposited on the intaglio surface of a
zirconia-reinforced lithium silicate glass ceramic (Celtra Duo, Dentsply Sirona): (a) without surface
treatment, (b) after etching with 5% hydrofluoric acid, and (c) after etching with a self-etch primer.
Blue dashed line denotes ceramic surface, and yellow dashed line denotes the saline droplet outline.

4.3. Research Trends in Topographical Characterisation of Dental Ceramics

Observing the topography of dental ceramics via optical methods is a non-destructive
approach that yields important information regarding the impact of exposure ceramic
restorations to surface treatments, coatings, and food simulating substances. Nonetheless,
certain limitations hinder the accuracy in roughness and wettability data of dental ceramics,
such as contaminated, uneven, or matte specimen surfaces.

Although it has been established that external surfaces of ceramic restorations should
demonstrate hydrophobicity and low surface energy in order to reduce bacterial attraction
and, in turn, biofilm accumulation [63–65], current evidence in the literature has proven
to be insufficient in validating the correlation between the electrostatic condition, surface
energy, and texture of dental ceramics with their bacterial adhesion susceptibly [80]. This
presents an interesting opportunity for future research.

5. Spectrophotometric Characterisation

When visible-light wavelengths (350–800 nm) are emitted upon a dental ceramic, they
can be transmitted, reflected, refracted, scattered, absorbed, or fluoresced (Figure 15). Light
transmittance through glass matrix and crystalline phases is governed by their refractive
indices ((RI) i.e., ratio of light velocity in a vacuum to its velocity in a medium). A greater
RI match results in higher light transmission, whereas large RI mismatches hinder light
passage. The degree of light transmittance is also regulated by the ceramic thickness
and crystalline density: higher translucency is seen in thinner restorations of high glassy
content, whereas thicker and polycrystalline ceramics display greater opacity. Furthermore,
the surface texture impacts colour perception: smoother ceramic surfaces tend to reflect
light, while rougher surfaces scatter light, resulting in a darker appearance than in the
former [5,81,82].
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5.1. Colour Stability

Colorimetric quantification of dental ceramics has been traditionally performed by
the three-dimensional Munsell colour system, comprised of three main attributes: value, V
(vertical dark–light axis), hue, H (rotational pure-colour axis), and chroma, C (horizontal
colour-saturation axis) [83]. The Commission Internationale de l’Eclairage introduced the
CIE L*a*b* three-dimensional colour space, in which the coordinate L* conveys the degree
of lightness (L* = 100) and darkness (L* = 0), a* denotes the amount of redness (a* > 0) or
greenness (a* < 0), and b* represents the yellowness (b* > 0) or blueness (b* < 0; Figure 16).
Ceramic colour alterations are seen upon aging or exposure to staining media and erosive
environments; thus, the ability to maintain colour stability is an important factor in clinical
longevity [84,85].

Colour stability of dental ceramics is commonly measured by computing the differ-
ences in each colour parameter (∆L*, ∆a*, and ∆b*) as a function of time (∆Eab) [85]:

∆Eab =
√

∆L2 + ∆a2 + ∆b2 (21)

Recently, the CIEDE2000 formula (∆E00) has been preferred to report the colour
differences, as it conforms to the non-uniform nature of the CIE L*a*b* colour space by
the incorporation of weighting functions for lightness (SL), chroma (SC), and hue (SH), a
rotation factor for hue and chroma interactions (RT), and parametric factors that account
for the illuminating conditions in lightness (KL), chroma (KC), and hue (KH) [85,86]:
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Figure 16. Depiction of dental ceramics within the CIE L*a*b* three-dimensional colour space,
wherein L* represents lightness, a* and b* represent green–red spectrum and blue–yellow
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The smallest colorimetric difference (e.g., between two ceramic restorations) that
is perceptible by the human eye is known as the perception threshold (PT), whereas a
colour difference that is considered acceptable by the observer yet does not mandate
the replacement of a restoration is known as the acceptability threshold (AT) [87]. Both
thresholds, PT and AT, differ according to the colour difference formula employed (∆Eab
versus ∆E00) and according to the percentage (30%, 50%, and 90%) of clinicians agreeing
with or refuting the perceptibility and acceptability values. For the ∆Eab colour difference
formula at 30%, 50%, and 90%, PT and AT are 1.0, 1.7, and 3.1, and 6.0, 3.7, and 1.8,
respectively. Whereas for the ∆E00 formula at 30%, 50%, and 90%, PT and AT are 0.6, 1.1,
and 2.2, and 4.8, 2.8, and 1.4, respectively. The most frequent PT and AT reported in the
literature are at the 50% threshold, i.e., 50:50% PT is the value at which 50% of clinicians
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detect a colour difference between two restorations, while the remaining 50% do not, and
the 50:50% AT is the value at which 50% of clinicians indicate replacing the restoration for
colour correction purposes, while the remaining 50% do not [87].

