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A B S T R A C T

Objectives: This study was aimed to monitor the alteration of the optical and mechanical properties of high-
translucent CAD-CAM resin composites (HTRCs) during aging. Corrections for the measured transmitted irra-
diance are proposed.
Methods: Individual sets (n= 6) of plane-parallel test specimens (0.5-, 2- and 4-mm) of seven HTRCs were
prepared. The optical properties (absorbance, transmittance, reflectance, linear absorption coefficient, and
transmitted irradiance) were assessed by regular spectrometric testing methodologies and were corrected to
account for light reflection. Several edge chipping resistance parameters (edge force at different edge distances,
edge chip resistance), as well as mechanical parameters obtained from depth-sensing indentation (Vickers
hardness, indentation modulus, creep, elastic and plastic indentation work), were considered. Aging involved
storage for two weeks in artificial saliva at 37 °C, followed by thermal aging (10,000 thermocycles, 5 °C–55 °C)
and storage in alcohol/water solution, employing non-aged specimens as a reference. Filler size and shape were
analyzed by scanning electron microscopy.
Results: Reflectance varied from 11% to 27% and was altered during aging. Linear absorption coefficients of
0.281mm−1 to 0.369mm−1 were obtained for non-aged specimens, with very low changes during aging. A
difference between the true and measured irradiance was identified to decrease exponentially with the speci-
men’s thickness. The impact of HTRC was stronger than the impact of aging.
Conclusions: Reflectance determined by spectrometric analysis was identified as a possible criterion to estimate
surface degradation during aging. Corrections for thin and translucent specimens are needed when determining
transmitted irradiance through restorations. Depth-sensing indentation was evidenced as the most dis-
criminatory testing methodology for aging, but the results do not correlate with the edge chipping resistance
parameters.

1. Introduction

High-translucent computer-aided design and computer-aided man-
ufacturing (CAD-CAM) resin composites (HTRCs) are the most recently
launched CAD-CAM dental restoratives. They broaden the spectrum of
CAD-CAM resin composites to enhance esthetics. Concomitantly, the
higher translucency should allow for adhesive cementation via dual or
simply light cure luting resin composites. Thus far, the transmitted light
through this material category and aging behavior have been in-
sufficiently characterized.

On comparing CAD-CAM resin composites with CAD-CAM glass-
ceramics/ceramics, the former may offer significant advantages related
to their machinability and intraoral reparability [1]. However, their
mechanical properties are presented as heterogeneous in the literature.
Monolithic CAD-CAM resin composites have demonstrated good fatigue

resistance that is comparable to that of lithium disilicate glass-ceramic
[2] or that is even better than leucite glass-ceramic materials [3].
Parameters such as flexural strength [1,4], flexural modulus [1,4]
fracture toughness [1] and hardness [4] were found to be higher in
glass-ceramics. Compared with conventional resin composites, en-
hanced hardness was identified in CAD-CAM resin composites [5].
Owing to the high pressure and high temperature polymerization, no
monomer elution was detected from CAD/CAM resin composites [5],
but their mechanical properties were shown to degrade during aging
[1,6].

From a clinical perspective, a commonly observed failure in brittle
restoratives is chipping. This issue is investigated in vitro by edge
chipping resistance tests that have been previously established for
technical ceramics. Edge chipping resistance tests for dental materials
are now specified in several standards [7–9]. They have proven to be
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discriminatory testing methodologies [7] in characterizing the human
tooth structure [10], restoratives such as polymethylmethacrylate
(PMMA)-based composites [11], CAD/CAM [12] and light-cured resin
composites [11,13–15], as well as dental ceramics [12,13,16]. Princi-
pally, an edge chipping test consists of an indentation test performed
close to the sample edge. The test records the critical load needed to
create a chip. The dependency of the force distance data has been
identified to be nonlinear [7]. Simplified edge chipping resistance tests
limit the distance variation to a single value (0.5 mm) that is considered
a clinically relevant situation in which chipping is induced [14]. Test-
relevant parameters such as the type and sharpness of the indenter have
been evidenced to have a significant impact on the measured para-
meters [7].

