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Objectives. To evaluate silane influence on the interfacial fracture toughness (IFT) of compos-

ite  cement, with the two sub-classes of CAD-CAM composites, polymer-infiltrated ceramic

networks (PICN) and dispersed fillers (DF), after hydrofluoric acid etching (HF) or airborne-

particle abrasion (AB). A secondary objective was to correlate results with developed

interfacial area ratio (Sdr) and surface wettability.

Methods. Experimental PICN and DF blocks were cut into equilateral half-prisms, which were

treated with HF or AB, then treated with an experimental silane or not and bonded to their

counterparts with an experimental light-cure resin cement. After thermocycling, samples

(n  = 30 per group) were tested for IFT using the notchless triangular prism test in a water

bath  at 36 ◦C. Moreover, profilometry and contact angle measurement were performed on

rectangular samples of each group. Finally, bonding interface was analysed by SEM.

Results. PICN-HF treated with silane showed the highest IFT significantly. Three-way ANOVA

revealed the influence of silane, material class and surface pre-treatment (HF or AB) on IFT

(p  < 0.05). When silane was used, IFT was correlated with Sdr, while surface wettability was

increased. Silane application significantly increased IFT for PICN but not for DF, while PICN

performed better with HF and DF with AB.

Significance. Silane increases IFT of composite cement with PICNs, but not with DF materials.

Results suggest that silane increases the micromechanical bond by promoting resin cement
iomaterials spreading and penetration in surface roughness. This roughness is significantly higher for

pre-treated PICNs than for DF due to their specific honeycomb microstructure when etched,

 bette
which explains their
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1.  Introduction

New advances in CAD-CAM processes and related mate-
rials allow for the realization of bonded restorations in
high-performance composite materials, which exhibit better
machinability than ceramics and are able to be milled at very
low thickness, offering interesting perspectives in terms of
minimally-invasive treatments [1–3]. However, there is a need
to study their bonding properties [4] and the mechanism of
composite cement adhesion to the material’s surface, depend-
ing on material composition and microstructure [4].

According to the microstructure, CAD-CAM composites
can be sub-classified into dispersed fillers (DF) and polymer-
infiltrated ceramic networks (PICN). While DF consist of
inorganic fillers, mainly silica-based glass mixed with an
organic matrix, most often of urethane di-methacrylate
(UDMA), eventually combined with tri-ethylene glycol di-
methacrylate (TEGDMA), polymerized at high temperature
(>100 ◦C), PICNs (also called “hybrid ceramics”) consist of
monomers secondarily infiltrated into a pre-sintered glass-
ceramic scaffold and polymerized under high temperature
and pressure (HT-HP) (180 ◦C–300 MPa)  [5] (Fig. 1). This patented
HT-HP polymerization process [6] provides a high degree
of conversion of PICNs, which is advantageous in terms of
improving the mechanical properties and monomer release
[7–9], but raises some doubts regarding the chemical bonding
between the free monomers and the resin cement [5]. Exam-
ples of commercially available DF include Lava Ultimate (3M
ESPE, St. Paul, MN, USA), Cerasmart (GC, Tokyo, Japan), Shofu
blocks (Shofu Inc., Kyoto, Japan), Tetric CAD (Ivoclar Vivadent,
Schaan, Liechtenstein), Katana Avencia (Kuraray Noritake,
Tokyo, Japan), Brilliant Crios (Coltene, Göppingen, Germany)
and Grandio blocs (Voco, Cuxhaven, Germany), which are dif-
ferent in the amount, size and composition of fillers, as well
as the organic matrix, while Vita Enamic (Vita Zahnfabrik, Bad
Säckingen, Germany) is the only marketed PICN with 75 vol.%
(86 wt.%) glass-ceramic.

The effectiveness of composite cement bonding to materi-
als was suggested to be related to two important parameters,
the micromechanical interlocking, promoted by surface
roughness, and the chemical bond, promoted by silane
application [10]. Regarding classical light-cured indirect com-
posites, increasing surface roughness by airborne-particle
abrasion was shown to have a greater effect on bond
strength than chemical bonding [4]. For CAD-CAM compos-
ite materials, the high degree of conversion of the polymers
could be suspected to decrease the potential for a chemical
co-polymerization with the resin cement, therefore microme-
chanical interlocking might be of even greater influence on
the adhesive interface performance. Regarding DF CAD-CAM
composites, airborne-particle abrasion was previously shown
to be more  effective than etching in increasing the surface
roughness and consequently improving the bonding proper-
ties [4,11,12], while on the contrary, PICNs showed significantly
higher bond strength results when etched than when treated
with airborne-particle abrasion [11,13,14]. Indeed, previous

work using fracture mechanics highlighted the influence
of CAD-CAM composite microstructure on surface rough-
ness and bonding properties [11]. PICNs have a typical
 ( 2 0 1 9 ) 1279–1290

double-network microstructure which results in a honey-
comb polymer-based structure after etching, which enhances
micromechanical retention with composite cement and yields
significantly higher IFT values than DF [11,15], with a direct
correlation between IFT and surface roughness (expressed as
the developed interfacial area ratio, Sdr) having been high-
lighted.