A variety of instruments can measure the colour and translucency of dental ceramics.
The spectrophotometer is the most employed device, characterised by its ability to convert
the light spectra components into colour coordinates based on the CIE colour system. It
can measure the amount of reflected light energy from an object at 1–25 nm intervals
along the visible-light spectrum and is composed of an optical radiation source, light
disperser, optical measuring system, and software that converts transmitted/reflected
light into analytical data signals that provide colour and translucency measurements
for dental ceramics [88,89]. Double-beam spectrophotometers with integrated spheres
are superior to their single-beam counterparts: the latter does not account for reflected
light, and thus may yield inaccurate measurements in highly translucent ceramics due
to the ‘edge loss’ phenomenon, wherein the incident light is scattered along the edges of
ceramics instead of being reflected [90–92]. On the other hand, the integrated sphere in
the former is a highly reflective barium-sulphate-coated chamber that uniformly scatters
transmitted light and runs in a specular component included mode (for diffuse/specular
reflectance measurements) or a specular component excluded mode (for diffuse reflectance
measurements). Furthermore, the dual beams split incident monochromatic light into
sample and reference beams, thereby simultaneously recording the total (collimated plus
diffuse) transmitted light through the sample while comparing it to the baseline light
transmission value [93]. A spectroradiometer is an alternative to the spectrophotometer for
colour and translucency measurements as well as radiometric properties (e.g., irradiance
and radiant exposure). It avoids the effects of edge loss of light by eliminating the gap
between the external light source, the object, and the spectroradiometer device. When
compared to the spectrophotometer, the spectroradiometer provides different translucency
parameter results, but they are still highly correlated [92]. Conversely, the colorimeter
device measures colour in the form of tristimulus values resulting from light reflectance of
an object after the light source has passed through sequential photodiode filters, and thereby
can compute colour differences between two ceramics. However, a colorimeter has many
drawbacks, as they cannot measure individual spectral reflectance, are influenced by the
‘edge-loss’ effect of translucent materials, and light filters are sensitive to aging [88,94,95].

5.2. Translucency

Translucency of dental ceramics depends on the crystal composition, size, and dis-
tribution, the presence of pigments, and on the inherent flaw population and density.
Crystals and flaws smaller than the visible-light wavelength (350–800 nm) allow com-
plete light transmission and result in a transparent glass, while larger crystals and flaws
will scatter and reflect light waves, creating a translucent ceramic. The translucency of
polycrystalline ceramics is significantly impacted by the grain size and density, as light
scattering occurs along the grain boundaries, thus diminishing light transmission. In order
to foster translucency within polycrystalline ceramics, grain sizes are increased to reduce
the grain boundaries and, in turn, lessen light scatter [96,97]. In general, translucency is
considered the medium state between transparency and opacity and can be quantified
by a variety of indices, including the translucency parameter, contrast ratio, and light
transmittance [98,99]:

1. The translucency parameter (TP) represents the colour difference in a ceramic over
ideal white (highly reflective) backgrounds and black (highly absorbent) backgrounds,
and ranges between 0 < TP < 100, wherein high TP discloses high translucency and
low opacity. TP can be determined according to the CIE L*a*b* (TPab):

TPab =

√(
L∗

B − L∗
W
)2

+
(
a∗B − a∗W

)2
+
(
b∗B − b∗W

)2 (23)
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where L* is the measure of the lightness or darkness of the material, a* is the measure of
redness or greenness, and b* is the measure of yellowness or blueness. Subscripts B and W
refer to the colour coordinates on the black and white backgrounds, respectively [98–101].
TP can also be computed through the CIEDE2000 formula (TP00):

TP00 =

√(
LB − LW

KLSL

)2
+

(
CB − CW

KCSC

)2
+

(
∆H

KHSH

)2
+ RT

(
∆C

KCSC

)(
∆H

KHSH

)
(24)

For the TPab, the 50% PT and AT are 1.33 and 4.43, respectively, whereas for TP00, the
50% PT and AT are 0.62 and 2.62, respectively [102].

2. The contrast ratio (CR) is expressed as the ratio of reflectance obtained from a ce-
ramic against a black background to that obtained from the same ceramic against
a white background. CR values range between 0 (completely transparent) and 1
(completely opaque):

CR =
Yb
Yw

(25)

where Yb and Yw represent the spectral reflectance of the sample against black and white
backgrounds, respectively. A significant positive correlation is found between TP and CR;
thus, both can be utilised to investigate translucency [98,99].

