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Delayed Photo-activation Effects on
Mechanical Properties of Dual Cured
Resin Cements and Finite Element
Analysis of Shrinkage Stresses in
Teeth Restored With Ceramic Inlays

CdJ Soares ® AA Bicalho ® C Verissimo
PBF Soares ® D Tantbirojn ® A Versluis

Clinical Relevance

Clinicians should take into account the mechanical properties when selecting resin
cements. Slowing down the polymerization reaction allows more viscous flow with no effect
on mechanical properties. Delayed photo-activation may be beneficial for cementation of

indirect restorations in vital teeth.

SUMMARY

Objective: The aim of this study was to inves-
tigate the effect of delayed photo-activation on
elastic modulus, Knoop hardness, and post-gel
shrinkage of dual cure resin cements and how
this affects residual shrinkage stresses in pos-
terior teeth restored with ceramic inlays.

Methods and Materials: Four self-adhesive
(RelyX Unicem, 3M ESPE; GCem, GC; Mono-
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Cem, Shofu; and seT, SDI) and two convention-
al (RelyX ARC, 3M ESPE; and AllCem, FGM)
dual cure resin cements for cementing poste-
rior ceramic inlays were tested. Strain gauge
and indentation tests were used to measure
the post-gel shrinkage (Shr), elastic modulus
(E), and Knoop hardness (KHN) when photo-
activated immediately and 3 and 5 minutes
after placement (n=10). Shr, E, and KHN re-
sults were analyzed using two-way analysis of
variance followed by Tukey honestly signifi-
cant difference post hoc tests (¢=0.05). The
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experimentally determined properties were
applied in a finite element analysis of a leucite
ceramic inlay (Empress CAD, Ivoclar Viva-
dent) cemented in a premolar. Modified von
Mises stresses were evaluated at the occlusal
margins and cavity floor.

Results: Shr, E, and KHN varied significantly
among the resin cements (p<0.001). Highest
overall Shr values were found for RelyX Uni-
cem; GCem had the lowest. Increasing the
photo-activation delay decreased Shr signifi-
cantly. Delayed photo-activation had no effect
on E (p=0.556) or KHN (p=0.927). RelyX Unicem
had the highest E values; seT and MonoCem
had the lowest E values. AllCem and RelyX
Unicem had the highest KHN and MonoCem
had the lowest KHN. Cements with high Shr
and E values caused higher shrinkage stresses.
Stresses decreased with delayed photo-activa-
tion for all cements.

Conclusions: KHN and E values varied among
the different resin cements. Residual shrink-
age stress levels decreased with increasing
photo-activation delay with all resin cements.

INTRODUCTION

In recent years, esthetic restorations became more
popular as an alternative to amalgam restorations
with good clinical longevity.! In teeth with large
cavities, where direct composite restorations can be
compromised, indirect techniques such as adhesive
ceramic inlays or onlays have been indicated to
improve marginal adaptation and proximal con-
tact.>® Close to 90% of ceramic inlays and onlays
survive after 12 years.! Despite their good longevity,
postoperative sensitivity, marginal fracture, second-
ary caries, marginal deterioration, and discoloration
are frequently identified as the causes for failure of
this restorative procedure.®® These failure mecha-
nisms have been associated with polymerization
shrinkage of resin cements used for luting ceramic
inlays and onlays.?”

Dual cure resin cements are widely used for luting
ceramic restorations because they combine desirable
features of photo- and chemical-cured systems and
have shown good clinical performance.™®® Manufac-
turers recommend clinicians to wait before light
curing the cements, because a time delay between
the cement mixing step and photo-activation may
favor the ability of dual-curing resin cement to bond
to dentin.'®1? Additionally, a delay in photo-activa-
tion of dual-cured resin cements may reduce poly-
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merization shrinkage stress.!> No studies have
assessed how time lapse between manipulation of
resin cements and photo-activation affects mechan-
ical properties and residual shrinkage stresses in
teeth restored with ceramic inlays.

The purpose of this study was to test the effect of
delayed photo-activation of resin cements on 1)
their mechanical properties (elastic modulus and
Knoop hardness) and post-gel shrinkage and 2)
residual shrinkage stresses in a premolar restored
with a ceramic inlay restoration. The null hypoth-
eses were that there would be no difference in
mechanical properties and residual shrinkage
stress among the resin cements due to photo-
activation timing.