The aim of the present study was to monitor various optical and
mechanical properties of modern high-translucent CAD/CAM resin
composites during aging. Optical properties (absorbance, transmit-
tance, reflectance, linear absorption coefficient, transmitted irradiance)
are thereby assessed by regular spectrometric testing methodologies
and corrected to account for light reflection, as previously proposed in
the literature [17]. To allow the determination of true transmitted ir-
radiance, an extension of the Watts and Cash theory [17] was proposed.
Furthermore, the mechanical behavior is described by evaluating sev-
eral edge chipping resistance parameters, accounting for the nonlinear
dependency of the chipping force-distance from the edge data [7] and
mechanical parameters obtained from depth-sensing indentation
(Vickers hardness, HV; indentation modulus, YHU; creep, Cr; elastic,
Welast; total Wtot (= elastic+ plastic) indentation work).

The null hypotheses were as follows: a) HTRC and b) aging (invol-
ving storage for two weeks in artificial saliva at 37 °C, additional
thermal aging—10,000 thermo cycles between 5 °C and 55 °C—and
storage in a 75 vol. % alcohol/water solution, employing no-aged spe-
cimens as a reference) had no effect on the tested optical and me-
chanical parameters.

2. Materials and methods

The effect of aging on representative high-translucent CAD-CAD
resin composites (Table 1) was addressed using the optical properties,
edge chipping resistance and micromechanical properties.

Individual specimen sets (n= 6) of plane-parallel solid test speci-
mens were prepared for each test and material. Edge chipping re-
sistance and micromechanical properties were measured on 4-mm-thick
specimens. Optical properties were assessed on three different thick-
nesses (0.5, 2 and 4mm). The specimen’s width and depth corre-
sponded to the dimensions of the individual CAD-CAM blocks, which

varied between (13.9–14.7) mm and (10.6–14.6) mm, respectively.
CAD/CAM blocks were cut using a low-speed diamond saw (Isomet

low-speed saw; Buehler, Germany) under water cooling, than ground
with SiC paper till Grit 4000. The thickness of each specimen was de-
termined at two points using a digital micrometer screw gauge
(Mitutoyo, Kawasaki, Japan). Thickness tolerance was set to 0.05mm.
Specimens belonging to the control group received no treatment. For
aging, the same specimens were stored for two weeks in artificial saliva
at 37 °C, followed by thermal aging. This storage step was abbreviated
TC and corresponded to 10,000 thermocycles between 5 °C and 55 °C at
a dwell time of 30 s per temperature and a transfer time of 5 s between
bathes. The subsequent storage in 75 vol. % alcohol/water solution for
two days is abbreviated ALC.

2.1. Optical properties

Incident (I0) and transmitted irradiance (It, measured, Fig. 1) through
0.5-mm-, 2-mm- and 4-mm-thick specimens (n= 6) of each material-
storage combination were assessed on a laboratory-grade National In-
stitute of Standards and Technology (NIST)-referenced USB4000

Table 1
Materials, abbreviations, manufacturer, shade and LOT number for the CAD/CAM restoratives.

Code Material Manufacturer Shade LOT Monomer Filler

composition Wt% Vol%

BC Brilliant Crios Coltene A3 HT I35186 methacrylates SiO2, barium glass 70.7 51.5
CS Cerasmart GC A3 HT 1702011 Bis-MEPP, UDMA,

DMA
SiO2, barium glass 71 n.a.

GB Grandio Blocs Voco A3 HT 1709591 methacrylates n.a. 86 n.a.
LC Luxacam Composite DMG A3 769515 methacrylates SiO2-glass 70 n.a.
LU Lava Ultimate 3M A3 HT N933699 Bis-GMA, UDMA,

Bis-EMA, TEGDMA
SiO2, ZrO2, aggregated
ZrO2/SiO2 cluster

80 n.a.

SB Shofu Block HC Shofu A3 HT 071601 UDMA, TEGDMA SiO2, silicate, zirconium silicate 61 n.a.
TC Tetric CAD Ivoclar Vivadent A3 HT W93631 Bis-GMA

Bis-EMA
TEGDMA
UDMA

Ba-Al-SiO2- glass,
SiO2

71.1 n.a.

