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a b s t r a c t

Objective. The aim of this study was to compare and elucidate the differences in damage

mechanisms and response of fiber-reinforced dental resin composites based on three differ-

ent brands under flexural loading. The types of reinforcement consisted of a unidirectional

E-glass prepreg (Splint-It from Jeneric/Petron Inc.), an ultrahigh molecular weight polyethy-

lene fiber based biaxial braid (Connect, Kerr) and an ultrahigh molecular weight polyethylene

fiber based leno-weave (Ribbond).

Methods. Three different commercially available fiber reinforcing systems were used to

fabricate rectangular bars, with the fiber reinforcement close to the tensile face, which

were tested in flexure with an emphasis on studying damage mechanisms and response.

Eight specimens (n = 8) of each type were tested. Overall energy capacity as well as flexural

strength and modulus were determined and results compared in light of the different

abilities of the architectures used.

Results. Under flexural loading unreinforced and unidirectional prepreg reinforced dental

composites failed in a brittle fashion, whereas the braid and leno-weave reinforced mate-

rials underwent significant deformation without rupture. The braid reinforced specimens

showed the highest peak load. The addition of the unidirectional to the matrix resulted in

an average strain of 0.06 mm/mm which is 50% greater than the capacity of the unreinforced

matrix, whereas the addition of the braid and leno-weave resulted in increases of 119 and

126%, respectively, emphasizing the higher capacity of both the UHM polyethylene fibers

and the architectures to hold together without rupture under flexural loading. The addition

of the fiber reinforcement substantially increases the level of strain energy in the specimens

with the maximum being attained in the braid reinforced specimens with a 433% increase

in energy absorption capability above the unreinforced case. The minimum scatter and

highest consistency in response is seen in the leno-weave reinforced specimens due to the

details of the architecture which restrict fabric shearing and movement during placement.

Significance. It is crucial that the appropriate selection of fiber architectures be made not just

from a perspective of highest strength, but overall damage tolerance and energy absorption.

Differences in weaves and architectures can result in substantially different performance
U
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and appropriate selection can mitigate premature and catastrophic failure. The study pro-

vides details of materials level response characteristics which are useful in selection of the

fiber reinforcement based on specifics of application.

© 2006 Published by Elsevier Ltd on behalf of Academy of Dental Materials. All rights reserved.
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1. Introduction

A range of fillers in particulate form have conventionally
been used to improve performance characteristics, such as
strength, toughness and wear resistance, Although the addi-
tion of fillers and recent changes in composition of resin
composites have been noted to provide enhanced wear resis-
tance [1,2], conventional filler based systems are still brittle as
compared to metals. Sakaguchi et al. [3] reported that these
were prone to early fracture with crack propagation rates in
excess of those seen in porcelain. This is of concern since
clinical observations have demonstrated that under forces
generated during mastication the inner faces of restorations
can be subject to high tensile stresses which cause prema-
ture fracture initiation and failure [4]. In recent years, fiber
reinforcements in the form of ribbons have been introduced
to address these deficiencies [5]. By etching and bonding to
tooth structure with composite resins embedded with woven
fibers adapted to the contours of teeth periodontal splints,
endodontic posts, anterior and posterior fixed partial den-
tures, orthodontic retainers and reinforcement of single tooth
restorations can be accomplished. While the science of fiber-
reinforced polymer composites is well established, the appli-
cation of these materials in dental applications is still new
and aspects related to material characterization, cure kinet-
ics and even placement of reinforcement are still not widely
understood.