METHODS AND MATERIALS
Post-gel Shrinkage Measurements

Linear post-gel shrinkage of resin cement was
determined using the strain gauge method.'* The
materials used were six dual cure resin cements:
four were self-adhesive: RelyX Unicem (3M ESPE, St
Louis, MO, USA), GCem (GC, Tokyo, Japan),
MonoCem (Shofu, Tokyo, Japan), ad seT (SDI,
Melbourne, Australia), and two are conventional
resin cements: AllCem (FGM, Joinville, SC, Brazil)
and RelyX ARC (3M ESPE). Composition and
manufacturer information are listed in Table 1.
Resin cement samples were shaped into hemispheres
and placed on top of a biaxial strain gauge (CEA-06-
032WT-120, Measurements Group, Raleigh, NC,
USA) that measured shrinkage strains in two
perpendicular directions. A strain conditioner
(2101A Series, Micro Measurements Group) convert-
ed electrical resistance changes in the strain gauge
to voltage changes through a quarter-bridge circuit
with an internal reference resistance. Resin cement
was photo-activated for 40 seconds with the light tip
of the light-curing unit (XL 3000, 3M ESPE) placed
at 1-mm distant from the surface of the resin cement.
The radiant exposure was 32 J/cm? (800 mW/cm? X
40 seconds) measured by halogen light radiometer
(Demetron, Danbury, CT, USA). Three photo-activa-
tion timings were tested: 1) light curing immediate-
ly, 2) after 3 minutes, or 3) after 5 minutes. Strain
development (post-gel shrinkage) during polymeri-
zation shrinkage was monitored for 10 minutes,
starting from the beginning of photo-activation. Ten
specimens were tested for each resin cement at each
time of photo-activation. The shrinkage strain was
determined as the average of the strains in both
perpendicular directions. The shrinkage strain val-
ues at 10 minutes were converted to volume percent
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Table 1:  Resin Cement Compositions (Manufacturer Information)
Resin cement Wit% Vol% Composition Manufacturer
RelyX Unicem 70 50 Base paste: fiberglass, phosphoric acid esters methacrylate, triethylene 3M ESPE
glycol dimethacrylate, silica treated silane, sodium persulfate
Catalyst paste: fiberglass, substitute dimethacrylate, silane treated silica,
p-toluenesulfonate sodium, and calcium hydroxide
MonoCem 60 46 Mono-, di- and multifunctional acrylate resins, dual-initiators, fillers Shofu
AllCem 68 57 Bis-GMA, Bis-EMA, TEGDMA, camphorquinone, initiators, stabilizers, FGM Dental Products
microfillers of Ba-Al-silicate, silica nanoparticles microfiller and nanofillers
GCem 71 57 4-MET, phosphoric acid ester monomer, water, UDMA, dimethacrylate, GC
silica powder, initiator, stabilizer, fluoro-alumino-silicate glass, initiator,
pigment
seT 67 45 Methacrylate ester phosphoric acids, UDMA, photoinitiator, fluoride SDI
aluminum silicate glass and pyrogenic silica
RelyX ARC 67 45 Paste A: silane treated ceramic, TEGDMA, Bis-GMA, silane-treated silica, 3M ESPE
functionalized dimethacrylate polymer; 2-benzotriazolyl-4-methylphenol, 4-
(dimethylamino)-benzeneethanol. Paste B: silane-treated ceramic,
TEGDMA, Bis-GMA, silane-treated silica, functionalized dimethacrylate
polymer
Abbreviations: BisEMA, bisphenol A polyethylene glycol diether dimethacrylate; Bis-GMA, bisphenol A diglycidy! ether dimethacrylate; DMA, dimethacrylates; HEMA,
2-hydroxyethyl methacrylate; MDP, 10-methacryloyloxydecyl dihydrogen phosphate; MPS, 3-methacryloyloxypropy! trimethoxysilane; TEGDMA, triethylene glycol
dimethacrylate; UDMA, urethane dimethacrylate.

shrinkage by multiplying the strain values by 3%
and 100%. Two-way analysis of variance (ANOVA)
followed by Tukey honestly significant difference
(HSD) post hoc tests (2=0.05) was used for the
statistical analysis.

