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Statement of problem. In dentistry, the minimally prepared inlay resin-bonded fixed partial
denture (FPD) made of new ceromer / fiber-reinforced composite (FRC) was recently intro-
duced. However, the appropriate dimensions for the long-term success and subsequent fail-
ure strength are still unknown.
Purpose. The aim of this study was to investigate the most fracture-resistible thickness com-
- bination of the ceromer / FRC using a universal testing machine and an AE analyzer.
Material and Methods. A metal jig considering the dimensions of premolars and molars was
milled and 56-epoxy resin dies, which had a similar elastic modulus to that of dentin, were dupli-
cated. According to manufacturer’ s instructions, the FRC beams with various thicknesses (2
to 4 mm) were constructed and veneered with the 1 or 2 mm-thick ceromers. The fabricated
FPDs were luted with resin cement on the resin dies and stored at room temperature for 72 hours.
AE (acoustic emission) sensors were attached to both ends, the specimens were subjected to
a compressive load until fracture at a crosshead speed of 0.5 mm/min. The AE and failure loads
were recorded and analyzed statistically.
Results. The results showed that the failure strength of the ceromer / FRC inlay FPDs was affect-
ed by the total thickness of the connectors rather than the ceromer to FRC ratio or the depth
of the pulpal wall. Fracture was initiated from the interface and propagated into the ceromer
layer regardless of the change in the ceromer / FRC ratio.
Conclusion. Within the limitations of this study, the failure loads showed significant differ-
ences only in the case of different connector thicknesses, and no significant differences were
found between the same connector thickness groups. The application of AE analysis method
in a fiber-reinforced inlay FPD can be used to evaluate the fracture behavior and to analyze the
precise fracture point.
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I nlay fixed partial denture (FPD) is useful for
restoring single posterior missing teeth, espe-
cially for the abutment an existing old restoration,
with a reduced invasiveness and better esthetics.
However, the initial cast metal framework in-
lay FPD showed a loss of adhesion at the metal ce-
ment interface derived from the different elastic
modulus between the abutment and the metal.!
More esthetic all ceramic materials have been
tried to posterior inlay FPD experimentally,*
but these materials have own brittleness and are
subject to failure.

The ceromer / fiber-reinforced composite (FRC)
is an adequate material for restoring an inlay
FPD with the characteristics of a metal-free
translucency, good handling characteristics and
a high flexure strength.* Behr et al.* demonstrat-
ed the possibilities applying a ceromer / FRC to
restore the posterior region using in-vitro exper-
iment in which an inlay FPD made of a ceromer
/ FRC showed a failure strength of approxi-
mately 700 N. Some clinical reports stated that a
ceromer / FRC could be a good alternative to con-
ventional restorations.®® In contrast, after a mean
2.5-year follow-up, the authors concluded that a
fiber-reinforced inlay FPD should be only used as
a provisional restorations as a result of 72 %
cumulative survival rate after 36 months.” This
reflects that a fiber-reinforced inlay FPD has
many factors tat need to be improved.

Among the various factors related to the failure
of a fiber-reinforced inlay FPD, the effect of the fiber
position,'™ the fiber composition,*** the length of
the missing span,” the cementation method of the
retainers,” the type of cement” and the design mod-
ification of the pontic FRC framework element®
have already been reported. In addition, combi-
nations of ceramics and dental composite were
used experimentally for a FPD.”

Behr et al.®° compared the two-preparation
design forms, of the proximal box (box-shaped vs.
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tub-shaped design) and concluded that there
was no significant difference in the fracture
strength between the two designs. Gohring et
al.” tested the difference in the cavity bevel
design on the marginal quality and Magneé et
al® stated that an extension of the preparation for
the inlay retainer did not result in an improved
stress distribution with a FEM study. Moreover,
many researchers reported their own design for
fiber-reinforced inlay FPDs. However, from a
point of cavity design, their clinical results have
not been reported and little information is avail-
able on the adequate tooth preparation design relat-
ed to the connector dimension of the FPD on
which the stress is concentrated.

On the other hand, it was reported that the
position and thickness of high modulus sub-
strates play a critical role in the fracture strength
of the ceramic restorations.”* However, the
effect of the core to veneer thickness ratio of the
ceromer / FRC on the fracture strength has not
been reported.