Due to the nature of filled polymer and ceramic systems
that have been used conventionally, most material level tests
designed and used extensively, for the characterization of
dental materials, emphasize the brittle nature of materials
response. In many cases the tests and the interpretation of
results, are not suited to the class of fiber-reinforced poly-
meric composites, wherein aspects, such as fiber orientation,
placement of fabric and even scale effects are extremely
important. The difference in characteristics and the need to
develop a fundamental understanding of response of continu-
ous fiber and fabric, reinforced dental composites has recently
been emphasized both through laboratory and clinical stud-
ies. Recent studies have addressed critical aspects, such as
effects of fabric layer thickness ratios and configurations [6],
fiber position and orientation [7] and even test specimen size
[8]. However, the selection and use of continuous reinforce-
ment is largely on an ad hoc basis, with diverse claims being
made by manufacturers, without a thorough understanding
of the materials based performance demands for the mate-
rial by the specifics of an application (for example, the fabric
architecture required for optimized performance of a post are
very different from those for a bridge) or details of response
characteristics at levels beyond those of mere “strength” and
“modulus”. Further, each fabric is known to respond in dif-
ferent manner to manipulation and drape (i.e. conformance)
to changes in substrate configuration [9]. The architecture of
the fabrics permits movement of fibers or constraint thereof
and even shearing of the structure, to different extents. Weave
U

Please cite this article in press as: Karbhari VM, Strassler H, Effect of fiber a
dental composites, Dental Mater (2006), doi:10.1016/j.dental.2006.08.003

patterns have also been noted to be important in the selec-
tion of composite materials for dental applications based on
the specifics of application [10]. Thus, clinically, when each
of the different fabric configurations is used to reinforce den-
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tal composites, there are manipulation changes that occur to
some of the fabric materials. For the biaxially braided material,
the fiber orientation can change after cutting and embed-
ment in the composite when adapting to tooth contours. The
fibers in the ribbon spread out and separate from each other
and become more oriented in a direction transverse to the
longitudinal axis of the ribbon. When the leno-weave is cut
and embedded in dental composites, the fiber yarns maintain
their orientation and do not separate from each other when
closely adapted to the contours of teeth. However, due to the
orthogonal structure gaps can appear within the architecture
providing local areas unreinforced with fiber reinforcement.
The unidirectional glass fiber material does not closely adapt
to the contours of teeth due to the rigidity of the fibers. It is
difficult to manipulate the fibrous material which leaves the
final composite material thicker; further manipulation causes
glass fiber separation with some visible fractures of the fibers
themselves.

The aim of this study is to experimentally assess the flex-
ural response of three commercial fiber/fabric reinforcement
systems available for dental use and to compare performance
based on different characteristics and to elucidate differences
based on details of fabric architecture and fiber type.

2. Materials and methods

Three different fabric-reinforcing products, all in ribbon form,
were used in this investigation. The first is a 3 mm wide
unidirectional E-glass prepreg structure with no transverse
reinforcement (Splint-It, Jeneric/Petron Inc.1) designated as
set A, whereas the other two are formed of ultra-high molec-
ular weight polyethylene fibers in the form of a 4 mm wide
biaxial braid (Connect, Kerr), designated as set B and a 3 mm
wide Leno-weave (Ribbond, WA), designated as set C. The first
is a pure unidirectional which intrinsically gives the highest
efficiency of reinforcement in the longitudinal direction with
resin dominated response in the transverse direction. The sec-
ond is a biaxial braid without axial fibers, which provides very
good conformability and structure through the two sets of
yarns forming a symmetrical array with the yarns oriented
at a fixed angle from the braid axis. The third architecture has
warp yarns crossed pair wise in a figure of eight pattern as fill-
ing yarns providing an open weave effect for controlled yarn
slippage and good stability.

Multiple specimens of the fabrics were carefully measured
and weighed and the average basis weight of the biaxial braid
was determined to be 1.03 × 10−4 g/mm2 whereas that for the
leno-weave was 1.42 × 10−4 g/mm2. It was noted that the uni-
directional had an aerial weight of 2.2 times that of the other
two. Rectangular test bars of size 2 mm × 2 mm × 48 mm were
constructed from layered placement of a flowable composite
DENTAL 1013 1–9
rchitecture on flexural characteristics and fracture of fiber-reinforced