Elastic Modulus and Knoop Hardness
Measurements

Five test specimens per resin cement were fabricated
using a 2-mm-thick stone mold with a 5-mm-
diameter circular opening. The stone mold was
placed on a glass slide, filled with resin cement,
and covered with another glass slide. The resin
cement was light cured for 40 seconds (XL 2500, 3M
ESPE) through the top glass slide at the three photo-
activation times (immediately and after 3 or 5
minutes). Five Knoop indentations (MicroMet 5104,
Buehler, Lake Bluff, IL, USA) were made to obtain
an average Knoop hardness value for each specimen.
The Knoop indentations were also used to determine
the elastic modulus.'®'” The decrease in the length
of the indentation diagonals caused by elastic
recovery of a material is related to the hardness/
elastic modulus ratio (H/E) according to the follow-
ing empirical relationship: b7a’ = b/a — A (H/E),
where b/a is the ratio of the diagonal dimensions a
and b in the fully loaded state, given by a constant
0.140647. b’/a’ is the ratio of the altered dimensions
when fully recovered, and A = 0.45 is a proportion-
ality constant. Two-way ANOVA followed by Tukey
HSD post hoc tests (0=0.05) were used for the

statistical analysis of the parameters elastic modu-
lus and Knoop hardness.

Residual Stress Calculation: Finite Element
Analysis

To calculate residual stresses in a restored tooth, a
two-dimensional (2D) finite element simulation was
carried out for a leucite ceramic (Empress CAD,
Ivoclar Vivadent, Schaan, Liechtenstein) inlay res-
toration with the cavity floor in dentin. The
geometric model was based on a digitized buccolin-
gual cross section of a premolar. Coordinates were
obtained using ImagedJ software (public domain,
Java-based image processing and analysis software
developed at The National Institutes of Health,
Bethesda, MD, USA). Only the cervical portion of
the root was simulated because the rest of the root
did not affect the coronal stress distribution.'® A
simplified boundary condition was assumed at the
cut-plane of the root (zero displacements in horizon-
tal and vertical directions). The elastic modulus of
enamel was 84 GPa and Poisson’s ratio 0.30; the
dentin elastic modulus was 18 GPa and the Poisson’s
ratio was 0.23.'® The elastic modulus of leucite
ceramic was 65 GPa and Poisson’s ratio was 0.19.%°
The shrinkage and elastic modulus values of the six
resin cements were obtained from the experimental
data. The Poisson’s ratio was chosen to be the same
for all resin cements at 0.35.%°

The finite element analysis (FEA) was performed
using MSC.Mentat (preprocessor and postprocessor)
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Figure 1. Mesh of digitized ceramic inlay restored premolar showing
the locations where the stresses were recorded: (A) Enamel aspect of
the restoration margin corresponding to with marginal gap formation.
(B) Dentin aspect of pulpal floor corresponding to the potential area of
post-operative sensitivity. (C) Ceramic aspect of the inlay margin
corresponding to with ceramic marginal fracture.

and MSC.Marc (solver) software (MSC Software
Corporation, Santa Ana, CA, USA). A plane strain
condition was assumed for the tooth cross sections.
Polymerization shrinkage was simulated by thermal
analogy. Temperature was reduced by 1°C, while the
linear post-gel shrinkage value was entered as the
coefficient of thermal expansion. Modified von Mises
equivalent stress was used to express the stress
conditions, using compressive-tensile strength ratios
of 3.3, 37.3, 3.0, and 3.9 for the ceramic, enamel,
dentin, and resin cement, respectively.'®1® Enamel
stress values were recorded in nodes along the
interface at the occlusal margin (Figure 1A). Dentin
stress values were recorded in nodes along the

Operative Dentistry

interface at the pulpal floor (Figure 1B). Stress values
in the ceramic aspect were recorded in nodes along the
interface at the occlusal margin (Figure 1C). The mean
values of the 5% highest stresses were determined.