Abbreviations: Bis-EMA = ethoxylated bisphenol A dimethacrylate, Bis-GMA = bisphenol A glycol dimethacrylate, Bis-MEPP = 2,2-bis(4-methacryloxyethox-
yphenyl)propane, DMA = dimethacrylate, TEGDMA = Triethylene glycol dimethacrylate, UDMA = Urethane dimethacrylate, SiO2 = silicon oxide (silica), ZrO2 =
zirconium oxide.

Fig. 1. flat, planar surface of a CAD-CAM resin composite receiving an incident
light intensity I0 normal to the surface. The reflected light intensity on the top
surface is Irtop. The light intensity immediately subsurface is I0`= I0 - Irtop. This
light is attenuated when travelling through the material of a given thickness to
It and reflected at the bottom surface of the specimen (Irbottom). The measured
light irradiance Itmeasured is then Itmeasured = It - Irbottom.
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Spectrometer. Therefore, a blue-violet LED light curing unit (LCU)
(Bluephase Style; Ivoclar Vivadent, Schaan, Liechtenstein) was em-
ployed. The incident irradiance (the irradiance reaching the specimen’s
surface) was determined on six occasions by applying the LCU directly
to the sensor.

The transmitted irradiance was measured by positioning the speci-
mens between the LCU and sensor. The CAD/CAM specimens were
aligned centered on the round detector of the spectrometer, which had
a diameter of 3.9mm. Consequently, the irradiance reaching this area
was considered. The miniature fiber optic USB4000 Spectrometer em-
ploys a 3648-element Toshiba linear Charge-coupled Device (CCD)
array detector and high-speed electronics (Ocean optic, Largo, FL,
USA). The spectrometer was calibrated using an Ocean Optics’ NIST-
traceable light source (300–1050 nm). The system uses a CC3-UV
Cosine Corrector (Ocean optic, Largo, FL, USA) to collect radiation over
a 180° field of view, thus mitigating the effects of optical interference
associated with light collection sampling geometry. Irradiance at a
wavelength range of 360–540 nm was individually collected at a rate of
16 records/s. The sensor was triggered at 20mW.

The integrated optical transmission (T) was determined for each
material and aging condition. (T) is defined as the ratio of the trans-
mitted irradiance (radiant power) to the incident irradiance: T= I(d)/
I0, where I(d) is the irradiance after the beam of light passes through the
specimen of thickness d, and I0 is the irradiance of the incident light.
The data were converted to absorbance values (Absorbance (A) = −
log(T) = −log(I(d)/Io)) and were corrected according to Watts and
Cash [17] to account for light reflection. Therefore, the measured light
absorption, which is defined by Watts and Cash as apparent light ab-
sorption, A’ [17], was plotted against the specimen thickness, and the
positive intercept (C) at a specimen thickness of 0mm was calculated.
This allows determination of the surface reflection ratio (R), the ratio of
reflected light to incident light: R = (Ir/I0)= 1 - 10−C. True A values
were then obtained as A=A’ - C [17].

The (decadic) linear absorption coefficient was determined from the
relationship between the true absorbance (A) to path length (d) A=a x
d, according to the Beer-Lambert law for light attenuation within a
medium.

Based on the considerations of Watts and Cash [17], an extension of
their correction method is proposed, allowing the calculation of the true
value of the transmitted irradiance through a material from the mea-
sured spectrometric data. This is an important prerequisite to assess if
sufficient light reaches the underlying light or dual-curing luting ma-
terial, when luting indirect restoratives.

Watts and Cash theory allows determining the surface reflection
ratio (R) [17]. Because the analyzed materials are solids and are not
wetting the sensor, reflection will occur on the top and bottom surfaces
of the specimen (Fig. 1). Accordingly, the surface reflection ratio R is:

R=Rt + Rb, with
Rt = reflection ratio at the top surface (= Irtop/I0; Irtop = reflected

irradiance at the top surface; I0 = incident irradiance) and
Rb = reflection ratio at the bottom surface (= Irbottom/It; Irbottom =

reflected irradiance at the bottom surface; It = true transmitted irra-
diance).