1 Commercial products are identified for purposes of specifica-
tion only, and do not imply endorsement, nor do they necessarily
imply that the products are the best available for the purpose.
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hen placed on the first layer of the flowable composite resin
uch that the fiber reinforcement was placed between 0.25
nd 0.5 mm from the bottom surface (which would be used as
he tensile surface in flexural testing). The addition of higher

odulus material at or near the tensile surface is known from
lementary mechanics of materials to increase flexural perfor-
ance and has been verified for dental composite materials

y Ellakwa et al. [11,12]. Care was taken to maintain align-
ent of the fibers and fabric structure and not cause wrinkling

r lateral movement which would affect overall performance
haracteristics. The fabric reinforced specimens had only a
ingle layer of reinforcement near the bottom surface with
he rest of the specimen having no fiber reinforcement. This
eneral configuration for flexural specimens has been used
reviously by Kanie et al. [13]. In the current investigation,
ber weight fraction in the single layer was between 37 and
2% but is significantly lower if determined on the basis of the
ull thickness of the overall specimen. Unreinforced bars of
he resin were also fabricated the same way for comparison
nd were designated as set D.

Eight specimens (n = 8) from each set were tested in three-
oint flexure using a span of 16 mm which provides a span to
epth (l/d) ratio of 16, which is recommended by ASTM D 790-
3 [14]. It is noted that flexural characteristics can be substan-
ially affected by choice of the l/d ratio which intrinsically sets
he balance between shear and bending moment, with shear
ominating on shorter spans. Load was introduced through a
ounded crosshead indenter placed in two positions—parallel
o the test specimen span (P1) and perpendicular to the test
pecimen span (P2). The load head indenter was of 4 mm total
ength. This was done to assess effects of load introduction
ince ribbon architecture had fibers at different orientations.
ests were conducted at a displacement rate of 1 mm/min and
minimum of eight tests were conducted for each set. Loading
as continued till either the specimen showed catastrophic

upture or the specimen attained a negative slope of load ver-
us displacement with the load drop continuing slowly past
eak to below 85% of the peak load. This level was chosen to
xceed the 0.05 mm/mm strain limitation of apparent failure
ecommended by ASTM D790-03 [14] so as to enable an assess-

ent of ductility of the specimens. Specimens were carefully
xamined for cracking, crazing and other damage.

The flexure strength was determined as

f = 3PL

2bd2
(1)

here P is the applied load (or peak load if rupture did not
ccur), L the span length between supports and b and d are
he width and thickness of the specimens, respectively.

While the tangent modulus of elasticity is often used to
etermine the modulus of specimens, by drawing a tangent to
he steepest initial straight-line portion of the load-deflection
urve to measure the slope, m, which is then used as

f = mL3
(2)
U
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4bd3

n the current case a majority of the specimens show sig-
ificant changes in slopes very early in the response curve

ndicating microcracking and non-linearity. Since these occur
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fairly early the modulus determined from the initial tangent
has significant statistical variation. In order to determine a
more consistent measure of modulus the secant modulus of
elasticity as defined in ASTM D790-03 [14] is used herein, with
the secant being drawn between the origin and the point of
maximum load to determine the slope m, which is then used
in Eq. (2). This also has the advantage of providing a charac-
teristic that incorporates the deformation capability, thereby
differentiating between specimens that reach a maximum
load at low deformation (such as, the unreinforced composite
and the unidirectional reinforced composite) and those that
show significant deformation prior to attainment of peak load
(such as, the specimens reinforced with the braid and leno-
weave).

The matrix material is generically more brittle than the
fiber and usually has a lower ultimate strain. Thus, as the spec-
imen bends the matrix is likely to develop a series of cracks
with the initiation and propagation of cracks depending not
just on the type and positioning of the reinforcement, but also
on the strain capacity of the neat resin areas. It is thus of use to
compute the strain in the composite under flexural load and
this can be determined as

εf = 6dD

L2
(3)

where D is the midspan displacement.
The toughness of a material can be related to both its

ductility and its ultimate strength. This is an important per-
formance characteristic and is often represented in terms of
strain energy, U, which represents the work done to cause
a deformation. This is essentially the area under the load-
deformation curve and can be calculated as

U =
∫ x1

0

P dx (4)

where P is the applied load and x is the deformation. In the case
of the present investigation, two levels of strain energy are cal-
culated to enable an assessment of the two response types. In
the first, strain energy is computed to the deformation level
corresponding to peak load (which is also the fracture load for
sets A and D). In the case of specimens that show significant
inelastic deformation (sets B and C) strain energy is also com-
puted till a point corresponding to a deformation of 11.5 mm
at which point the load shows a 15% drop from the peak. Post-
peak response in flexural has earlier been reported by Alander
et al. [8].