On the other hand, silane pre-treatment was shown to have
a significant positive effect on glass-ceramics bonding [16]
and is recommended for all CAD-CAM composites. At low pH,
condensated silane molecules react with each other forming
dimers, which then condensate to form siloxane oligomers.
Subsequently, a further reaction between silane oligomers
leads to the formation of strong siloxane bonds ( Si O Si )
on the fitting surface of the substrate [17,18]. Another the-
ory suggested that the mechanism of bond enhancement by
silanes is that they improve the wettability of ceramic surfaces
and reduce the contact angle of resin cements with ceramics.
This could allow the resin cement to penetrate into the micro-
roughness created on the surface after etching, resulting in
increased micromechanical retention [19].

The bonding properties of CAD-CAM composites have been
evaluated in a few studies using microtensile or micro(shear)
bond strength tests to measure the influence of the type of
pre-treatment, composite cement or material [13,14,20–24].
However, bond strength testing suffers from several draw-
backs which may result in inaccuracies in the evaluation of
the bond strength as a result of sample preparation after bond-
ing, which leads to an increased number of pre-test failures,
as well as problems relating to non-uniform stress distribu-
tions. A four-point bending test has been recently introduced
to reduce those issues [25–27]. The need for a different and
more  reliable method for the evaluation of the adhesive inter-
faces drove some authors to introduce fracture mechanics
for evaluating the interfacial fracture toughness (IFT) (K1C)
of the adhesive layer [25,26,28–32]. IFT allows for the eval-
uation of the interfacial properties by stably initiating and
propagating a crack through the bonded interface, and mea-
suring the crack-propagation resistance or peeling resistance
from the substrate, unlike bond strength testing which eval-
uates the mechanical strength of the whole assembly [25,30].
Several types of fracture toughness tests have already been
implemented with dental materials, such as the indentation
fracture; single-edge notched beam; simple edge precracked
beam; surface crack in flexure; and the chevron notch short rod
or beam test [32–35]. The latter has been modified into various
versions adapted to dental samples [29,30,36]. Among these
versions, the notchless triangular prism (NTP) test, introduced
by Ruse et al. [36], was reported to be a simple method [31]
and was previously proposed to evaluate both the fracture
toughness of a material and the fracture toughness of bonded
interfaces [36,37]. Finite element analysis showed that the
maximum tensile stress was concentrated at the tip of the
crack [36], providing a good level of control and stable crack
growth at a low cross-speed (0.05 mm/min); thus, allowing
for reliable measurements and the possibility of performing

a fatigue process study, controlling crack propagation for a
given K1. In addition, the NTP does not require a notch prior
to testing, only a crack initiation point, therefore minimizing

https://doi.org/10.1016/j.dental.2019.05.019
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Fig. 1 – (a) Fillers that are incorporated by mixing in a monomer mixture to produce a dispersed filler (DF) composite block.
(b) A pre-sintered glass-ceramic scaffold infiltrated with monomer, which is secondarily polymerized under
high-temperature and high-pressure to produce a polymer-infiltrated ceramic network (PICN) block. In PICN, glass-ceramic
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Consequently, the main objective of this study was to
valuate the influence of silane on the interfacial fracture
oughness (IFT) of composite cement with two sub-classes
f CAD-CAM composites, polymer-infiltrated ceramic network

PICN) and dispersed filler (DF), after etching or airborne-
article abrasion. A secondary objective was to correlate the
esults with developed interfacial area ratio (Sdr) and surface
ettability. The null hypotheses are that (1) material class; (2)

urface texture after pre-treatment; (3) silane, do not influence
FT.

.  Materials  and  methods

xperimental blocks of the two classes of CAD-CAM com-
osites, PICN and DF, were manufactured and tested with
xperimental resin cement and silane. The details of the com-
ositions of all the materials are described below.

.1.  Experimental  material  compositions

.1.1.  Experimental  PICN
he process of producing the porous ceramic network is
escribed by Nguyen et al. [8]. After sintering, the porous
etwork consisted of 73.8 vol.% slip casted Vita Mark II
lass-ceramic powder (Vita Zahnfabrik, 2.6 �m D50 grain size
istribution); which were then infiltrated by UDMA and di-
ert-amyl peroxide (initiator), and polymerized under HT-HP
180 ◦C–300 MPa)  to give the final PICN blocks of 85 wt.% glass
eramic network and 15 wt.% organic component (Fig. 1).