3. Light transmittance (T%). Here, translucency is computed by calculating the total light
transmission through a ceramic sample. The absolute or total light transmittance is a
sum of collimated (linear) and diffuse (scattered) transmitted light through the sample
and its calculation factor, the reflected light; hence, it dictates using a double-beam
spectrophotometer equipped with an integrating sphere with reflection standards.
The apparent or direct light transmission (T%) does not account for the reflected light
waves and is defined as ratio of transmitted light (It) passing through a material to
the incident light (I0):

T% =
It

I0
(26)

The human eye is most sensitive to the visible light at a 555 nm wavelength, un-
der daylight illumination [103]; thus, the T% of dental ceramics is generally reported at
525 nm [98,104] or 550 nm [105].

5.3. Absorbance

Light absorption in dental ceramics is proportional to the amount of filler and dye
particles and transpires when the energy of incident light photons is larger than that of
the bandgap in atoms within the ceramic molecular structure (e.g., pigment molecules).
Light photon energy is transferred to the valence band electrons (i.e., bound to the atomic
structure) in pigment molecules, exciting them to cross the bandgap, thereby converting
them into conduction band electrons (i.e., free to establish conduction). This excitation
of electrons entails the absorption of incident light energy and is later transformed into
thermal energy. Moreover, the presence of point defects within ceramic configurations,
such as oxygen vacancies, can enhance light absorption and should be eliminated through
adequate sintering protocols [103]. Light absorption also varies based on the wavelength
(frequency) of incident light. When white light is emitted on a yellow surface, the red and
green wavelengths are transmitted or reflected, whereas the blue wavelength is absorbed.
Absorption (Abs%) of dental ceramics can be quantified by many mathematical models,
including the Kubelka–Munk theory, which measures light absorption and scattering
coefficients as a function of reflectance and transmittance values, as well as the Beer–
Lambert Law for light attenuation [97,106]. The latter describes the exponential rise in light
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attenuation with the ceramic material thickness, and is more commonly employed due to
its straightforward approach [107]:

Abs% = log T% = log
It

I0
(27)

where T% is direct light transmittance, while It and I0 are transmitted and incident light
intensities, respectively.

5.4. Opacity

Increased opacity of dental ceramics is considered the main cause of their aesthetic
failure. While a highly opaque restoration can successfully mask underlying substrate
discolorations, it also appears flat, artificial, and lifeless; thus, a harmonious balance must be
achieved between the degree of opacity versus translucency of a dental ceramic [107]. The
intensity of opacity is controlled by the crystalline structure, grain size, flaw distribution,
thickness, and firing parameters of ceramics, as well as the colour of the underlying
substrate and shade of the resin luting cement [108]. Opacity (O%) is calculated as the
inverse of direct light transmittance [107]:

O% = T−1 = I0/It (28)

5.5. Fluorescence

Fluorescence in dental ceramics is the photoluminescence that occurs in a mecha-
nism akin to their light absorption, wherein the incident light photons with a specified
wavelength are absorbed by the excited valence electrons within ceramic atoms, inciting
the emission of photons with longer wavelengths. This optical property is stimulated by
UV radiation as a function of exposure time: the bluish-white, fluorescent appearance of
ceramics disappears when the UV source is removed. Fluorescence of ceramics is acquired
by the presence of rare-earth luminescent oxides (e.g., terbium, cerium, and ytterbium)
and it differs based on the ceramic composition, glass-matrix-to-crystalline ratio, colouring
saturation, and sintering treatments. Exposing ceramics to repeated firing cycles reduces
the fluorescence, dense crystalline frameworks alter the bluish fluorescent tint to yellow-
green, and dark underlying substrates lessen the fluorescent intensity. Fluorescence can
be quantified by fluorometers (spectrometers that calculate emission spectra analogous
to incident light wavelengths) or fluorimeters (devices with excitation light sources that
generate emission wavelengths) [109].

5.6. Opalescence

Opalescence of dental ceramics is the selective visible-light-scattering phenomenon
within their translucent glass phase that arises when the mismatch between the refractive
indices of crystalline and glassy phases is 1.1, thereby demonstrating blueness under
reflected light spectra and orange colouring under transmitted light spectra [110]. This
optical property can be quantified by the opalescence parameter (OP) computed from the
ceramic colour coordinates a* and b* from the CIE L*a*b* colour system [98]:

OP =

√(
a∗B − a∗W

)2
+
(
b∗B − b∗W

)2 (29)

where subscripts B and W represent the colour coordinate values against black and white
backgrounds, respectively.