3. Results

The application of flexural loading was seen to result in two
different macroscopic forms of response. In the case of speci-
mens from sets A and D (reinforced with a unidirectional fabric
and unreinforced) failure was catastrophic, in brittle fashion,
at peak load, whereas in the case of specimens from sets B
DENTAL 1013 1–9
rchitecture on flexural characteristics and fracture of fiber-reinforced

and C the attainment of peak load was followed by a very slow 235

decrease in load with increasing displacement, representative 236

of inelastic or plastic, deformation. Typical response curves are 237

shown in Fig. 1 as an example. 238
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Fig. 1 – Typical flexural response.

The variation in flexural strength (plotted here in terms
of stress at peak load) with type of specimen and load intro-
duction method is shown in Fig. 2. The highest strength was
achieved by specimens with the braided fabric wherein on
average a 125% increase over the unreinforced specimens was
attained. Statistical analysis with ANOVA and Tukey’s post
hoc test revealed that method of load introduction did not
affect the results and that further there were no significant
differences in overall peak strength results between sets A
and B (specimens containing the unidirectional and braided
fabrics). Significant differences (p < 0.003) were noted between
sets B and C. It is, however, noted that in sets B and C, failure
did not occur at the peak load, with load slowly decreasing
with increase in midpoint deflection. A comparison of flexural
stresses for these systems at peak load and load correspond-
ing to a deflection of 11.5 mm is shown in Fig. 3. As can be
seen the two systems show significant inelastic deformation
with drops of only 12.8, 12.1, 11.7 and 9.5% from the peak,
emphasizing the stable, ductile and non-catastrophic, post-
peak response in these systems.

A comparison of secant modulus (measured to the peak
load) for the different sets is shown in Fig. 4. As can be seen,
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with the exception of the unidirectional system, the apparent
moduli were lower than that of the unreinforced specimens.
It is also noted that although the Tukey post hoc tests do
not show a significant difference due to orientation of load

Fig. 2 – Flexural strength at peak load.
 P
R

OFig. 3 – Comparison of flexural stresses in specimens
having non-catastrophic failure modes.

indenter, the level for the unidirectionals is only 0.1022 com-
pared to 1 for the others. Removal of a single outlier from P1
results in p < 0.007 indicating a strong effect of orientation of
the indenter with the secant modulus being 17.7% lower with
the indenter placed parallel to the fibers, which results in split-
ting between fibers and uneven fracture with less pullout.

As was noted previously, both the unreinforced samples
(set D) and the unidirectional prepreg reinforced specimens
(set A) failed in catastrophic fashion at deformation levels sig-
nificantly less than those at which the other two sets reached
the inelastic peak. Since sets B and C did not fracture but
showed large deformation with some partial depth cracking
through the matrix it is important to be able to compare the
levels of strain attained on the tension face using Eq. (3). This
comparison is shown in Fig. 5 at the level of peak load (which
is the fracture/failure load for sets A and D). While the addi-
tion of the unidirectional to the matrix resulted in an average
DENTAL 1013 1–9
rchitecture on flexural characteristics and fracture of fiber-reinforced

strain of 0.06 mm/mm which is 50% greater than the capac- 282

ity of the unreinforced matrix, the addition of the braid and 283

leno-weave resulted in increases of 119 and 126%, respectively, 284

emphasizing the higher capacity of both the UHMW polyethy- 285

Fig. 4 – Comparison of secant moduli under flexural
loading.

dx.doi.org/10.1016/j.dental.2006.08.003
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Fig. 5 – Comparison of strain capacity at peak load.

ene fibers and the architectures to hold together without
upture under flexural loading. It should be noted, as a ref-
rence, that the strain at the point at which the tests on sets
and C were stopped, at a midpoint deflection of 11.5 mm,
as 0.135 mm/mm, which represents a 233% increase over the

evel attained by the unreinforced matrix. The use of the Tukey
ost hoc test indicated insignificant difference between the
raid and leno-weave reinforced specimens (p between 0.9896
nd 0.9999 for the four combinations of comparison possible).