Considering that Irtop/I0 = Irbottom/It, the surface reflection ratio for
the specimen’s top and bottom is:

Rt = Rb = R/2 (1)

As described in Fig. 1, Irbottom = It – Itmeasured (2), with Itmeasured =
measured transmitted irradiance

Rb = Irbottom/It = (It – Itmeasured)/ It=1- (Itmeasured/It) (3)

The true transmitted irradiance can be calculated after rearranging
Eq.s (1) and (3):

It = It, measured/(1-R/2). (4)

2.2. Edge chipping resistance

Edge chipping was determined using a universal testing machine
(Zwick/Roell Z 2.5; AST GmbH, Ulm, Germany). The edge distance d
was carefully set to a prescribed value (0.20 mm, 0.30mm, 0.40mm
and 0.50mm) prior to each chip test. Force, F, was gradually applied in
the displacement control at 0.5mm/min until fracture. When a chip
popped off, a sudden force drop off was detected, and the peak load was
recorded. The used Vickers diamond indenter (diamond right pyramid
with a square base and an angle α=136° between opposite faces at the
vertex) was extracted automatically at the 10% force drop off. Usually,
twenty-four to twenty-eight chips were made per material-aging com-
bination.

The dependency between the chipping force, F, and distance from
the edge, d, allows characterization of the edge chipping resistance by
following parameters:

• Critical load needed to create a chip at an arbitrary distance (d)
away from the edge; d =0.5mm is considered a clinically relevant
distance, as proposed by Watts et al. [14] and included in the ASTM
WK45217 [8].

• Edge chip resistance, ReA, defined as the ratio of the force to dis-
tance, with units of N/mm [7,9].

2.3. Micromechanical properties

Measurements were made using an automatic micro hardness in-
denter (Fischerscope H100C; Fischer, Sindelfingen, Germany) on 4-mm-
thick specimens (n= 6) summarizing 36 single indentations for each
material-aging condition.

The test procedure was carried out force-controlled, where the test
load increased and decreased with constant speed between 0.4 mN and
500mN. The load and penetration depth of the indenter were con-
tinuously measured during the load-unload hysteresis. Universal hard-
ness was defined as the test force divided by the apparent area of in-
dentation under the applied test force. From a multiplicity of
measurements stored in a database supplied by the manufacturer, a
conversion factor between Universal hardness and Vickers hardness
(HV) was calculated and input into the software. The indentation
modulus (YHU) was calculated from the slope of the tangent of the in-
dentation depth curve at the maximum force. Furthermore, the me-
chanical work, Wtotal, indicated during the indentation procedure was
considered. Wtotal is only partly consumed as the plastic deformation
work, Wplast. During removal of the test force, the remaining part is set
free as the work of the elastic reverse deformation Welastic. According to
the definition of mechanical work as W = ∫ Fdh (F= load; h=
indentation depth) and considering the force variation during load and
discharge, the total mechanical work and its components are calculated.
In addition, the change in the indentation depth at a constant test force
(F=500mN) was measured, allowing calculation of the relative
change in the indentation depth. This is a value for the creep (Cr) of the
material.

2.4. Scanning electron microscopy (SEM)

One specimen of each non-aged material was selected for SEM
analysis (Zeiss Supra 55 V P, Oberkochen, Germany). Specimens were
unsputtered, while the images were taken using a backscatter signal
(RBSD).

2.5. Statistical analysis

The Shapiro–Wilk test verified the normal distribution of the data.
Multivariate analysis (general linear model) assessed the effects of
various parameters, as well as their interaction terms on the measured
mechanical and optical parameters. The partial eta-squared statistic
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reports the practical significance of each term based on the ratio of the
variation accounting for the effect. Larger values of partial eta-squared
indicate a greater amount of variation accounted for by the model ef-
fect, to a maximum of 1. The correlation among parameters has been
employed by Pearson correlation analysis. In all statistical tests, p-va-
lues< 0.05 were considered statistically significant when using SPSS
Inc. (Version 24.0; Chicago, IL, USA).

3. Results

3.1. Optical properties

The absorbance vs. specimen thickness variation is illustrated gra-
phically in Fig. 2 for a representative HTRC. The tabulated linear re-
gression parameters and intercept “C” are presented in Table 2 for all
materials and aging conditions, and the fit to a linear plot is highly
statistically significant in every case (p < 0.05) and for all materials.

The surface reflection ratio, calculated in accordance with Watts
and Cash equations [17] varies from 17% to 27% among the materials
investigated under dry conditions, from 14% to 24% after thermo-
cycling and from 11% to 19% after aging in alcohol.