Moreover, OP can be computed as a function of the reflected and transmitted colour
coordinates, as follows:

OP =

√(
a∗T − a∗R

)2
+
(
b∗T − b∗R

)2 (30)
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where subscripts T and R denote the transmitted and the reflected colour, respectively [111].
For optimum aesthetic results, ceramic restorations should exhibit similar opalescence to
that of the adjacent natural dentition (OP: 18–22) [112].

5.7. Whiteness

Adequate measurement of the degree of whiteness is an important tool to monitor
the efficacy of bleaching agents on dental ceramics. In spectral terms, a white object is
defined as an object with continuous absolute (100%) light reflectance across the visible
wavelength spectrum. Based on the CIE L*a*b* colour space, a white material exhibits high
L* (lightness) and low saturation. Various whiteness parameters have been implemented
in the literature based on the CIE1931 XYZ tristimulus, such as the CIE whiteness index
(WIC), ASTM whiteness index (WI), and the optimised whiteness index (WIO), while other
indices are obtained from calculations as a function of the CIE L*a*b* colour space, such
as the CIE whiteness (W) and tint (T) indices and CIELAB whiteness index (WLAB). The
most recently introduced whiteness index (WID) was customised to measure the whiteness
of dental materials and computed from the CIE L*a*b* colour space [83]. Validation tests
confirmed that WID outperforms the previous indices in correlating with visual perception
under laboratory and clinical conditions. The whiteness index (WID) is calculated based on
L*, a*, and b* colour coordinates:

WID = 0.511L∗ − 2.324a∗ − 1.100b∗ (31)

The PT above which 50% of observers can detect a difference between whiteness is
0.72, while the AT needed for observers to reject whiteness differences in a restoration is
2.6 [113].

5.8. Gloss

Gloss is an optical phenomenon responsible for the lustrous, mirror-like appearance
of a dental ceramic, defined as the amount of spectral light reflected at a predetermined
incident angle equal and opposite to its reflectance angle [114,115]. Ceramic gloss is
influenced by its topography and refractive index (RI) and angle of incident light [116].
Objective gloss is recorded by a gloss meter (Figure 17) and is expressed in gloss units
(GU; the percentage of the incident light beam/reflected light beam): 0 in an absolute
nonreflective surface, and 100 in an absolute refractive surface. Based on the measured
gloss of the ceramic surface, the angle of incident light is determined: ‘semi-gloss’ surfaces
are measured at 60◦ and should result in GU values between 10 and 70. If GU > 70, surfaces
are classified as ‘high gloss’ and measurements are to be repeated at 20◦, and if GU < 10,
surfaces are classified as ‘matte’ and gloss is remeasured at 85◦ [117,118].
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Clinically, it is essential for ceramic materials to exhibit similar gloss values to enamel
(40 < GU < 52); therefore, the acceptable gloss of dental ceramics should be 40 < GU < 60 [119].
The PT above which 50% of observers can detect gloss differences is ∆GU = 6.4, while the
AT needed for observers to reject gloss differences in a restoration is ∆GU = 35.7. Subjective
gloss perception in the clinic is controlled by the type of illuminant, angle of visualisation,
colour of the background, observer education level, as well as the restoration geometry and
texture [120].

5.9. Transmitted Irradiance

Light-curing units (LCUs) have become increasingly popular tools in alliance with
the popularity of resin-based luting agents used to adhesively cement ceramic restora-
tions [121]. Interpretation of properties and threshold requirements related to light-curing
units (LCUs) is enabled through precise understanding of scientific terminology in accor-
dance with the International System of Units and the EN ISO 10650:2018 standards [122,123].
Radiant power (mW) is the LCU energy emitted per unit of time, while radiant exitance
(mW/cm2) is the radiant power emitted from the light-curing surface. Thus, LCUs with
equal radiant power may differ in their radiant exitance depending on the LCU tip area,
i.e., higher radiant energy transpires when the tip area is reduced. Moreover, LCU radiant
exitance within the 380–515 nm wavelength range should not exceed 4000 mW/cm2. Irra-
diance (mW/cm2) is the radiant power obtained by a unit area of a dental material and is
equivalent to the radiant emittance when there is zero distance between an LCU and the
underlying material. Radiant exposure (J/cm2) is the energy received per unit area of a
dental material, wherein 2 mm resin composite increments require 16 J/cm2 in order to
complete polymerisation. Moreover, an inverse relationship has been proven between the
ceramic substrate thickness and the transmitted irradiance to the underlying resin luting
cement [124]. Identification of LCU radiant power, radiant exposure, delivered irradiance,
and interposing distances is of utmost importance in understanding the implications on
photocured resin cements [122,125]. A schematic diagram of the components of a poly-
wave LED LCU is presented in Figure 18, highlighting the differences between LED-related
properties and the photocured substrate-related properties.
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either located within the LCU body (as shown) or within the curing tip [126].