RESULTS
Post-gel Shrinkage

The mean values and standard deviations for the
volumetric post-gel shrinkage of six resin cements are
presented in Table 2. Two-way ANOVA revealed
statistical differences among the resin cements
(p<0.001) and timing of photo-activation (p<<0.001);
however, no difference was found for interaction
between resin cement and timing (p=0.319). The
Tukey HSD test showed that the post-gel shrinkage
values were progressively lower with delayed photo-
activation, irrespective of resin cements. GCem had the
lowest post-gel shrinkage values; seT had intermediate
post-gel shrinkage, whereas RelyX Unicem, RelyX
ARC, Monocem, and AllCem had high post-gel shrink-
age values irrespective of photo-activation timing.

Elastic Modulus

The mean values and standard deviations for the
elastic modulus of six resin cements are presented in
Table 3. Two-way ANOVA revealed statistical
differences among the resin cements (p<<0.001);
however, no difference was found for photo-activa-
tion timing (p=0.556) and for the interaction
between resin cement and timing (p=0.061). RelyX
Unicem had the highest elastic modulus values;
GCem, RelyX ARC, and AllCem had intermediate
values; and seT and MonoCem showed the lowest
values, irrespective of photo-activation timing.

Knoop Hardness

The mean values and standard deviations for Knoop
hardness of six resin cements are presented in Table

Table 2:  Mean and Standard Deviation of Post-Gel Shrinkage (Volume %)
Resin cements Post-gel shrinkage
Immediate 3 minutes 5 minutes Pooled average

RelyX ARC 0.97 (0.05) 0.73 (0.11) 0.64 (0.09) 0.78 (0.16)¢
AllCem 0.94 (0.06) 0.72 (0.08) 0.65 (0.06) 0.77 (0.14)¢
RelyX Unicem 0.93 (0.05) 0.82 (0.09) 0.77 (0.03) 0.84 (0.10)°
MonoCem 0.91 (0.10) 0.83 (0.07) 0.71 (0.09) 0.82 (0.12)°
seT 0.78 (0.13) 0.66 (0.08) 0.58 (0.13) 0.67 (0.16)®
GCem 0.61 (0.03) 0.52 (0.06) 0.33 (0.02) 0.49 (0.17)"
Pooled average 0.86 (0.15)° 0.71 (0.13)° 0.61 (0.17)2

:\)/Le;g_;ilt?veasﬁ;vrl;th same letters are not significantly different (p>0.05). Uppercase letters compare among resin cements and lowercase letters compare among time of
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Table 3: Mean and Standard Deviation of Elastic Modulus (GPa)
Resin cements Elastic modulus

Immediate 3 minutes 5 minutes Pooled average
RelyX Unicem 18.6 (1.9) 18.4 (1.9) 18.1 (2.0) 18.4 (2. O)A
GCem 14.0 (1.7) 13.7 (1.5) 13.4 (1.8) 13.7 (1.6 )B
RelyX ARC 12.3 (1.1) 12.7 (1.2) 12.8 (1.7) 12.6 (1. 2)B
AllCem 11.7 (1.3) 11.5 (0.9) 12.0 (1.1) 11.7 (1. )B
seT 9.5 (1.0) 9.6 (0.9) 7 (1.0 6 (1.0)°
MonoCem 9.0 (0.8) 9.1 (0.9) 7 (0.7) 2 (0.8)°
Pooled average 12.5 (3.4)% 12.6 (3.2)% 12.5 (3.5)%
Megn \(aluels yvith same letters are not significantly different (p>0.05). Uppercase letters compare between resin cements and lowercase letters compare among photo-
activation timings.

4. Two-way ANOVA revealed statistical differences
among the resin cements (p<<0.001); however, no
difference was found for time of photo-activation
(p=0.927) or for the interaction between resin
cement and timing (p=0.306). AllCem and RelyX
Unicem had the highest mean Knoop hardness
values; RelyX ARC, seT, and GCem had intermedi-
ate mean values, and MonoCem showed the lowest
values, irrespective of photo-activation timing.

Residual Stress in FEA

Stress distributions are shown in Figures 2 (tooth
structure) and 3 (ceramic inlay). They indicate stress
concentrations (modified von Mises equivalent
stress) in the tooth and inlay at the occlusal margins
and in the dentin at the pulpal line angles. The
highest levels of residual stresses were identified by
calculating the mean values of the 5% highest
modified von Mises stresses in the enamel aspect
along the enamel/resin cement interfacial margin,
the ceramic aspect along the ceramic/resin cement
interfacial margin, and the dentin aspect along the
pulp floor dentin/resin cement interface (Table 5).