The aim of this study was to investigate the most
fracture resistible thickness combination of
ceromer / FRC among the designs by varying the
cavity dimensions. Because ceromer / FRC has the
characteristics of a greenstick fracture without the
catastrophic failure shown in ceramic materials,
acoustic emission (AE) analysis was used to
investigate the internal crack propagation simul-
taneously during the test.*¥

MATERIAL AND METHODS

A metal jig, considering the anatomic dimension
of the premolars and molars, with a posterior miss-
ing span of 11 mm, an isthmus width of 3 mm and
a mesiodistal length with either a 4 mm or 6
mm cavity for each retainer was milled (Fig. 1).
Two types of metal jigs with 4 mm-deep pul-
pal walls were fabricated by varying the axial wall
height 1 mm or 2 mm. As a result, the thickness



of the retainers in the occlusal cavity ranged
from 2 to 4 mm and the thickness of the connec-
tors in the proximal cavity ranged from 3 to 5 mm
with various thickness combinations of ceromer
/ FRC.

With a silicone impression material, 56
polyurethane dies (Modralit-3K, Dreve-GmbH,
Unna, Germany) were duplicated from the two
types of jigs. The specimens were fabricated
with Targis / Vectris system (Ivoclar-Vivadent,
Shaan, Liechtenstein). According to the manu-
facturer’ s instructions, Vectris (FRC) beams with
various connector thicknesses (2 mm (Group 1, 2),

3 mm (group 3-6), 4 mm (group 7)) were con-

"

Targis (c)
Vectis (b)

Fig. 1. Dimensions of the inlay FPD and the metal jig.

Fig. 2. A luted specimens on the die.

structed on these dies. The thickness was adjust-
ed with a carborundum papers from # 800 to #
1000 serially within a 0.1 mm error range with a
micrometer (Isomaster, Tesa, Renens, Swiss).
After sandblasting, followed by applying a wet-
ting agent, the Vectris beams were veneered
with a 1 mm- or 2 mm-thick Targis (ceromer) and
were finally cured. The specimens were ground
as mentioned earlier.

The fabricated specimens consisted of 7 groups
with different ceromer / FRC ratios and different
thicknesses of the connectors and isthmus (Table

1 ). The specimens were luted with a Variolink II
(Ivoclar-Vivadent, Shaan, Liechtenstein) resin
cement on the resin dies and stored at room
temperature for 72 hours (Fig. 2).

AE sensors were attached to both sides of the
specimens using vacuum grease and subjected to
a compressive load until failure at a crosshead
speed of 0.5 mm / min. using a 5 mm-diameter
steel rod in a universal testing machine. The fail-
ure load was recorded with a load-time curve.
Simultaneously, the AE signals were detected
using a miniature sensor (broadband type mod-
el, §9220 by PAC) with a peak sensitivity of -
77.5 refs V/mbar and a resonant frequency of 925
kHz. The sensor output was amplified by 60 dB

Table I. Thicknesses of components of each
group, indicated in Fig. 1

VECTRIS thickness T.A RGIS
’ thickness,
GROUP a+b (mm) ¢ (mm)

a b c
1(111) 1 1 1
2(112) 1 1 2
3 (121) 1 2 1
4(122) 1 2 2
5(211) 2 1 1
6 (212) 2 1 2
7 (221) 2 2 1




at a preamplifier, which passed through a band-
pass filter with a range of 100-1000 kHz. The
threshold level was set to 26 dB. The signal was
then fed into an AE signal process unit (MIS-
TRAS 2001), where the AE parameters were ana-
lyzed using in-built software. Typical AE para-
meters such as the hit rate and the peak amplitude
were investigated to determine the elapsing time.

Failure load 1 (crack initiation point) was con-
sidered to be the peak point at which the load
decreased and the high amplitude-, AE hit num-
ber increased. Failure load 2 (debonding of the
interface or FRC fracture initiation point) was
considered to be the peak point at which the 10 %
load values reduced or the AE hit number
increased abruptly despite there being no 10 % loss
of load.

Subsequently, the lateral side of the specimens
was examined by scanning electron microscopy
(SEM) (LEO420, LEO LTD, Cambridge, UK) to
investigate the surface crack characteristics at
the failure site.

Failure load 1, 2 and the time to failure were ana-
lyzed statistically with ANOVA at the 95% con-
fidence level and post-hoc analysis was per-
formed using a Duncan multiple range test. In

Table II. Duncan’ s multiple range test of Lo-
ad 1 (@ =.05)

order to investigate the structural reliability of each
group, Weibull modulus (m) and characteristic

strength were also compared.
RESULTS

The AE records or load-time curves for each spec-
imen of group 4, 6, 7 were lost and were not
included in the analysis.