.1.2.  Dispersed  filler  resin  blocks
he dispersed filler resin composite blocks were composed of
:1 (weight) UDMA and TEGDMA, with the addition of 1 wt.%
enzoyl peroxide (Aldrich, Darmstadt, Germany) to form the
rganic part. The mixture was left for 24 h to stabilize.

67 wt.% silanated barium borosilicate glass (0.7 �m)  (Ess-

hem Europe, Seaham, England) and 3 wt.% synthetic
morphous organosilane-treated silica (40 nm)  (Evonik Indus-
ries, Essen, Germany) were added to 30 wt.% of the organic

ixture and polymerized under HT-HP, as was done for PICN.
(which has a lower content of organic phase than DF).

2.1.3.  Experimental  composite  cement
The light-cure experimental composite cement was composed
of 2:1 (weight) UDMA and TEGDMA with the addition of 1 wt.%
4 N,N-trimethylanilin and 0.5 wt.% camphorquinone (Aldrich,
Darmstadt, Germany) to initiate the photo-polymerization.
After mixing, it was left for 24 h to stabilize. Silanated bar-
ium borosilicate (0.7 �m)  was added at 22 parts of 100% of the
organic mixture and amorphous organosilane-treated silica
nano-fillers (40 nm)  was added at 13 parts.

2.1.4.  Silane
The experimental silane solution of 3-(trimethoxysilyl)propyl
methacrylate (Aldrich, Darmstadt, Germany) (2 wt.%) was dis-
solved in 92.8 wt.% absolute ethanol, 5 wt.% deionized water
and 0.2 wt.% acetic acid.

2.2.  Sample  preparation

2.2.1.  Prism  manufacturing
CAD-CAM blocks were cut at an angle of 60◦ with a low-speed
saw (Isomet; Buehler, Lake Bluff, IL, USA) under continuous
water irrigation to produce the prism-shaped samples, which
were then wet-ground into the desired 14 ± 0.1 mm long trian-
gular prisms, 6 ± 0.1 mm on a side with 220 grit silicon carbide
(SiC) paper, at 300 rpm (Struers, Ballerup, Denmark) using a
custom-built specimen holder. A total of 240 prisms were
manufactured (120 PICN + 120 DF) which were split into two
to produce the half prisms.

2.2.2.  Surface  pre-treatment
Bonded surfaces were polished with 1000 grit SiC paper to pro-
duce the equilateral 6 ± 0.1 mm long prisms. All samples were
sonically cleaned in ethanol for 3 min  then dried with oil-free
dry air for 10 s. PICN and DF samples were then divided into
two groups (n = 60 samples per group).

For the first group, 5% hydrofluoric acid (HF) (Vita ceramics
etch, Vita Zahnfabrik, Bad Säckingen, Germany) was applied
and left for 60 s, washed under running water for another 60 s,
air dried, then sonically cleaned in ethanol for 3 min  and again
air dried.
For the second group, airborne-particle abrasion (AB) was
performed using 50 �m Al2O3 particles (Danville, Zürich,
Switzerland) for 5 s in a perpendicular direction at a distance
of 1 cm from the sample at a pressure of 1 bar for PICN and

https://doi.org/10.1016/j.dental.2019.05.019
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Fig. 2 – Notchless triangular prism (NTP) test. (a) A bonded
prism fixed to one half of the cylindrical mounting block,
with an arrow pointing at the crack initiation point. (b) A
schematic illustration of the NTP apparatus in motion, with
a bonded prism fixed within. The arrows pointing in
opposite directions indicate the application of tensile force
on the bonded interface, marked by the split line, with
crack propagation starting from the tip of the prism at the
crack initiation point until fracture or crack arrest.
Figures were  reprinted by permission of SAGE Publications

Fig. 3 – A bar graph of the interfacial fracture toughness
(IFT) measurement. Results are expressed as the
means ± SD. Superscript letters indicate statistically
homogeneous subgroups within a material category (1-way
ANOVA followed by Scheffé test,  ̨ = 0.05). The same
superscript letters demonstrate that there were  no
significant differences for each factor. PICN-HF-S is etched
silanized PICN; PICN-AB-S is airborne-particle abraded
silanized PICN; DF-AB-S is airborne-particle abraded
silanized dispersed fillers; DF-AB-NS is airborne-particle
abraded non-silanized dispersed fillers; PICN-AB-NS is
airborne-particle abraded non-silanized PICN; PICN-HF-NS
is etched non-silanized PICN; DF-HF-S is etched silanized
dispersed fillers; DF-HF-NS is etched non-silanized

ing the other half of the specimens, samples were mounted
Inc. from Eldafrawy et al. [11].