The highest maximum stresses were found for the
RelyX Unicem and the lowest for the seT. In all
cases, the stress level decreased with increasing
delays in photo-activation (Table 6).

DISCUSSION

Volumetric shrinkage is a consequence of the poly-
merization process, whereby the conversion of mono-
mer molecules results in a cross-linked polymer
network.?° During this polymerization reaction, res-
inous materials like cements change from a viscous to
a predominantly solid substance, which can be
characterized by the development of the elastic
modulus.?*?? Residual shrinkage stresses are gener-
ated when the surrounding tooth structure restricts
volumetric changes after the elastic modulus has
developed.?? It can be theorized that this restriction is
high for cementation of indirect restorations com-
pared with direct composite resin restorations.

FEA was used to assess the stresses that polymer-
ization shrinkage in the resin cement may pose on
the tooth structure and ceramic inlay. This numer-

Table 4: Mean and Standard Deviation of Knoop Hardness (KHN)
Resin cements Knoop hardness

Immediate 3 minutes 5 minutes Pooled average
AllCem 51.0 (2.3) 50.5 (2.0) 50.7 (2.9) 50.7 (2.5)A
RelyX Unicem 49.3 (4.3) 49.8 (4.6) 49.8 (3.9) 49.6 (2.5)A
RelyX ARC 47.0 (4.0) 46.9 (3.2) 46.4 (3.5) 46.8 (3.5)B
seT 45.6 (3.4) 45.8 (3.1) 46.2 (2.7) 459 (2.5)8
GCem 44.0 (2.2) 44.8 (2.0) 43.6 (2.9) 441 (2.5)B
MonoCem 31.8 (2.1) 30.6 (3.8) 30.8 (2,2) 31.1 (2.5)C
Pooled average 44.8 (6.9)% 44.6 (6.8)% 44.8 (6.5)%
Mean values with same letters are not significantly different (p>0.05). Uppercase letters are used to compare between resin cements and lowercase letters to compare
among photo-activation timings.
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Immediate 3 min 5 min

RelyX
Unicem

RelyX Arc

AllICem

GCem

MonoCem

seT

Figure 2. Residual shrinkage stress distributions (modified von Mises stress) in the tooth structure of a premolar restored with a ceramic inlay using
six dual cure resin cements that were cured at three photo-activation timings (immediate and 3 or 5 minutes delayeq).

Table 5:  Mean and Standard Deviation of the Highest 5% Modified von Mises Equivalent Stress Values (MPa) Recorded in the
Enamel and Ceramic Along the Occlusal Margins and in the Dentin at the Pulpal Floor

Resin cements Enamel margins Ceramic margins Dentin, pulpal floor

Immediate 3 minutes 5 minutes Immediate 3 minutes 5 minutes Immediate 3 minutes 5 minutes

RelyX Unicem 254 (2.0) 222(1.8) 209(17) 26.1(2.6) 228(22) 214(21) 291 (1.0) 254(09) 23.8(0.8)
RelyX ARC 179 (1.3) 139(1.0) 123(0.9) 184 (15) 143(12) 126(1.1) 21.0(1.0) 16.3(0.8) 14.3(07)
AliCem 165(1.2) 125(0.9) 117(0.8) 17.0(1.4) 128(1.0) 121(1.0) 195(1.0) 147(0.8) 13.8(0.7)
GCem 127 (1.0) 106 (0.8) 9.8(0.7) 13.1(1.1) 11.0(0.9) 10.1(0.9) 14.8(0.3) 124 (05 11.4(0.5)
MonoCem 124 (0.8) 11.4(0.8) 10.0(0.7) 128(0.9) 11.8(0.8) 10.3(0.8) 150(1.0) 13.9(0.9) 121 (0.8)
seT 114 (08) 96(0.7) 85(06) 11.7(09 99(0.7) 88(07) 136(0.8) 11.5(0.7) 10.2(0.6)
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Table 6: Percentage Reduction in Stress Levels (Modified ical method takes into account the geometrical

von Mises) of All Analyzed Regions When Photo- restrictions experienced by the shrinking cement
Activation Was Delayed 3 or 5 Minutes. layer and combines them with the two major