The linear absorption coefficient was highest in GB (0.369mm−1)
and lowest in TC (0.281mm−1) in non-aged specimens, with very low
changes during aging, as evidenced by a slightly but significant de-
crease after thermocycling in CS and LC and a slightly but significant
increase after aging in alcohol in SB (Table 2; 95% CI for the linear
absorption coefficient).

The true and measured transmitted irradiance is presented in Fig. 3
for all CAD-CAM resin composites and thicknesses, prior to aging the
materials. The difference between the true and measured values
(ΔIt= It (true) – It (measured)) decreased exponentially with the
thickness. ΔIt correlated moderately with the linear absorption coeffi-
cient (Pearson correlation coefficient = - 0.567, p < 0.01) in thin
specimens (0.5 mm thickness). The correlation was weaker in 2-mm
increments (- 0.338, p < 0.05) and was no longer significant in 4-mm
increments.

3.2. Edge chipping resistance

All of the analyzed parameters—edge distance, material and aging,
as well as their binary but not ternary, interaction products—exerted a
significant (p < 0.001) effect on the edge force. The highest influence
was exerted by the parameter edge distance (p < 0.001; partial eta
squared ηP²= .688), followed by material (.357) and aging (.138).
Chipping force vs. edge distance is illustrated graphically in Fig. 4a–c
for all materials and aging conditions. Non-aged specimens (Fig. 4a)
presented heterogeneous critical edge chipping forces at lower edge
distances (0.2 mm). For larger distances, two homogeneous material
groups are identified, with LU, GB, and SB (p= 0.997 within the group
for d =0.5mm) presenting lower critical edge chipping forces
(p < 0.001) than LC, CS, BC and TC (p=0.942). The difference be-
tween the groups is accentuated with the edge distance (Fig. 4a).
Considering all materials at each chipping distance, the immersion in
alcohol additionally to thermal cycling induced similar chipping forces
as the thermal-cycling process alone (in ascending order of the chipping
distance, p= 0.570; 0.864; 0.732 and 0.802). Similarly, no significant
difference was identified between thermal cycling and no aging in
chipping distances of 0.2mm (p=0.195) and 0.3 mm (p=0.059),
while chipping forces were lower after thermal cycling at chipping
distances of 0.4mm (p= 0.009) and 0.5mm (p=0.03). Immersion in
alcohol reduced the chipping force compared with no aging conditions
(in ascending order of the chipping distance p=0.017; 0.015; 0.050
and< 0.001).

Fig. 5 summarizes the clinically relevant chipping distance of
0.5 mm. The critical force to induce a chip at a 0.5-mm edge distance
was influenced by a decreased ranking of the parameter material
(p < 0.001; ηP²= .430), the interaction term material x aging (.282)
and aging (.255). A similar effect was also identified for the measured
parameter edge chip resistance (p < 0.001, ηP²= .317, .141 and .100,
respectively; Fig. 6).

3.3. Micromechanical properties

All analyzed parameters—material and aging, as well as their binary
interaction product—exerted a significant (p < 0.001) and strong ef-
fect on the measured micromechanical properties (Table 3, Fig. 7).

An excellent correlation was identified between the filler weight %
and micromechanical properties (Pearson’s correlation coefficient=
.915 (HM) to -.704 (Cr)). The correlation coefficient increased with the
aging procedure (.944 (HM) to -.738 (Cr)). The filler shape and mor-
phology are presented in the scanning electron microscopy records in
Fig. 8.

The correlation among parameters HM, HV, YHU, Welast and Wtot

was also very high (.90 to .99). The correlation of the abovementioned
parameters with Cr was slightly lower (-.704 to -.758). Notably, an
inverse correlation was identified among the parameters HM, HV, and
YHU and parameters Welast, Wtot and Cr.