The failure loads showed significant differ-
ences only in the case of different connector
thicknesses (Table 1, I, P < .05) and no sig-
nificant differences were found between the
same connector thickness groups at both failure
load 1 and failure load 2 (P > .05). When the
connector thickness was the same, there were
no significant differences between group 3 with
deep pulpal wall and 5 with shallow pulpal
wall, and also between group 4 and 6 (P> .05). In
addition, when the total connector thickness was
the same, there were no significant differences
between group 2 and groups 3 and 5, and between
group 7 and groups 4 and 6, although they have
different ceromer / FRC ratios (P > .05).

A similar phenomenon was also observed in the
characteristic strength values. If the groups have

Table III. Duncan s multiple range test of Load 2
(@ =.05)

GROUP N GROUPING (N) GROUP N GROUPFING (N)
1 2 3 1 2 3

1(111) 8 21596 1(111) 8 28346

2(112) 8 329.26 2(112) 8 399.98

3(121) 8 375.53 5(211) 8 414.43

5(211) 8 379.45 3 (121) 8 417.24

7(221) 7 471.39 4(122) 7 532.43
4 (122) 7 47741 7 (221) 7 535.35
6 (212) 7 488.37 6(212) 7 541.89
p value 1.000 0.239 0.703 p value 1.000 0.572 0.802
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the same connector thickness, the characteristic
strengths were very similar each other (Table
IV). However, time to failure of each group
showed different patterns, until failure load 1.
Groups 1 and 2 took 52.88+9.01 seconds and
52.7544.20 seconds, respectively, and these
groups were significantly different from group 7,
which took 69.43+15.67 seconds (P< .05). The 5
mm-thick connector groups (group 4, 6, 7) showed
very high Weibull modulus (m} values (Table IV,
Fig. 3, 4).

The AE signals appeared just after loading,
and particularly in the group 1 and 2, an abundant

increase in the initial AE hit numbers and a
decrease in the load, were recorded (Fig. 5). The
AE hit numbers correlated well with the load-time
curve and the load decrease point was the releas-
ing time of the high amplitude AE. In the later
stages of the load-time curve, the high ampli-
tude AE hit numbers representing the fracture of
the FRC Vectris substrate were recorded. The
AE hit numbers detected at the short retainer
(4 mm) were similar to those of the long retainer
(6 mm).

In the SEM,, a crack was initiated at the interface
of the Targis / Vectris and propagated to the

Table IV. Weibull modulus m and characteristic strength go (N)

Load 1 Load 2

GROUP Weibull Characteristic Weibull Characteristic s

modulus m strength a0 (N) modulus m trength oo (N)
1(111) 997 227.03 5.04 308.60
2 (112) 3.47 366.12 4.84 436.43
3(121) 6.94 401.63 8.07 442 .88
4 (122) 9.91 502.02 14.82 551.58
5(211) 4.95 413.53 5.54 448.71
6 (212) 11.00 511.34 4211 549.11
7 (221) 7.38 502.57 16.15 553.14

Probabilty of failure, Pf (%)

1000
Strength (N}

Fig. 3. Weibull plots of failure strength at failure load 1.
Steeper slope indicated more uniform strength.
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Probability of failure, Pf {%)

1000
Strength (N}

Fig. 4. Weibull plots of failure strength at failure load 2.
Steeper slope indicated more uniform strength.
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Fig. 5. Load-time curve and number of AE counts of group 2 (A), and group 4 (C). AE amplitude of group
2 (B), and group 4(D).
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Fig. 6. SEM views of Targis / Vectris interfaces.
A, Crack initiation at the interface and propagation to the Targis layer. B, Debonding of the Targis from
the Vectris layer. C, Delamination of the Vectris layer. D, Crack propagation within the Vectris layer.
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Targis layer (Fig. 6). In addition, the crack
advanced along the interface and evoked the
debonding of Targis from the Vectris layer. The
cracks parallel to the fiber direction within the
Vectris layer was also observed. Fiber fracture of
FRC was demonstrated at the interface.