In any application where impact, abrasion or excessive
ovement is possible, an important characteristic of the
aterial is the level of energy absorbed prior to failure.

igs. 6 and 7 compare the strain energy at peak load (the
ailure point for sets A and D) and corresponding to a deflec-
ion of 11.5 mm (taken to be the predefined level for sets C
nd D which show inelastic deformation), respectively. As
een in Fig. 6 the addition of the fiber reinforcement substan-
ially increases the level of strain energy in the specimens
ith the maximum being attained in set B (braid reinforced)
nder load condition P2. In this configuration there is a 433%
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ncrease in energy absorption capability above the unrein-
orced case. Overall the braided specimens show the highest
evel of absorption, followed by the leno-weave reinforced
pecimens, with the unidirectional reinforced specimens hav-

ig. 6 – Comparison of energy absorption at peak load.
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345
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O
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Fat a deflection of 11.5 mm for specimens with
non-catastrophic failure modes.

ing the lowest increase which is still 203% (for configuration
P1) greater than the level attainable by the unreinforced spec-
imens. The use of the Tukey post hoc test indicates there
is insignificant difference between the characteristics of the
specimens reinforced by the braided and leno-weave UHMW
polyethylene fibers (p between 0.5337 and 0.7205 for the four
possible comparison pairs). It is of interest to note that the
strain energy increases substantially when considered up to
the 11.5 mm level of deflection. In this case, however, the Tukey
post hoc test indicates that while there is insignificant effect of
load configuration (sets P1 and P2) there is a significant differ-
ence between the braid and leno-weave reinforced specimens
(at the highest level p = 0.0046 for the comparison pair of B-P1
and R-P2 and at the lowest level of p = 0.023 for the comparison
pair of B-P2 and R-P1).

4. Discussion

Three different fabric configurations, each having very differ-
ent characteristics, were used to reinforce a polymeric dental
composite. Results were assessed through the use of a simple
flexural test which is conventionally used in characteriza-
tion of fiber-reinforced dental composites. Although the test
is well established it should be noted that the configuration
only assess one of the loading conditions seen clinically. Dur-
ing mastication, for example, the system (dental restoration
and substructure) see often sees a flexural stress among multi-
directional stresses which develop as a result of loading. While
simple to conduct, the test is significantly influenced by the
choice of support-span to depth ratio. The maximum mod-
ulus is known to be reached at a ratio of 50 [15] with the
use of ratios smaller than 60 resulting in interlaminar shear
stress development which reduces both strength and modulus
in well-laminated specimens. Karmarker showed for fiber-
glass reinforced dental composites that the flexural modulus
decreased when the span to depth ratio was less than 14 [16].
However, a number of tests reported in the literature have used
shorter ratios resulting in characterizations that are affected
by the configuration itself. Xu et al. [6] reported tests in flex-
DENTAL 1013 1–9
rchitecture on flexural characteristics and fracture of fiber-reinforced

ure on specimens of size of 2 mm × 2 mm × 10 mm span, which 346

essentially results in a short-beam-shear type configuration 347

which tests an interlaminar, rather than flexural, stress con- 348

figuration due to the high effect of shear along the span. Vallitu 349
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Fig. 8 – Optical micrograph showing fiber rupture and
pull-out in unidirectionally reinforced specimen.

in a study that raised concerns regarding fiber–matrix bond
used a span-to-depth ratio of 11.67 and noted that improve-
ment in flexural strength was only modest and that fracture
toughness was decreased based a study of SEM images [17]. It
should be noted that at smaller l/d ratios failure is initiated by
interlaminar fracture with non-unidirectional reinforcements
being affected significantly more than pure unidirectional lay-
ups and that results obtained using smaller l/d ratios can be
erroneous and misleading due to the introduction of shear and
interlaminar dominated stress states.