Resin cements Stress reduction material properties involved in stress development:
Immediate 3 minutes 5 minutes shrinkage and elastic modulus. Post-gel shrinkage

AlCem _ _349% —42% was applied for the calculation because not all
RelyX ARC _ —59% —46% shrinkage induces stresses—only shrinkage that
seT _ —19% _34% occurs when the resin cement has developed elastic
GCem — _20% _30% properties. The elastic properties, which are the
MonoCem — —~18% —24% properties that prevent relief by viscous flow, were
RelyX Unicem — —15% —22% characterized by the elastic modulus. The deter-

mined stress distributions were therefore not deter-
mined by any individual property (shrinkage or

Immediate 3 min 5 min
RelyX
Unicem MPa
| 5.0
RelyX Arc A5
4.0
3.5
AllCem
3.0
25
2.0
GCem 1.5
1.0
0.5
o ' ' )
" ' ' '

Figure 3. Residual shrinkage stress distributions (modified von Mises stress) in a ceramic inlay using six dual cure resin cements that were cured at
three photo-activation timings (immediate, and 3 or 5 minutes delayed).
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elastic modulus) or cavity configuration (bonding
area), but were the result of the combination of all
elastic properties and restriction factors (bonding
and stiffness of tooth and inlay structures). However,
by standardizing the restriction factors in our
analysis, the differences between residual shrinkage
stresses depended only on the shrinkage and elastic
modulus of the resin cements.

The highest post-gel shrinkage values were found
for RelyX ARC, AllCem, RelyX Unicem, and Mono-
Cem. RelyX Unicem also had the highest elastic
modulus, followed by GCem and RelyX ARC. The
highest residual shrinkage stress level was found in
RelyX Unicem, followed by RelyX ARC and AllCem.
GCem, which had the lowest post-gel shrinkage but
a relatively high elastic modulus, and MonoCem,
which had the lowest elastic modulus but high post-
gel shrinkage, developed intermediate shrinkage
stress levels, whereas seT with relative low post-gel
shrinkage and elastic modulus values resulted in the
lowest shrinkage stress. This confirms that, all other
conditions being equal, it is the combination of post-
gel shrinkage and elastic modulus that determines
the shrinkage stress levels.

Given full polymerization, mechanical properties
such as elastic modulus and hardness were unaf-
fected by the delayed photo-activation. However,
delayed polymerization is advantageous by reduc-
ing the post-gel shrinkage values and thus de-
creased residual shrinkage stress levels in the
restored tooth complex. Similar behavior has been
shown previously for restorative composites, where
photo-activation at lower light intensities reduced
post-gel shrinkage.?*?5 This was explained by the
slower reaction that allowed more viscous flow
during polymerization and thus reduces the post-
gel portion of the total shrinkage.?® Delaying the
photo-activation of dual-cure resin cements used
with endodontic posts has shown a similar effect,®
slowing down the polymerization reaction, allowing
more viscous flow and therefore reducing the post-
gel shrinkage without jeopardizing other mechani-
cal properties as evidenced by the elastic modulus
and Knoop hardness values that were unaffected by
the delayed curing.

The decrease in post-gel shrinkage due to delayed
photo-activation resulted in shrinkage stress reduc-
tions of 15%-34% with the 3-minute delays and 22%-
42% with the 5-minute delays, depending on the
resin cement type. Conventional resin cements
(AllCem and RelyX ARC) showed higher reduction
than self-etching resin cements (GCem, MonoCem,
seT, and RelyX Unicem), probably because the

Operative Dentistry

monomer composition of these cements is more
reactive immediately after mixing. It has been
suggested that photo-activation immediately after
resin cement mixing may negatively affect the self-
curing mechanism, because rapid formation of a
cross-linked polymer on light exposure leads to
entrapment of the activators and initiators needed
for the self-cure reaction.?’” In our study, delayed
photo-activation did not negatively affect the me-
chanical properties (Knoop hardness and elastic
modulus), which is consistent with previous re-
ports.%’29