Multiple methods have been utilised to measure radiant exposure and irradiance
received on the top surfaces of restorative dental materials, such as radiometers, cosine,
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integrating spheres, and spectrometers. A benchtop calibrated radiometer customised to
quantify the radiant exposure, radiant power, and delivered irradiance from LCUs is the
Managing Accurate Resin Curing System Light Collector, MARC-LCTM (Bluelight Ana-
lytics Inc., Halifax, NS, Canada; Figure 19) [127]. MARC-LCTM is a calibrated radiometer
comprised of top and bottom sensors with cosine correctors (i.e., optical diffusers coupled
to collect light from a 180◦ view field). Sensors are connected via a bifurcated fibre optic
cable to a spectrometer (Model USB4000, Ocean Optics Inc., Dunedin, FL, USA) that enables
the device to record the LCU-delivered irradiance received at the top and bottom of a dental
material throughout the duration of radiation time. The LCU is held in its desired position
in relation to the MARC-LCTM sensors by means of adjustable accessory arms and knobs
that regulate its horizontal and vertical movements. Upon initiating the light-curing cycle,
the energy output is instantaneously recorded by the spectrometer and transferred to a
pre-formatted computer with custom software (MARCTM, Bluelight Analytics Inc., Halifax,
NS, Canada) that collects, stores, and exports data measurements, including the actual
curing time, radiant exposure, emission spectrum, and average and maximum irradiance
and radiant power values. The MARC-LCTM system surpassed its predecessor (Managing
Accurate Resin Curing System-Resin Calibrator, MARC-RC®), as measurements acquired
by the former encompass the entire light-emitting tip (∅ = 16 mm), while the latter obtains
measurements from the innermost 4 mm diameter of the tip [127–129].
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ceramic substrate.

5.10. Research Trends in Spectrophotometric Characterisation of Dental Ceramics

Perceptibility and acceptability thresholds are essential objective approaches that aid in
guiding clinical decision-making, especially when dealing with patients with high aesthetic
expectations. Colorimetric analysis of dental ceramics using the CIELAB system is highly
beneficial in determining their degree of stainability as well as shade-matching ceramic
restorations to the adjacent natural dentition. Nonetheless, there are multidimensional
factors that impact the spectrophotometric devices’ capacity in accurately recording colour
coordinates of dental ceramics, such as specimen surface texture, surrounding and back-
ground colour, aperture size, illuminate type, and degree of light incidence. These factors
should be taken into consideration when comparing colour-related findings pertaining to
dental ceramics in the literature [98,130].

6. Microstructural Characterisation

Microstructural analysis is imperative owing to the existing differences in chemical
composition, microstructure, and crystallinity of dental ceramics. Furthermore, ceramic
restorations are exposed to a variety of surface treatments that alter the underlying morpho-
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logical framework: intaglio surfaces are acid-etched or sandblasted, and external surfaces
are exposed to differing polishing, glazing, and staining protocols. Bearing in mind the
multitude of recently introduced ceramic surface treatment modalities, such as silicatisation,
10 MPD coating, laser irradiation, and plasma application, there is a need to understand
their novel mechanisms at a microscopic level.

6.1. Scanning Electron Microscope

The scanning electron microscope (SEM) is a multipurpose, high-resolution imaging
tool that provides qualitative and quantitative analysis of material morphology, composi-
tion, and fractographic patterns of dental ceramics. SEM has a large depth of field, thereby
permitting a wider scanning area in focus at high levels of resolution (1–2 nm) and mag-
nification (10×–500k×). Images are generated as a function of a high-energy condensed
electron beam emitted from the cathode (e.g., field emission electron gun and tungsten
filament), which passes through a sequence of electromagnetic lenses and apertures within
a vacuum column until it hits the ceramic specimen (Figure 20). Subsequently, the electrons
interact with the atoms on the material surface, inciting the specimen to eject secondary
electrons (SE) and backscattered electrons (BSE) that are collected by SE and BSE detectors,
respectively, to be converted into signals that form the magnified image on the associated
device screen. SE are released from superficial areas of the specimen and deliver qualitative
data, including morphology and fractographic patterns. Conversely, BSE are emitted from
the deeper specimen zones, and thus communicate quantitative chemical analysis. Ceramic
specimens are commonly coated with thin metallic films (e.g., gold and palladium) to
enhance their electrical conductivity and render sharper SEM images; however, when low
acceleration voltages and decreased aperture sizes are implemented, accurate images can
be obtained without conductive coating. Furthermore, SEM is often supplemented with
energy-dispersive spectroscopy (EDS), which utilises X-rays unique to each chemical ele-
ment, and can thereby pinpoint specific elements in samples and quantify their elemental
concentrations. Localised elemental analysis by EDS can deliver insight about the presence
of second-phase grains, inclusions, and contaminants within ceramic structures [131,132].
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6.2. X-ray Diffraction