1.5 bar for DF. Samples were then sonically cleaned in ethanol
for 3 min  and air dried.

Each group was further divided into 2 sub-groups (n = 30
per sub-group); one sub-group receiving silane treatment (S),
which was applied with a plastic brush and left for 60 s then
dried with a stream of hot air (100 ◦C) for 30 s. The other
sub-group was bonded immediately following surface pre-
treatment.

2.2.3.  Bonding
Half prisms were fixed into a custom-designed computer-
controlled (SMC 100, Newport Corporation, California, USA)
motorized alignment system (Newport Motion Controller)

which controls the cement thickness at a precision of 0.1 �m,
and the resin cement was applied on each of the pre-treated
surfaces using a plastic spatula. Prisms were put into con-
dispersed fillers.

tact and the cement thickness was set to 50 �m.  High power
(1200 mW/cm2) light applications were performed on each of
the three sides of the prisms at close proximity (Bluephase
20i; Ivoclar Vivadent, Schaan, Liechtenstein) and an additional
40 s of curing was applied at a distance of 2 mm  on each side
after removal from the alignment apparatus to ensure optimal
curing.

2.2.4.  Aging
Samples were left for 24 h at 36 ◦C, 90% humidity (VCN 100,
Vötsch Industrietechnik GmbH, Balingen, Germany), after
which they were polished to remove excess resin cement
using 1000 grit SiC, then submitted to thermocycling for 10,000
cycles at 5–55 ◦C, with a dwelling time of 30 s in each bath.

2.3.  Interfacial  fracture  toughness  testing

IFT was measured using the NTP test following the proce-
dure described by Ruse et al. [36], in which samples were
fixed into one half of the specimen holder and a crack initi-
ation point (0̃.1 mm)  was made using a sharp scalpel under
a light microscope at a magnification of ×20. After secur-
on the computer-controlled (Bluehill, Instron Canada Inc.,
Burlington, ON) universal testing machine (Instron model
5565) within a water bath at 36 ◦C, at a cross-head speed of

https://doi.org/10.1016/j.dental.2019.05.019
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Fig. 4 – Weibull plots of the interfacial fracture toughness (IFT) results. PICN-HF-S is etched silanized PICN; PICN-AB-S is
airborne-particle abraded silanized PICN; DF-AB-S is airborne-particle abraded silanized dispersed fillers; DF-AB-NS is
airborne-particle abraded non-silanized dispersed fillers; PICN-AB-NS is airborne-particle abraded non-silanized PICN;
PICN-HF-NS is etched non-silanized PICN; DF-HF-S is etched silanized dispersed fillers; DF-HF-NS is etched non-silanized
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.05 mm/min  (Fig. 2). The values of load were recorded at fail-
re arrest in a tensile mode and IFT was calculated using the
ormula KIC = Y*

min Pmax/DW1/2, where Pmax is the maximum
oad at failure, D is the NTP specimen diameter (12 mm),  W is
he NTP specimen length (10.5 mm)  and Ymin is the dimen-
ionless stress intensity factor coefficient minimum (28) as
iven by Ruse et al. [36].

All prisms were examined under the light microscope to
etermine the mode of failure. Adhesive failures are those
ith a crack propagating at the interface between the resin

ement and the composite material, while in mixed failures
he crack propagates at the interface but with small portions
f composite material or resin cement in the fracture surface.
n cohesive failures, the crack propagates only within the com-
osite material and samples that fracture in a cohesive mode
re excluded from the data analysis [11,25].

.4.  Contact  angle  measurement

ifteen rectangular samples (17.5 × 14.0 × 4.0 mm)  of PICN and
F, in addition to 10 samples of UDMA polymerized under HT-
P and a pure glass-ceramic represented by Vita Mark II (Vita
ahnfabrik), were manufactured and polished in the same way
s described before. For PICN and DF, 5 samples were treated
ith HF, 5 with AB, following the previously described pro-

edures of bonding, and 5 were not submitted to a surface
reatment. For UDMA and Vita Mark II, only untreated and
tched samples were analyzed (n = 5 per group). Samples were

leaned sonically in alcohol, air-dried and analyzed before and
fter silanization by measuring the contact angle of 3 drops
f deionized water on the surface after 60 s (DSA-30, Kruss,
amburg, Germany).
An identical set of samples were tested for contact angle
measurement with a drop of TEGDMA instead of water.