Fig. 2. Linear regression plot of the apparent blue light absorption, A`, versus
specimen thickness (n=6 for each thickness) exemplified on non-aged speci-
mens made of the materials GB, BC and TC (y = αx+C; α = linear absorption
coefficient). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

Table 2
Optical transmission and reflection parameters (CI=Coefficient of determi-
nation for the linear absorption coefficient, R2>0.99, calculated in accordance
with Watts and Cash equations [17].

aging Cod Intercept (C) surface
reflection
ratio (R, %)

95% CI of the linear
absorption
coefficient, mm−1

no treatment
(reference)

BC 0.101 0.210 0.313÷0.323
CS 0.071 0.150 0.301÷0.309
GB 0.134 0.270 0.360÷0.376
LC 0.128 0.250 0.316÷0.323
LU 0.118 0.240 0.358÷0.368
SB 0.096 0.200 0.304÷0.313
TC 0.083 0.170 0.276÷0.285

Thermal aging TC BC 0.078 0.160 0.317÷0.327
CS 0.068 0.140 0.292÷0.299
GB 0.117 0.240 0.357÷0.368
LC 0.119 0.240 0.307÷0.315
LU 0.118 0.240 0.361÷0.370
SB 0.086 0.180 0.305÷0.312
TC 0.064 0.140 0.283÷0.289

Alcohol ALC BC 0.061 0.130 0.323÷0.329
CS 0.053 0.110 0.292÷0.301
GB 0.089 0.190 0.357÷0.368
LC 0.086 0.180 0.313÷0.320
LU 0.090 0.190 0.361÷0.370
SB 0.052 0.110 0.316÷0.321
TC 0.062 0.130 0.281÷0.288
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No correlation was identified among the micromechanical para-
meters and parameters calculated in the edge chipping resistance test.

4. Discussion

When curing a luting resin composite through indirect restorations,
light may be reflected, absorbed, scattered or transmitted. The attenu-
ating effects of light, when passing through matter, such as scattering or
reflection, are summarized in optics together with the absorption under
the term extinction or absorbance and depend on the material, angle of
incidence and frequency of the light. The absorbance measured by
regular spectrometric testing methodologies must account for light re-
flection, as previously shown [17]. The present study identified a sub-
stantial surface reflectance that varies from 11% to 27%. Considering
that the incident light was constant and perpendicular to the material
surface, the reflection of light, when incident on the interface between
different optical media (air and CAD/CAM resin composite), can be
described by the Fresnel equation as: R = [(n1-n2)/(n1+n2)]2, where n1
is the refractive index of air (= 1.00028) and n2 is the refractive index
of the CAD/CAM resin composite. The analyzed materials basically
comprise a methacrylate polymer matrix (n= ca. 1.55) and inorganic
fillers such as fused silica (n=1.4527), barium glass (n=1.5100) and
zirconium oxide (n= 2.1326) (Table 1). At an estimated average CAD/
CAM resin composite refractive index of 1.5 and an extension of this
value up to 1.8 to allow for diversity in chemical composition, the re-
flectance, as calculated according to the Fresnel equation, will amount
4–8.16%. This result diverges from the calculated reflectance values
that were highest in GB (27% in no aged; 24% in TC and 19% in ALC)
and lowest in CS (15% no aged; 14% TC and 11% ALC), while de-
creasing with aging. Considering that all analyzed specimens have been
polished following an identical protocol, it is apparent that a difference
in reflectance or reflection ratio (= fraction of incident radiance that is
reflected at the interface) among theoretically calculated and measured
values or among different materials may be related, in addition to the

index of refraction of the material, also to the material’s ability to be
polished and, consequently, the filler size, distribution, geometry and
volume fraction [18]. The polishing capacity of dental resin composites
has been shown to improve with smaller particle sizes and higher filler
loading [19]. The former was confirmed in the analyzed materials be-
cause smaller and more homogeneously fillers have been identified in
CS (Fig. 8) and the material with the lowest surface reflectance.