X-ray diffraction (XRD) is a valuable, non-destructive method that can be employed
to characterise dental ceramics by delivering information on their crystalline structures,
orientations, atomic spacing, and phases, as well as grain sizes, micro-strains, and disloca-
tion densities, based on the interactions between incident X-rays and the crystals within
ceramic specimens. X-rays are emitted at high voltages from a cathode (heated filament),
collimated into a condensed monochromatic beam, and targeted at the crystals within
superficial layers of a ceramic sample (10 µm–1 mm depth; Figure 21). Upon interacting
with these radiations, ceramic crystals diffract X-rays at unique angles and intensities
related to their crystal lattice planes and atomic distributions, i.e., the X-ray is diffracted
when its wavelength is equivalent to the crystal interatomic spacing, in accordance with
Bragg’s Law [133]:

nλ = 2d sin θ (32)

where n is an integer (1, 2. . .n), λ is the emitted X-ray wavelength, d is interatomic space,
and θ is the angle of incidence.
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Diffracted X-ray peaks are detected by an X-ray detector, analysed, quantified, and
converted to d-spacings, which are compared to standard reference databases and matched
with individual crystal components [133]. XRD data are collected at the 2θ◦ angle rotating
X-ray detector, i.e., angle between transmitted and diffracted beams, instead of θ◦ (angle
between the diffracted beam and imperceptible crystal plane).

Quantitative analysis by XRD was obtained through Rietveld refinement and the
Scherrer equation [134] to calculate crystallite sizes from the width of diffraction peaks
correspondent to crystalline phases:

D = kλ/Bcosθ (33)

where D is the crystallite size, k is a geometrical constant (0.89), λ is the wavelength of the
X-ray, B is the full width at half maximum of the diffraction peak, and θ is the incident angle.

Nonetheless, in the case of dental ceramics comprised of an amorphous glass phase,
an overestimation of the crystal content could result from Rietveld refinement. In such
ceramics, the G-factor is employed for absolute quantification of crystalline and residual
glass phases, in which quartzite is used as the external standard [135]. The G-factor is
computed as follows:

G = Sq

[
(ρqV2

q µ∗
q

)
/cq] (34)
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where Sq is the Rietveld scale factor of quartz, ρq is the quartz density, Vq is the quartz
unit-cell volume, and µq* is the quartzite mass attenuation coefficient. Sq, ρq, and Vq
are obtained from the Rietveld refinement of the quartz in quartzite and µ∗

q is derived
from calculating the mass attenuation coefficients of quartzite elements obtained from the
International Tables for Crystallography [136].

Thereafter, the quantity of crystalline phases (cj) within a dental glass ceramic is
computed as follows:

cj = Sj

[
(ρjV2

j µ∗
sample

)
/G] (35)

where Sj is the crystalline phase Rietveld scale factor, ρj is the crystalline phase density, Vj
is the crystal phase unit-cell volume acquired from its Rietveld refinement, µ∗

sample is the
mass attenuation coefficient of the sample (obtained from X-ray fluorescence and inductive
coupled plasma optical emission spectroscopy), and G is the G-factor. Consequently,
the absolute amorphous content is the remaining percentage of all the total quantified
crystalline phases yielding 100 wt% [27].