2.5.  Developed  interfacial  area  ratio

Three rectangular samples of DF and PICN of the same dimen-
sions as the ones used for contact angle measurement were
manufactured and polished with 1000-grit SiC paper. Two of
the samples were treated with HF and airborne-particle abra-
sion following the previously described procedures. The third
sample was left untreated. Profilometry was carried out on the
samples to measure the developed interfacial area ratio (Sdr),
which is expressed as the percentage of additional surface
area contributed by the texture compared to an ideal plane
the size of the measurement region. The Sdr is obtained by
calculating the topographical area with respect to this ideal
plane and gives the surface enlargement induced by the dif-
ferent pre-treatments. Measurements were performed using
an optical profiler (Contour GT-I; Bruker) in high-resolution
vertical scanning inferometry (VXI) mode at <1 nm,  indepen-
dent of the objective. Five measurements were taken at the
centre of each sample with a ×115 objective (image size:
0.06 × 0.04 mm2; optical lateral resolution: 0.33 �m)  with no fil-
tering and removal of the tilt and cylinder terms. The values
of the Sdr were obtained by calculating the mean of 5 values
measured for each sample.

2.6.  SEM  surface  characterization
Rectangular samples of PICN, DF, UDMA and Vita Mark II
were manufactured and polished. For PICN and DF, one sam-
ple was treated with HF, one with airborne-particle abrasion

https://doi.org/10.1016/j.dental.2019.05.019
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Table 1 – The results of a 3-way ANOVA of the interfacial fracture toughness (IFT). * indicates that a significant difference was detected (p < 0.05). Superscript letters
indicate statistically homogenous sub-groups within a material category (Scheffé test, ˛ = 0.05). The same superscript letters demonstrate that there were  no significant
differences for each factor. The F-statistic column is labeled “F”. Number of samples (n) = 30.

IFT (MPa m1/2)

Factor Mean ± SD (95%
confidence interval)

df Type III sum
of squares

Mean square F Significance

M: material class
PICN 1.40 ± 0.58 a (1.34–1.46)

1  6.507 6.507 61.905 *
DF 1.07 ± 0.21 b (1.01–1.13)

ST: surface
treatment

HF 1.14 ± 0.57 b (1.08–1.20)
1 2.205 2.205 20.971 *

AB 1.33 ± 0.44 a (1.27–1.39)

Si : Silane
Silane 1.47 ± 0.55 a (1.41–1.53)

1 13.431 13.431 127.765 *
No silane 1.00 ± 0.34 b (0.94–1.05)

M × ST
PICN

HF  1.48 ± 0.61 a (1.40–1.57)

1  7.896 7.896 75.117 *
AB 1.31 ± 0.54 a (1.23–1.39)

DF
HF 0.79 ± 0.21 b (0.71–0.87)
AB 1.35 ± 0.31 a (1.26–1.43)

M × Si
PICN

Silane  1.81 ± 0.47 a (1.72–1.89)

1  7.103 7.103 67.571 *
No silane 0.99 ± 0.33 b (0.91–1.07)

DF
Silane 1.13 ± 0.40 b (1.05–1.22)
No silane 1.00 ± 0.35 b (0.92–1.09)

ST × Si
HF

Silane  1.41 ± 0.68 a (1.33–1.49)

1 0.304 0.304 2.892 –No silane 0.86 ± 0.22 c (0.78–0.95)

AB
Silane 1.53 ± 0.38 a (1.45–1.61)
No silane 1.13 ± 0.39 b (1.05–1.21)

M × ST × Si

PICN
HF

Silane  2.02 ± 0.37 a (1.90–2.13)

1  1.918 1.918 18.245 *

No silane 0.95 ± 0.19 de (0.83–1.07)

AB
Silane 1.60 ± 0.48 b (1.48–1.71)
No silane 1.03 ± 0.43 de (0.91–1.15)

DF
HF

Silane 0.80 ± 0.21 e (0.69–0.92)
No silane 0.78 ± 0.22 e (0.66–0.90)

AB
Silane 1.46 ± 0.25 bc (1.35–1.58)
No silane 1.23 ± 0.32 cd (1.11–1.34)

https://doi.org/10.1016/j.dental.2019.05.019
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Fig. 5 – A bar graph of the developed interfacial area ratio
(Sdr) measurement. Results are expressed as the
means ± SD. Superscript letters indicate statistically
homogeneous subgroups within a material category (1-way
ANOVA followed by Scheffé test,  ̨ = 0.05). The same
superscript letters demonstrate that there were  no
significant differences for each factor. PICN-HF is etched
PICN; PICN-AB is airborne-particle abraded PICN; DF-AB is
airborne-particle abraded dispersed fillers; DF-HF is etched
dispersed fillers; PICN-NT is PICN with no treatment; DF-NT
is dispersed fillers with no treatment.
d e n t a l m a t e r i a l s 3

nd the third sample was left untreated. For UDMA and Vita
ark II, only etched and untreated samples were prepared.

mmediately following surface pre-treatment, each sample
as cleaned sonically in ethanol for 3 min  and subsequently

old-coated to be analyzed by scanning electron microscopy
SEM) (S-3000 N; Hitachi, Tokyo Japan).