In a fiber-reinforced composite, it is known that the use of
a unidirectional reinforcement provides significant enhance-
ment of strength and stiffness in the fiber direction with very
minor changes from the matrix properties in the transverse
direction. This architecture has the maximum efficiency of
translation of fiber characteristics to composite performance.
As reported in the preceding section the flexural stiffness of
the resulting composites are the highest. The fibers carry the
load and since these are aligned along the test span failure
in bending is seen to take place through rupture of the fibers
towards the tensile surface. Prior to failure the strains in the
resin cause the formation of stress crazes and fiber–matrix
debonding. Fracture is catastrophic and is accompanied by
pull-out as seen in Fig. 8, with fiber surfaces beyond the frac-
ture plane being fairly clean of adhered matrix. The matrix
on the tensile surface is also seen to crack with delamination
at the fiber surface level. Crazing is primarily through longi-
tudinal microcracking which is unconstrained due to lack of
transverse reinforcement induced restraint. Due to the dom-
inance of stiffness in one direction the strain enhancement
over the unreinforced polymeric resin composite is the least
of the three architectures considered (about 50% compared
to a 119 and 126% enhancement due to the braid and leno-
weave architectures, respectively). This also results in the
strain energy being the least. While Ellakwa et al. reported
that the positioning of the fiber reinforcement affected both
U
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strength and strain energy [11], it is emphasized that the
effect is not just based on position of the reinforcing ribbon
vis-a-vis the thickness, but also on the details of the fabric
architecture, with woven and braided architectures having sig-
 P
R

O
O

F

 PRESS
x ( 2 0 0 6 ) xxx–xxx

nificantly higher strain energy capacity due to the interlocking
nature of the fabric which allows local points of intersection
and sliding.

Since the unidirectional has no fibers in the transverse
direction, there is a lack of constraint to transverse movement
which has been reported to cause significant distribution of
fibers during clinical placement, thereby decreasing fiber effi-
ciency since the orientation is not maintained. In addition
there is potential for splitting of the matrix between fibers
once the composite has cured under loads that are not per-
fectly perpendicular to the fiber direction. In this study loads
were introduced through indenters aligned both parallel and
perpendicular to the span. In general very few differences were
found in response based on alignment of the load-tup, indi-
cating that at the scale used the representative cell was larger
than the footprint of the load-tup. Resulting in an average
load being introduced irrespective of the orientation. The only
notable exception was in case of the secant modulus which
provides an indication of stiffness, wherein the secant mod-
ulus of the unidirectionally reinforced specimens with the
indenter placed parallel to the fibers was 17.7% lower than
that resulting from perpendicular placement, which can be
attributed to splitting between fibers and uneven fracture with
less pullout. In addition the load at the point of first non-
linearity in the response was 14.6% lower, although there was
insignificant difference in load at failure.

As noted earlier, the braid and leno-weave reinforced spec-
imens did not fail through rupture, which was also noted by
Davy et al. [18]. The specimens underwent large irreversible
deformation with substantial midpoint deflection and levels
of tensile strain (Fig. 5) that could be considered as being
beyond the level of “failure” recommended by ASTM D790 [14].
This combined with the high levels of strain energy absorbed
by the specimens (Figs. 6 and 7) indicates a higher level of
toughness associated with these architectures as compared
to the unreinforced matrix and the unidirectionally reinforced
specimens. This is attributable to the nature of the fabric
architectures wherein fiber bundles are woven across each
other in predetermined patterns, both allowing for slippage
and for entrapment of microcracks in local regions bounded
by these fibers. The intersecting nature of the fiber architec-
tures with areas of crimp and overlap serve as crack arrestors.
These characteristics are important since they provide a level
of damage tolerance which may be crucial in cases where
there is uncertainty regarding the orientation and extent of
imposed load, as well as where impact and abrasion resis-
tance are required. Unlike the failure surface seen in Fig. 8
associated with the unidirectional reinforcement, the mech-
anism of progressive damage in these architectures is one of
flexural cracking in the matrix on the tensile surface. These
cracks are spaced 2–4 mm apart and delineate the areas of
excessive strain and curvature under flexural load. In the case
of the leno-weave, since a percentage of the fibers are essen-
tially in the longitudinal direction the cracks are bridged by
these fibers, holding the faces together and preventing further
growth of the crack and arresting through-thickness cracking.
DENTAL 1013 1–9
rchitecture on flexural characteristics and fracture of fiber-reinforced