Failure of indirect restorations is often attributed
to marginal fracture, marginal deterioration, dis-
coloration, and secondary caries.>* Cement close to
the restoration margin has been shown to have high
stress concentrations,’ and this coincides with the
area where bond and ceramic failure initiates. We
also found residual shrinkage stress concentrations
at the enamel and ceramic/resin cement interface
close to the margin. Functional stresses in these
areas can be elevated by these residual stresses
concentrations, raising the overall stress levels at
the occlusal margins and potentially causing bond
failure, gap formation, or initiating cracks in the
ceramic restoration. Gaps retain debris and pig-
ments, resulting in marginal discoloration. Margin-
al discoloration is a frequent reason for replacement
of indirect ceramic restorations because it can be
misinterpreted as secondary caries. The cavosur-
face angle is also the thinner and thus weaker part
of ceramic inlay and onlay restorations. Stress
concentrations at this thin ceramic margin have
been associated with formation of microcracks in
ceramic restorations.?%3! This study found residual
shrinkage stress concentrations in the margins of
the ceramic restoration, which may add an addi-
tional challenge to this vulnerable area. Avoiding or
reducing shrinkage stresses at the margins could
therefore increase the longevity of ceramic restora-
tions. This study suggests that if clinicians delay
photo-activation for 3-5 minutes after mixing the
resin cements, the reduction in post-gel shrinkage
will decrease shrinkage stresses and consequently
lower the risk of marginal failure of indirect
ceramic restorations. The 5-minute delay reduced
post-gel shrinkage significantly more than the 3-
minute delay and further reduced the residual
shrinkage stress. It should also be emphasized that
the delayed photo-activation did not decrease the
mechanical properties of the resin cement as
evidenced by the elastic modulus and hardness
values shown in Tables 3 and 4.
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The main reason for using dual cure resin cement is
that light cannot reach the floor of the cavity;
therefore, the cure of the cement at the pulp floor
depends on its auto cure component. Any accompa-
nying shrinkage stress may cause postoperative
sensitivity. Postoperative sensitivity is a frequent
cause of indirect restoration failures.?” Confined
polymerization shrinkage in tight interfacial spaces
may cause fluid movement within the dentinal
tubules and cause postoperative sensitivity.>®> Dentin
deformation caused by shrinkage stress of the resin
cements may also stimulate nerves directly or may
exert mechanically induced dentinal fluid flow that
triggers nerve activity.>* We found high stress
concentrations at the pulpal floor for all resin
cements. This may explain the relatively high
percentage of postoperative sensitivity (13.3%) ob-
served with dual cure conventional resin ce-
ment.?'Although postoperative sensitivity tends to
reduce with time, it is an undesirable incident.3%36
Our study shows that delaying photo-activation may
reduce shrinkage stresses at the pulpal floor and thus
can reduce the incidence of postoperative sensitivity.

In this study, the inlay was simulated in a
premolar only for simplification of the model because
the findings can be extrapolated to clinically more
common onlays and crowns. The results of in vitro
studies should be carefully interpreted before being
extrapolated to a clinical context. However, the
general behavior of resin cements that are subjected
to delayed photo-activation is consistent with previ-
ously reported observations and should also happen
under clinical conditions. Considering no negative
effect on the mechanical properties was found, this
study suggests a potential strategy for clinicians to
cement indirect ceramic restorations with delayed
photo-activation. The current analysis indicates that
the best results were found when photo-activation
was delayed for 5 minutes after mixing the resin
cements, which is clinically feasible considering the
time used for seating the indirect restoration.

CONCLUSION

Within the limitations of this study, the following
conclusions were drawn: 1) Knoop hardness and
elastic modulus values varied among the different
resin cements; 2) post-gel shrinkage decreased signif-
icantly with increasing the photo-activation delay; 3)
delayed photo-activation had no effect on elastic
modulus and Knoop hardness of all resin cements; 4)
resin cements with high post-gel shrinkage and elastic
modulus values caused higher shrinkage stresses; 5)
the residual stress is higher on the pulp floor than on

margins of the ceramic inlay; and 6) residual stresses
on all regions analyzed decreased with 3 and 5
minutes of delayed photo-activation for all resin
cements compared with immediate activation.
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