The determined linear absorption coefficient indicates that GB
(0.369mm−1) attenuates the incident irradiation stronger, while TC
(0.281mm−1) was the most transparent material to radiation. This can
be related to the high filler amount described in GB (86 wt. %) and the
type of filler it contains. Although a detailed description of the chemical
composition of the fillers is missing so far, fillers are referred by the
manufacturer as ceramics. This suggests a higher refractive index of the
fillers than regular glasses contained in resin composites. Consequently,
mismatching between the refractive index of the filler and methacrylate
matrix may occur, with the consequence of enhanced light scattering
[20,21] and a higher linear absorption coefficient. The lowest linear
absorption coefficient has not been identified in SB, the material with
the lowest filler amount, but in TC, a material containing filler made of
barium-aluminum-silicate glass with a mean particle size lower than
1 μm and silicon dioxide with a mean particle size lower than 20 nm
(Fig. 8 and manufacturer information). Comparing only materials with
a similar chemical composition of fillers (Silica and barium glass) and
similar filler size and shape (Fig. 8), the linear absorption coefficient
increases with the filler amount in the sequence BC > CS > TC. Note
that SB, the material with the lowest filler amount (61%), contains
spherical filler particles ranging between 1.0 and 10.0 μm (Fig. 8). It
showed a similar linear absorption coefficient to CS, a material with a
much higher filler amount (71%). This fact must be attributed to an
increased scattering in SB, owing to the chemical composition of the
fillers (Silica, silicate, zirconium silicate) containing elements of higher
atomic number.

The linear absorption coefficient was not changed during aging in

Fig. 3. True and measured transmitted irradiance through CAD-CAM resin composites of a) 0.5 mm, b) 2mm; c) 4mm thickness; d) Difference between true and
measured transmitted irradiance as a function of material and thickness.
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almost all of the analyzed materials. The above-described lowering in
surface reflectance during aging may be related to surface altering.
Because the incident light remains constant during all measurements,
this result may translate to a decrease in reflected light during aging, a
plausible indicator that the surface becomes rougher. Therefore, the
reflectance likely determined by spectrometric analysis may serve as a
convenient criterion for preliminary evaluation of surface degradation
during aging. The fastest reduction in surface reflectance with aging,
related to the control (non-aged) specimens, was identified in BC after
thermocycling (21%, non-aged; 16% TC and 13% ALC) and in SB, after
storage in alcohol (20%, non-aged; 18% TC and 11% ALC). This be-
havior cannot be related to the measured mechanical properties.
Therefore, the reasons may only be speculative because no information
is available regarding the type of monomers, initiators or chemical
composition and stability of the silanes used to couple the fillers in the
organic matrix. Both the chemical composition and filler size differ
consistently among the mentioned materials (Fig. 8, Table 1).

As previously shown by Watts and Cash [17], to fit the Beer-Lambert
law to the transmission of light through resin composites, allowance
must be made for the surface reflection of incident radiation. Thus, the
present study proposes further correction that allows calculating the
true value of the transmitted irradiance through a material (It) from the
measured spectrometer data (It, measured) as It = It, measured/(1-R/2))
with R= reflectance. Note that the difference between the true and
measured values decreases exponentially with specimen thickness and
was in the range of 68.2mW/cm² (CS) to 108.35 (GB) mW/cm² in 0.5-
mm-thick specimens: 20.35mW/cm² (CS) to 29.48mW/cm² (LU) in 2-
mm-thick specimens and 5.17mW/cm² (GB) to 7.96mW/cm² (TC) in 4-
mm-thick non-aged specimens. In a clinical situation, the underlying
luting resin composite, wetting the restoration, may receive more light
as usually indicated through spectroscopic valuations. This aspect may
be of value in thin and more translucent restorations but will have less
clinical relevance for thicker, more opaque ones.

Several mechanical properties of CAD/CAM resin composites were
shown to degrade during aging [1,6]. This fact was confirmed by the
present study, while the determined micromechanical parameters by
depth-sensing indentation proved to be more sensitive to aging than the
edge chipping resistance parameters. The aging protocols employed in
the present study concerned thermal aging while subjecting the speci-
mens to 10,000 thermocycles between 5 °C and 55 °C. This was esti-
mated to represent approximately one year of clinical function [22].

Fig. 4. Edge force as a function of material measured on aging conditions a) no
aging; b) thermo cycled (TC), c) storage in alcohol (ALC).

Fig. 5. Edge force at a chipping distance of 0.5 mm as a function of material and
aging conditions.

Fig. 6. Edge chip resistance as a function of material and aging.

Table 3
Effect of aging, material and their binary interaction product on the measured
micro-mechanical properties: partial eta-squared values, ηP² (p < 0.05).