.7.  SEM  interface  analysis

our rectangular samples of each of PICN and DF, and 2 sam-
les of Vita Mark II were manufactured and polished the same
ay described before. For PICN and DF, surface pre-treatments

HF and AB), with and without silane application, were car-
ied out using the same protocol described for bonding. For
ita Mark II, only HF was applied. On each sample, a drop of
xperimental composite cement devoid of fillers was applied
erpendicular to the surface and left for 60 s, then light-
ured for another 60 s. Samples were then embedded in epoxy
esin which was left to set for 24 h. The samples were then
ut using a low-speed saw through the material/composite
ement interface. They were then polished with 600 and 1000
rit SiC paper, then with a diamond pad and scanned by the
EM.

.8.  Statistical  analysis

FT and Sdr results were analyzed by one-way ANOVA fol-
owed, if warranted, by Scheffé multiple mean comparisons

 ̨ = 0.05), using PASW Statistics 18 (SPSS, USA). Weibull
tatistics parameters were calculated for the IFT data using
he Weibull statistics option in Excel (Microsoft, USA). The

eibull distribution was described in previous studies [38,39].
wo-way ANOVA was used to evaluate the influence of
icrostructure, surface pre-treatment and both combined on

he Sdr, while 3-way ANOVA was used to evaluate the influ-
nce of microstructure, surface pre-treatment, silane and all
hree combined on the IFT. Pearson’s tests were used to verify
he presence of statistically significant correlations between
he IFT and Sdr (  ̨ = 0.05).

.  Results

.1.  IFT

he IFT values (mean and standard deviations) of the different
roups, along with the statistical analysis, are summarized in
ig. 3. PICN-HF-S showed the highest IFT (2.02 ± 0.37 MPa m1/2)
ignificantly followed by PICN-AB-S (1.6 ± 0.48 MPa m1/2). The
owest IFT values were shown by DF-HF with and without
ilane (0.8 ± 0.21 MPa m1/2 and 0.78 ± 0.22 MPa m1/2, respec-
ively). Silane application was shown to have a significant
ffect on IFT for PICN but not for DF materials. All the samples
ailed in an adhesive or a mixed manner, no cohesive or pre-
est failures were observed in any of the tested groups. The
mount of adhesive (A) and mixed (M)  failures were: DF-HF-

S (A/30, M/0); DF-HF-S (A/29, M/1); PICN-HF-NS (A/30, M/0);
ICN-AB-NS (A/29, M/1); DF-AB-NS (A/30, M/0); DF-AB-S (A/27,
/3); PICN-AB-S (A/27, M/3); PICN-HF-S (A/26, M/4). Weibull

nalysis of the PICNs was higher when treated with HF than
when treated with airborne-particle abrasion. In contrast to
this, Weibull analysis of the DFs was higher when treated with
airborne-particle abrasion than when treated with HF (Fig. 4).
Three-way ANOVA highlighted the significant effect of mate-
rial class, surface pre-treatment and silanization, as well as
the significant effect of all three combined on the IFT with
resin cement (Table1).

3.2.  Sdr

The mean and standard deviations of the Sdr measurements
for each group of samples, along with the results of the statis-
tical analysis, are summarized in Fig. 5. PICN-HF showed the
highest Sdr, significantly followed by PICN-AB, while there was
no significant difference between DF-HF, PICN-NT and DF-NT.
Images of profilometry are shown in Fig. 6.

Two-way ANOVA highlighted the significant effect of mate-
rial class, surface pre-treatment and both combined on the Sdr
(Table 2).

3.3.  Correlation  between  the  IFT  and  Sdr

Statistical analysis using Pearson’s correlation coefficient
revealed that there was a strong (r2 = 0.8411) and significant
(p < 0.05) correlation between the IFT of PICN and DF, when
pre-treated with silane, and the Sdr. This positive correlation
suggests that, under the conditions of this study, over 84% of

the variation in the IFT was explained by the Sdr (Fig. 7). The
correlation was found to be weaker when the non-silanized
samples were included (r2 = 0.5918).
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Fig. 6 – Profilometry images of the samples following different surface pre-treatments. The blue areas represent negative
values, while the red areas represent positive values. (a) Non-treated PICN; (b) airborne-particle abraded PICN; (c) etched
PICN; (d) Non-treated DF; (e) airborne-particle abraded DF; (f) etched DF. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 2 – The results of a 2-way ANOVA of the developed interfacial area ratio (Sdr). * indicates that a significant
difference was detected (p < 0.05). é test,  ̨ = . The F-statistic column is labeled “F”. Number of samples (n) = 30.