6.3. X-ray Fluorescence

X-ray fluorescence analysis (XRF) is a useful, non-destructive analytical tool in which
high-energy X-ray irradiation is focused onto dental ceramic specimens, resulting in the
excitation of a fluorescent X-ray emission, which is correspondent to the elemental com-
position (Figure 22). Considering that XRF can be executed in air, there is no need for a
vacuumed specimen chamber, and there is also no prerequisite for surface treatment of
a ceramic specimen, such as fixation, dehydration, or coating with an electroconductive
substance. XRF can tolerate small sized specimens in the form of powders, pastes, solids,
or even liquids. Furthermore, it can detect trace amounts of a vast range of elements with
low excitation potential within a penetration depth of 0.5–3 µm. Nonetheless, there are
certain light elements that cannot be identified through this technique, including lithium,
beryllium, sodium, magnesium, aluminium, silicon, and phosphorus [137,138]. Thereby,
XRF is commonly coupled with inductively coupled plasma optical emission spectroscopy
(ICP-OES) for the detection of such elements [27].
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6.4. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) can provide information regarding the identi-
fication and quantification of chemical elements within the most superficial layers (<10 nm)
of dental ceramics by computing the kinetic energy of electrons emitted from the ceramic as
a function of X-ray excitation. A probe beam of mono-energetic X-rays is employed to irra-
diate a ceramic specimen, exciting the specimen surface electrons residing in multi-orbital
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levels, causing them to gain kinetic energy and, in turn, be emitted from the specimen sur-
face. Subsequently, the kinetic energy of the emitted electron is detected and converted into
an XPS spectra specific for each constituting element based on the specific binding energy
(eV) peaks corresponding to each electron orbital (Figure 23). While XPS can detect almost
all periodic elements, it cannot identify elements with absent core electrons (e.g., hydrogen
and helium). Another significant limitation in this method is its high sensitivity to surface
contamination (i.e., carbon contamination) [138,139].
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6.5. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) employs an electromagnetic infrared
spectrum within a wavenumber (i.e., waves per cm) ranging between 14,000 and 200 cm−1

and can be used to assess dental ceramics. Upon energy absorption, the chemical bonds
within ceramic molecules undergo vibration, and an absorption spectrum can be acquired
by plotting transmitted or absorbed radiation against the wavenumber. FTIR aids in the
identification of functional groups and organic, polymeric, and, to a lesser degree, inorganic
compounds, as well as information regarding atomic interactions and compound purity
residing within a penetration depth of 0.5–3 µm. This method is fairly straightforward
and can be utilised on gaseous, liquid, and solid matters in a relatively short amount of
time [138,140].

6.6. Raman Spectroscopy

Incident monochromatic radiation is scattered by the component molecules of den-
tal ceramic specimens at specific frequencies, either similar to that of the incident light
(Rayleigh scattering) or different (Raman scattering). In the latter, the ‘Raman shift’ is
determined as the difference between the incident and scattered radiation frequencies.
Raman spectra are obtained as a function of the intensity of the scattered light versus the
wavenumber (cm−1), where the intensity of the radiation is correlated with the molar con-
centration and thickness of the layer. This technique can be utilised to identify compounds,
phases, and phase transformations within ceramic materials residing within a depth of
0.01–2300 µm [138,141,142].

6.7. Research Trends in Microstructural Characterisation of Dental Ceramics

The appropriate selection of microstructural characterisation approaches is governed
by a variety of factors, such as the penetration depth, elemental detection capacity, and
the physical state of ceramic materials (solid, powder, liquid, etc.). As verified from
the diverse methodologies mentioned above, there are significant benefits to be reaped
from compositional and crystallographic observations of dental ceramics. Nonetheless,
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qualitative analysis is fundamentally complementary to quantitative investigations, as both
are essential to obtain a comprehensive understanding of ceramic material’s functional
behaviour and fractographic patterns.

7. Thermal Characterisation

Dental glass ceramics are manufactured through meticulous and slow temperature-
controlled heating of precursor (parent) glasses. In order to yield homogeneity within
the precursor glass, the molten raw glass products are simultaneously melted beyond
their liquidus temperature, then quenched below their glass transition temperature at a
rate (q) faster than the critical cooling rate (qc) to eliminate premature nucleation. Subse-
quently, the parent glass is heated to initiate nucleation, followed by crystal formation and
growth. Owing to the thermally dependent dimensional behaviour of ceramics, dedicated
thermal analytical methods are beneficial in investigating the ceramic thermal stability
and solid/liquid phase transitions. A variety of material-specific thermal parameters
can be identified: glass transition temperature, Tg (solid glass transformation to rubbery
supercooled liquid), nucleation temperature, Tn, crystallisation temperature, Tc, melting
temperature, Tm (melting onset), liquidus temperature, TL (melting endpoint), and thermal
expansion [51,143,144].