Parameter Y HM HV Cr Welast Wtot

aging 0.864 0.883 0.879 0.819 0.768 0.863
material 0.991 0.988 0.984 0.94 0.988 0.984
aging * material 0.305 0.26 0.299 0.207 0.628 0.541
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Subsequent aging by storage in 75 vol. % alcohol/water solution was
chosen based on previous correlation analysis of mechanical properties
determined in vitro in regular resin composites and their clinical out-
come. It has been identified that, when aging in ethanol, the flexural
strength decrease is correlated very strongly with the clinical index
[23].

Chipping from concentrated overloads is an important aspect for the
edge integrity and survival of restorations made out of brittle materials
[24]. An edge chipping test was therefore used to measure the fracture
resistance of the analyzed CAD/CAM resin composites. The determined
edge chipping resistance parameters identified a consistently stronger
effect of the used restorative material than aging. However, it must be
considered that the force-load location showed a nonlinear dependency,
confirming the data described previously [7]. For routine evaluations
and comparative purposes, two parameters were identified as suita-
ble—the critical force to induce a chip at a 0.5-mm edge distance,
which is considered a clinically relevant chipping distance, and the
edge chip resistance [7]. The measured values for the critical force to
induce a chip at a 0.5-mm edge distance are in the same range with
values described by Quinn [7] for resin composites or by Pfeilschifter
et al. for CAD/CAM resin composites [12]. However, it should be noted
that data scattering was consistently larger in the present study than
data published by Quinn [7] but lower than or comparable to recently

published data [12]. Whether this can be attributed to the higher
loading velocity (1 mm/min and 3mm/min [7] vs. 0.5mm/min) or to
the detection of the chipping load by the more accurate acoustic
method [7] needs to be further analyzed.

With the limitation of the low products available for comparison in
the current literature, the determined edge chipping resistance para-
meters on simple rectangular test blocks showed a similar ranking to
fracture loads measured on crowns [25] made of the same materials
(CS > SB). Additionally, the probability of fracture after thermal aging
was higher in CS (24.6% and 14% respectively) [25].

The measurement of the micromechanical properties involves an
additional intermediate stage that assessed the material properties di-
rectly after storage in artificial saliva and thus prior to TC. This addi-
tional measurement revealed a marked weakening of all micro-
mechanical properties already after moister storage, while subsequent
aging by TC maintained or decreased the properties only slightly. The
replacement of water by ethyl alcohol solution (whose individual
plasticizing action is more efficient) in the subsequent aging step leads
to an additional reduction in all micromechanical properties, except for
GB. This was related to the high filler load and, hence, lower polymer
content prone to plasticization. The lower mechanical properties after
aging identified in SB, compared with CS and BC, as well as the iden-
tified differences in filler size (Fig. 8), may be well corroborated with

Fig. 7. Micro-mechanical properties (HM, HV, YHU, Cr, We, Wtot) as a function of material and aging.
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previously published data that measured SB at a higher volume loss
than that of CS and BC using a 2-body wear test instead of human en-
amel antagonists [26]. It is noteworthy that, in non-aged specimens of
SB, CS, and BC, the measured micromechanical properties were com-
parable, emphasizing the importance of considering aging in this type
of evaluation. Moreover, it has been previously published that CAD/
CAM resin composite crowns would have sufficient strength to with-
stand the bite force of the molar teeth (700–900 N) [27].

5. Conclusions

A definite relationship exists between true and measured irradiance:
the thinner and more translucent the specimen is, the greater is the
failure. For the analyzed high-translucent CAD/CAM resin composites
and a clinically relevant restorative thickness of 2mm, the discrepancy
between the true and measured transmitted irradiance was estimated at
20.35mW/cm² (CS) to 29.48mW/cm² (LU).

The reflectance determined by spectrometric analysis was identified
as a possible criterion to estimate the surface degradation during aging,
while the linear absorption coefficient was generally maintained during
aging. In all materials, the determined mechanical properties degraded
during aging, while the micromechanical parameters determined by
depth-sensing indentation reflected a more sensitive aging degradation
than the edge chipping resistance parameters. It is also apparent that
the filler amount and, consequently, the polymer amount, correlate
very well with the determined micromechanical parameters, while the
correlation even improves during aging. This statement is, however, not
true for the determined chipping resistance parameters. All null hy-
potheses are therefore rejected.
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