Sdr (%)

Factor Mean ± SD df Type III sum
of squares

Mean square F Significance

M: material
class

PICN  471.7 ± 132.5
1 522235,281 522235,281 465,157 *

DF 143.2 ± 43.8

ST: surface
treatment

HF 371.5 ± 262.4
1 28503,800 28503,800 25,388 *

AB 266.3 ± 95.3

PICN
HF 590.7 ± 49.9
M*ST 1
AB 352.8 ± 40.6

DF
HF 97.5 ± 1.1
AB 179.8 ± 8.6

3.4.  Contact  angle

Contact angle measurements with water are displayed in
Fig. 8. For DF, PICN and UDMA, surface pre-treatment with
AB or HF increased the contact angle, i.e. lowered the wet-
tability. On the other hand, following silane application, the
contact angle was lowered, i.e. the wettability was increased.
Conversely, Vita Mark II samples showed increased wettability
after etching, and subsequent silane application decreased it.
For contact angle measurement using TEGDMA, all the sam-
ples gave a zero value.

3.5.  SEM  surface  characterization

SEM images of non-treated and etched PICN, DF, Vita Mark
II and pure UDMA, as well as PICN and DF with airborne-
particle abrasion are displayed in Fig. 9. The difference in
microstructure between PICN and DF is shown in the non-

treated samples, in which PICN, with its ceramic network,
has a higher glass-ceramic density compared to DF, however
sintering necks are difficult to highlight due to the pres-
ence of the polymer. Etching of PICN resulted in a specific
120689,794 120689,794 107,499 *

microstructure of the surface, characterized by dissolution
of the glass-ceramic network and the presence of a typi-
cal polymer-based honeycomb structure (Fig. 9b), including
micro- and nano-porosities. On the other hand, HF did not
create as much roughness on the surface of the DF as it did
with PICN, while Vita Mark II showed marked dissolution of
the glass-ceramic at the surface and there was no observable
change on the surface of UDMA after etching. The effect of AB
on both classes, PICN and DF, was very slight in comparison
with HF.

3.6.  SEM  interface  analysis

Fig. 10 shows the SEM images of the interface, highlighting
the presence of gaps between glass-ceramic and composite

cement on PICN-HF, PICN-AB, and etched Vita Mark II sam-
ples in comparison to their silanized counterparts. In contrast,
such gaps were not highlighted on DF samples, whatever the
type of pre-treatment.
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Fig. 7 – Interfacial fracture toughness (IFT) versus
developed interfacial area ratio (Sdr) and their correlation
curve (r2 = 0.8411). Results are expressed as the means ± SD
of IFT and Sdr for the tested samples of polymer infiltrated
ceramic network (PICN) materials and dispersed filler (DF).
PICN-AB-S is airborne-particle abraded silanized PICN;
PICN-HF-S is etched silanized PICN; DF-AB-S is
airborne-particle abraded silanized dispersed fillers;
D
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F-HF-S is etched silanized dispersed fillers.

.  Discussion

he NTP test was successfully used to evaluate adhesive inter-
aces and the obtained results were shown to be within the
ame range of values compared to previous work using the

ame method to evaluate IFT of composite cement with PICN
nd DF CAD-CAM composites [11,15]. In the present work,
he alignment system for half-prism bonding was improved
o accurately control the cement thickness, which was set at

ig. 8 – Bar graphs of the results of contact angle measurements
ame color represent the same sa-mple. Results are expressed a
 0 1 9 ) 1279–1290 1287

50 �m to be close to clinical situations [40,41]. AB pressure
varied between the 2 materials because the authors followed
the instructions of the commercially available products, Vita
Enamic (Vita Zahnfabrik) for PICN and Cerasmart (GC) for
DF. Thermocycling was performed following recent guidelines
[42], with aging having an important influence on the relia-
bility of adhesive interfaces due to hydrolytic degradation of
the bonding interface [43]. The samples were tested in a water
bath set at 36 ◦C to provide a close approximation of the in-
mouth conditions and to eliminate any bias resulting from
differences in temperature [31]. Finally, the use of experimen-
tal materials was intended to control material composition
and microstructure.