A close-up of a bridged area is shown in Fig. 9 and it can be 446

seen that the matrix in contact with the middle fiber bun- 447

dle on the right of the crack face is showing indications of 448

debonding and stress-crazing. The fibers are essentially act- 449
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Fig. 9 – Optical micrograph showing bridging of a flexural
crack by bundles in the leno-weave.

Fig. 10 – Rupture of transverse fiber at an intersection
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ransverse fibers in a local area. In the case of the braided
abric since the fiber bundles essentially overlap each other
t angles (Fig. 11) in a non-orthogonal structure the cracks are
f smaller width and are greater in number and at closer spac-

Table 1 – Characteristics related to scatter of flexural strength a

Material set Mean strength
(MPa)

Standard de
(MPa)

Unreinforced 109.69 16.02
Unidirectional (P2) 240.61 37.54
Braid (P2) 246.71 31.09
Leno-weave (P2) 183.30 15.21
Unidirectional (P1) 224.69 26.74
Braid (P1) 247.67 33.44
Leno-weave (P1) 191.84 14.58
 P
R

O
OFig. 11 – Architecture of braided specimen showing fiber

undulation and interlock.

ing. However, again these are held together as they approach
the reinforcement by the fibers which act as crack arrestors.
The ability to distribute the stresses through the interact-
ing fibers and bundles in the braided ribbon results in the
absorption of the highest level of strain energy, especially
after attainment of the peak load. This behavior is advanta-
geous in stress redistribution and in ensuring that externally
imposed stresses are distributed over the largest possible sub-
strate area, thereby decreasing the level of shear stress which
could otherwise cause debonding of the restoration from the
substrate.

While the values of performance characteristics are impor-
tant in the selection of a material system, the consideration
of scatter in data is of equal importance, since a material
with large statistical variation would not be as desirable as
one that has more consistent results. The scatter in data not
only depends on the dental composite matrix and cure condi-
tions, but also on the type of fiber reinforcement used. Fennis
et al. [19], for example, reported that woven fabric reinforce-
ments gave more consistent results than unidirectionals. The
characteristics of variation for the strength at peak load (ulti-
mate load for materials A and B) for materials considered in
the current investigation are listed in Table 1. The values of
DENTAL 1013 1–9
rchitecture on flexural characteristics and fracture of fiber-reinforced

the Weibull shape and scale parameters, ˛ and ˇ, are approx- 480

imated as 481

˛ ≈ 1.2
COV

(5) 482

t peak load

viation Weibull shape
parameters (˛)

Weibull scale
parameters (�)

8.22 116.33
7.69 255.99
9.52 259.87

14.46 190.04
10.08 236.10
8.89 261.69

15.79 198.34
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Table 2 – Strength characteristics

Material set Mean flexural
strength (MPa)

Strength at 10% probability
of failure (MPa)

Predicted mean tensile
strength (MPa)