7.1. Differential Scanning Calorimetry and Differential Thermal Analysis

Differential scanning calorimetry (DSC) is a thermo-analytical apparatus used to quan-
tify the heat required to raise the temperature of a ceramic specimen needed to illicit phase
transformation as a function of time and temperature. DSC software generates thermo-
graphs that illustrate onset, peak, and termination temperatures corresponding to intrinsic
endothermic and exothermic processes of phase transformation as well as enthalpy and en-
tropy changes [144,145]. The differential thermal analysis (DTA) mechanism resembles that
of the DSC; however, the former differs in regard to reporting the phase transformations as
a function of the change in temperature (∆T) instead of the heat flow values reported by
the latter (Figure 24) [145].
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ceramic behaviour.

7.2. Thermogravimetric Analysis

Firing and cooling of dental ceramics impact their dimensional stability due to water
loss/uptake, elemental volatilisation, and oxidation. Thermogravimetric analysis (TGA)
quantifies the percentage of mass change (wt %) that takes place upon heating dental
ceramics as a function of temperature or time. Testing conditions can be adjusted in
terms of thermal parameters (fixed heating rate or fixed temperatures) or atmospheric
conditions (inert, reactive, or oxidising), and concurrent DSC or DTA measurements can be
reported [145].
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7.3. Thermal Dilatometry

According to ISO standard 9693:2019 [4], thermal compatibility in veneers can be
predicted from individual veneering and substrate materials’ coefficients of linear thermal
expansion (CTE). CTE depicts the rate of elongation (µm) corresponding to the increase in
temperature (C◦), with the assumption of a linear relationship between both factors. CTE of
dental ceramics can be computed via vertical or horizontal pushrod dilatometers equipped
with strain sensors and a thermocouple (Figure 25) [143].
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7.4. Research Trends in Thermal Characterisation of Dental Ceramics

In terms of the material engineering sector, thermal investigations can provide sub-
stantial data needed for tailoring and optimising the optical and mechanical properties of
dental ceramics, through meticulously controlled heat refinement regimens. Regulation
of the nucleation rate has shown to determine the nature of nucleation (heterogenous
versus homogenous nucleation), which in turn impacts the resultant crystallisation mode
(surface versus volume crystallisation), thus considerably influencing the microstructure
and, accordingly, the mechanical performance of dental ceramics [51]. Among the advan-
tages of thermal analysis methods are their relative straightforwardness, their tolerance
to miniature-sized sample dimensions, as well as to solid and liquid specimens, and the
ability to collect observations over a wide range of temperatures. Moreover, the differential
scanning calorimetry heat flow curves verified that the glass transition and melting temper-
atures of dental ceramics demonstrate an inverse relationship to their firing temperature.
This knowledge—in addition to the coefficient of linear thermal expansion data—can aid
in predicting dental ceramics’ potential employment as veneers to underlying ceramic or
metallic substrates. Nevertheless, certain limitations persist within individual techniques,
such as the overlapping of phase transition peaks in differential scanning calorimetry and
differential thermal analysis, causing difficulty in data interpretation and an inability to
differentiate between samples of similar thermal processes. Furthermore, thermogravi-
metric analysis cannot identify changes within dental ceramic samples unless they are
accompanied by a change in mass; thus, samples that do not exhibit a weight change cannot
be analysed by this particular method [145].

8. Discussion and Conclusions

Current trends in dental ceramics laboratory testing are substantially leaning towards
clinically relevant methodologies to accurately simulate underlying intraoral mechanisms.
Driven by the current popularity of subtractive manufacturing and the proven success of
CAD/CAM ceramic prostheses, recently introduced ISO standards are aimed at investi-
gating machinable ceramics intended for the fabrication of dental fixed restorations. This
review summarised the multi-fold characterisation modalities (mechanical, tribological,
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topographical, spectrophotometric, microstructural, and thermal) employed to translate
the performance of dental ceramics into quantifiable values and, where appropriate, the
required thresholds pertaining to clinical indications have been reported. Nonetheless, the
aforementioned methodologies in this review are by no means a summation of ceramic-
related testing approaches, but rather a structured outline of popular characterisation
modalities as well as an in-depth discussion of recently introduced characterisation ap-
proaches, such as the ball-on-three-balls flexural strength test and the merlon fracture
test. An array of characterisation parameters relating to dental ceramics have not been
discussed at present due to lengthwise confines of the review format. These include, but
are not limited to, the impact strength test, slow crack growth parameter, fatigue resistance
test, and finite element analysis. Furthermore, when designing future research models,
it is crucial to confirm that specific testing assumptions are met and correct geometric
requirements are maintained in order to ensure accurate data interpretation. Care must
be taken by dental practitioners in correctly understanding the appropriate terminology
relating to dental ceramics to avoid misinterpretation of existing scientific literature and to
prevent misleading overestimation of newly marketed commercial dental products.
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