According to this study, the material microstructure (PICN
or DF) and the surface pre-treatment (HF or AB) were con-
firmed to significantly influence IFT with composite cement,
hence the first and second null hypotheses were rejected [11].
PICNs were shown to perform significantly better than DF,
with higher reliability as confirmed by Weibull analysis (Fig. 4),
and showed higher IFT when etched, while DF should be pre-
treated with airborne-particle abrasion, confirming previous
results [11]. Material microstructure was previously shown to
be a critical factor, which has an important influence on the
bonding properties of CAD-CAM composites. The typical hon-
eycomb polymer-based structure of PICN, when etched, was
shown to exhibit significantly higher surface enlargement and
consequently an increased chance of micromechanical bond
(Figs. 5 and 9b). Silane application was shown to have a signif-
icant effect on IFT for PICN, but not for DF materials. A strong
correlation between Sdr and IFT was found only when silane
was applied, thus the third null hypothesis was rejected for

PICN, but not for DF. One explanation is that, as described
in literature [19], silane increases material surface wettabil-
ity, which can promote composite cement spreading into the

. (a) PICN; (b) DF; (c) UDMA; (d) Vita Mark II. Bars with the
s the means ± SD.
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Fig. 9 – Scanning electron microscopy characterization of the samples following different surface pre-treatments. (a)
Non-treated PICN; (b) etched PICN; (c) airborne-particle abraded PICN; (d) Non-treated DF; (e) etched DF; (f) airborne-particle

n-tre
abraded DF; (g) non-treated Mark II; (h) etched Mark II; (i) no

high surface roughness of PICN and consequently microme-
chanical bond. Indeed, contact angle measurements showed
that if, as expected, surface HF or AB treatment decreased
wettability with water of PICN, DF and UDMA, silane appli-
cation increased it again in a significant way for all materials
except for Vita Mark II. It must be noted that TEGDMA, with its
low viscosity, was shown to spread readily on all the surfaces
irrespective of the material, pre-treatment or silane appli-
cation. The interface SEM observations (Fig. 10) support this
explanation, highlighting the presence of gaps between glass-
ceramic and composite cement on non-silanized PICN and
glass-ceramic (Vita Mark II) samples. However, findings also
support the second reported effect of silane [16,19], which
is the creation of a chemical bond with glass-ceramics, also
explaining the presence of gaps after composite cement poly-
merization and retraction. The slight decrease of wettability
with silane application on the etched Vita Mark II sample sur-

faces, also promotes the hypothesis of the chemical bonding to
explain silane positive effect on glass-ceramics [16,19]. In fact,
the mode of action of silane is unclear and seems very com-
plex. Its amphiphilic nature can explain its affinity for both the
ated UDMA; (j) etched UDMA.

inorganic and organic parts of PICN and DF materials, as for
water and TEGDMA, which could promote the energy increase
of all surfaces.

Until now, few studies have evaluated the influence of
silane pre-treatment on bonding properties of CAD-CAM com-
posites with resin cement. DF and PICN represented by Lava
Ultimate and Vita Enamic respectively, were tested for MTBS
with 2 different composite resins, with etching and airborne-
particle abrasion, with and without silane, for each type of
pre-treatment [14]. When silane was applied, HF-PICN also
gave better results than AB-DF or HF-DF, while there was no
significant effect of silane on Lava Ultimate, as observed with
DF in the present study. However, in a recent study on dif-
ferent DF CAD-CAM composites [44] the shear bond strength
was significantly higher with sandblasting and silanization
than with sandblasting alone, except for one material, which
was attributed to damages induced by the sandblasting pro-

cedure. The positive influence of silane on the bond strength
for PICN was also highlighted in a previous study conducted
by Elsaka [13], in which the MTBS values, after aging in
water for 30 days, were significantly higher when silane was

https://doi.org/10.1016/j.dental.2019.05.019
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Fig. 10 – Scanning electron microscopy of the cement interface with PICN, DF and Vita Mark II. The arrows are pointing at
areas of incomplete wettability. (a) Etched PICN; (b) etched silanized PICN; (c) airborne-particle abraded PICN; (d)
airborne-particle abraded silanized PICN; (e) etched DF; (f) etched silanized DF; (g) airborne-particle abraded DF; (h)
a I; (j) 
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irborne-particle abraded silanized DF; (i) etched Vita Mark I

pplied than when the material was etched and bonded
irectly.

.  Conclusion

ilane increases bonding effectiveness of resin cement to
ICNs but not to DF materials. Results of the present study
ighlight the importance of material microstructure and
onsequently surface properties on bonding effectiveness
o composite cement. They suggest that silane improves

icromechanical interlocking by promoting surface wettabil-
ty and composite cement penetration in PICN high surface
oughness when pre-treated. Indeed, PICNs, with their specific
oneycomb microstructure when etched, exhibited signifi-
antly higher surface roughness, as shown by the Sdr values,
nd then IFT with composite cement than DF materials.
ithin the limitations of the present study, particularly slight

ifferences in composition of experimental compared to mar-
eted materials, results suggest that PICNs should perform
etter in terms of bonding properties than DF, and should be
tched and silanized before resin cement application, while
F should be sandblasted and silanized, even if silanization is
ot as effective as with PICNs. Further research is needed to
etermine the exact effect silane has on the surface properties
f CAD-CAM composite materials.
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