Unreinforced 109.69 88.46 58.72
Unidirectional (P2) 240.61 191.06 125.32
Braid (P2) 246.71 205.18 139.93
Leno-weave (P2) 183.30 162.65 119.63
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Unidirectional (P1) 224.69
Braid (P1) 247.67
Leno-weave (P1) 191.84

and

ˇ = �

� (1 + 1/˛)
(6)

following Ref. [20] where COV is the coefficient of variation
(determined as the standard deviation divided by the mean),
� the mean value and � is the gamma function. A low value
of the Weibull shape parameter is generally associated with
broader flaw distributions and brittle materials. The lowest
values of coefficient of variation and correspondingly the high-
est values of the Weibull shape parameter, are shown by the
specimens reinforced with the leno-weave fiber ribbon. It is
noted that the highest coefficient of variation, 0.156, is seen
with the unidirectional reinforced material system, tested
with the load-tup in the parallel direction (set P1), which is
higher than that of the unreinforced material (COV = 0.146).
Thus, the leno-weave reinforced material has significantly
greater consistency and less scatter, in flexural strength. The
increase in consistency or reliability, can be traced to the
details of the architecture of the leno-weave which provides
a greater extent of resistance to shearing or deformation, of
the fabric during manipulation and adaptation prior to poly-
merization, without loss in conformability, than the other two
reinforcements. It is emphasized that in the fiber-reinforced
composites, especially those laminated by a manual process
as required in adapting them to the tooth substrate, individ-
ual fibers and fiber bundles can move significantly from their
intended locations resulting in fiber wrinkling and waviness,
as well as non-uniformity in fiber volume fraction across the
surface of the composite, all of which will result in scatter
in performance characteristics. The lower scatter indicates a
greater resistance to local variations during the lay-down and
polymerization process.

Design is often undertaking through the selection of a suit-
able probability of failure and a 10% probability was used
previously by Chong and Chai in comparing failure load of
veneered glass fiber-reinforced composites and glass infil-
trated alumina with and without zirconia reinforcement [21].
Use of the same level of probability of failure (B10) in con-
junction with the Weibull parameters listed in Table 1 provide
estimates of strengths as listed in Table 2.

Although the flexural strength and other characteristics of
flexural response are often used in the screening of dental
materials [22], the selection of a material should be based on
U
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performance characteristics required by the specifics of appli-
cation. These characteristics are in most cases different from
those related to flexure and could include tensile strength,
impact resistance and shear characteristics, each of which
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188.88 130.18
203.16 136.80
172.00 128.44

necessitates additional testing. However, it is possible to esti-
mate the tensile strength from flexural tests using Weibull
theory and assuming the same probability of failure in flex-
ure and tension. A relationship between the tensile stress, �t

and the flexural stress, �f, can be derived following Lavoie [23]
as

�t = �f

[
1

2(˛ + 1)2
Vb

Vt

]1/˛

(7)

where Vb and Vt are volumes in flexure and tension, respec-
tively, and ˛ is the Weibull modulus. The factor 1/2(m + 1)2

serves to transform the specimen volume in flexure, which
has an intrinsic stress gradient into an equivalent uniformly
stressed volume in tension. Considering equal volumes the
values of tensile strength for the materials considered in this
investigation are listed in Table 2. It should be noted that the
values are determined from the stresses at peak load, which
represents rupture for sets A and B only and that the differ-
ence in placement of the load-tup has no significance in a
longitudinal tensile tests. Thus, averaging across load cases
P1 and P2 would provide a better estimate of tensile strength
and this results in predicted values of 58.72, 127.75, 138.37
and 124.04 MPa, for the unreinforced, unidirectional prepreg
reinforced. Braid reinforced and leno-weave reinforced, den-
tal composites, respectively.

5. Summary

It is shown that the response of fiber-reinforced dental com-
posites should be assessed on the basis of a number of
response characteristics and that the details of fabric archi-
tecture can substantially affect overall response. It is shown
that the material system having the highest flexural stiffness
does not necessarily have the highest strength or the greatest
capacity for energy absorption. Scatter in strength is seen to
depend on the details of reinforcement architecture and the
tight nature of the leno-weave is shown to result in signif-
icantly lower scatter and higher Weibull modulus. A simple
statistical method is used to predict tensile strength based on
DENTAL 1013 1–9
rchitecture on flexural characteristics and fracture of fiber-reinforced

emphasized that selection of a system should be based on the 565

pre-definition of actual characteristics needed for an applica- 566

tion and that these characteristics can change based on the 567

specifics of the application.
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