DISCUSSION

The failure strength of the inlay FPDs made of
ceromer /FRC was recorded in order to investi-
gate the most resistant dimension of inlay FPD with
various thicknesses combinations. As a result, the
depth of the proximal box i.e. the total thick-
ness of the connectors at the gingival wall cor-
related with the fracture resistance regardless
of both the ceromer / FRC ratio and the depth of
the pulpal wall.

With ceramics, the connector dimensions
allowed for premolars are 4 X 5 mm and need to
be at least 4 X 4 mm.?** In contrast, little is known
regarding the effect of ceromer / FRC FPD con-
nector dimensions. Behr et al® reported 700 N fail-
ure strength of fiber-reinforced inlay FPDs with
an isthmus width of 3 mm and a proximal depth
of 4 mm, and Rosentritt et al.* also reported fail-
ure strength of 830-940 N using 4 X4 mm con-
nectors. Gohring et al.”” reported 5 X 4 mm cavi-
ty dimension in molars.

However, in most studies, the cavity design
appears insufficient. The widths of the isthmus
were 1.5-2.0 mm in the premolars and 2.5-3.0
mm in the molars®** and the depths of the
occlusal cavity were 1.5 mm,* 2-2.5 mm,’ and
2.5-3.0 mm** In case of the proximal box prepa-
ration, the optimal dimension® or a not fully
extended preparation* has been recommended.
However, in this study, the failure strength of the
fiber-reinforced inlay FPDs were affected by the
total thickness of connectors rather than by the
ceromer / FRC ratio or the occlusal retainer
thickness. Therefore, as seen in the ceramic mate-
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rial, it is important to prepare the adequate depth
of the proximal box.

Wakabayashi et al.? stated that the failure loads
increased significantly as the core / veneer ratio
was increased and concluded that the core /
veneer thickness ratio appeared to be the domi-
nant factor that controls the failure initiation site
in the bilayer ceramic restorations. This is in
contrast to this study where variations of the
ceromer / FRC ratio had no significant effect
on the failure loads and the crack initiation site.

In the FEM simulation study, Magne et al.*
reported that tensile forces in the interfaces of the
inlay FPD were high at the gingivoaxial walls of
the interproximal box, but the gingivoaxial wall
height variation did not have any effect in this
study. Although a shallow occlusal cavity makes
a thin occlusal retainer and a high gingivoaxial wall,
the failure loads were not significantly differ-
ent.

Magne et al.* also reported that an extension of
the preparation did not result in an improved stress
distribution. This was similar to that reported by
Loose et al* who indicated negative effects on the
join areas furthest away from the center of the fiber-
reinforced inlay FPD. This could be explained by
the high flexibility of the ceromer / FRC, but a too
short retainer could be the cause of a weak bond-
ing strength. In this study, a short and long
retainer showed a similar failure pattern and a sim-
ilar AE hit number. However, more research on
the effect of length of the retainer will be needed.

The Weibull modulus (m) and the characteris-
tic strength are statistical parameters represent-
ing the structural reliability.® A high Weibull
modulus value indicates a smaller error range for
a clinical study. The characteristic strength rep-
resents the 63.21 % of the strength distribution cor-
responding to a mean value for a material. In this
study, group 4, 6, 7, which had 5 mm-thick con-
nectors, showed m values in the range of 14-42 at

failure load 2 over the general range of ceramic



materials. This means that a fiber-reinforced
inlay FPD with 5 mm-thick connectors is a clin-
ically reliable restoration with a high success
rate. In contrast, group 2 (112) had very low
Weibull modulus values. This means there is a larg-
er strength distribution in the group 2 speci-
mens. Moreover, a shorter time until failure load
1 of group 1 and 2 means that the 2 mm-thick FRC
groups (group 1, 2) made rapid crack propagation
when compared to 4 mm-thick FRC group.’
These were also accordance with the pattern of the
load-time curve and the AE hit numbers. Therefore,
clinicians should be cautious when using con-
nectors including those with a FRC thickness 2 mm
or less, although this study suggests that the
total thickness of the connectors is a dominant fac-
tor.

The actual failure point in the ceromer / FRC
restorations might be controversial. In previous
studies, the failure of a ceromer / FRC restoration
was set to a 10 % loss of the maximum load or a
point where there is a sharp decrease in the max-
imum load, and bending at failure loads were
either 0.9-1.2 mm or 2 mm.® Although this amount
of bending reflects the ceromer / FRC ﬂeXibility,
it is difficult to reproduce this in the mouth with-
out debonding the retainers. Moreover,ras shown
in figure 6, fracture of a ceromer / FRC restora-
tion was not a catastrophic fracture but a green-
stick fracture. Therefore, a comparison of the
failure load at the maximum peak stress point is
an incorrect method for estimating the failure of
a ceromer / FRC material. In this study, the fail-
ure load was set to a point where a decrease in the
load coincides with an increase in the high ampli-
tude AE hit numbers.

The AE is the elastic wave that is spontaneously
released by plastic deformation, crack growth
or debonding and fracture of the fillers or fibers
in a ceromer / FRC material. This study showed
that the low amplitude AE events representing the
separation of the filler particles from the matrix*
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were released immediately after loading, and
the high amplitude AE events representing the
crack initiation were also released: earlier than at
the maximum peak stress. In addition, even at the
failure load 2 peak stress, which is believed to be
a starting :poeint for interfacial crack propagation
or FRC fracture, there were no 10 % loss of load
in many cases. A sharp decrease in the load was
shown even after the FPD was bent. by 1 mm.
However, with an evaluation of the AE hit num-
bers, this point was later than the debonding
point of the ceromer from the FRC, which is
believed to be a ‘real’ failure. In this study, the
application of AE analysis methods can be used
to evaluate the fracture behavior and analyze
the precise fracture point. Therefore, predicting
the failure of a fiber-reinforced inlay FPD should
be supplemented with an AE analysis to detect the
microfracture and initial internal crack propagation.

SEM showed that the fracture was initiated
from the interface and propagated into the Targis
layer regardless of the change in the Targis /
Vectris ratio. The debonding of the Targis from the
Vectris and debonding within the Vectris lay-
ers followed this fracture. This is accordance
with the reports showing that the success of a sys-
tem depends on the cohesiveness between the
fibers and the surrounding resin matrix.*®

In the molar areas, the maximum bite force
was known as 390-800 N.¥ This study showed that
the failure loads were lower than those of previous
studies and thes¢ values are insufficient to restore
posterior-missing tooth. This is because the
Vectris of-an inlay FPD was not covered with
Targis as it:is in clinical situations. Therefore,
these results cannot be directly extrapolated to the
clinical failure load. Another explanation is to apply
a strict failure point using AE analysis. Although
resin dies with a similar elastic modulus of the
dentin were used in this study, bonding to these
dies could have the differences of fracture strength,
bond strength and debonding pattern when com-



pared to bonding to natural teeth.

Another limitation of this study was that the fail-
ure strength was recorded under the static load
without a fatigue phenomenon induced by a
dynamic load and a wet environment. Despite the
many advantages of ceromer / FRC materials,
there needs to be some caution when considering
of fiber-reinforced inlay FPDs for clinical appli-
cations. Further research into the cavity design and
dimension will be needed in order to reduce the
relatively high failure in a fiber-reinforced inlay
FPD.

CONCLUSION

Within the limitations of this study, the failure
loads showed significant differences only in the
case of different connector thicknesses, and no sig-
nificant differences were found between the
same connector thickness groups. When the con-
nector thickness was the same, there were no
significant differences between the groups with
different occlusal pulpal wall depths and between
the groups with different ceromer / FRC ratios.
Fiber-reinforced inlay FPD with 5 mm-thick con-
nectors showed higher Weibull modulus (m)
values, which could be used as a clinically reliable
restoration with a high success rate. Due to their
rapid crack propagations, some caution should be
taken when using connectors including FRC
with a thickness 2 mm or less for restoring posterior
inlay FPDs, even though they have a sufficient
thickness. SEM showed that fracture initiated
from the interface and propagated into the Targis
layer regardless of the change in the Targis /
Vectris ratio. The application of an AE analysis
method for the fiber-reinforced inlay FPDs helped
to evaluate the fracture behavior and to analyze

the precise fracture point.
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Fig 1. Representatives general meeting at Jamsil Lotte Fig 2. Officers and directors of KAP with invited speakers
Hotel. ' after scientific meeting,

Fig 3. Welcome reception for invited speakers, KAP offi- Fig 4. Oral Presentation
cers and directors by the President Dae-Gyun Choi.

Fig 5. Poster presentation Fig 6. Invited speaker (Dr. Yoshinobu Maeda)
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Fig 9. Exhibition hall
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Fig 10. New president of the Korean Academy of Prost-

hodontics (2003.12-2005.11)




