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For resin based dental restorative composites, one of the major challenges is to
optimize the balance between mechanical and optical properties. Although fracture is
the second leading cause of dental restorative failures, very limited mechanistic
understanding exists on a microscopic level. In the present study, the fracture
properties and mechanisms of two commercial dental resin composites with different
microstructures are examined using double notched four point beam bending and pre-
cracked compact-tension, C(T), specimens. Four point bend flexural strength was also
measured using un-notched beam samples. The first material is a microhybrid
composite that combines a range of nano and micro scale filler particles to give an

average particle size of 0.6 um, while the second is a nanofill composite reinforced



entirely with nano particles and their agglomerates. The influences of 60 days water

hydration and a post-cure heat treatment were also examined.

Fracture resistance curve (R-curve) experiments have demonstrated the microhybrid
composite to be more fracture resistant than the nanofill composite in both as-
processed and hydrated conditions. Rising fracture resistance with crack extension was
observed in all specimens, independent of the environmental conditions. Compared to
the as-processed condition, a significant reduction in the peak toughness was observed
for the nanofill composite after 60 days of water aging. Hydration lowered flexural
strength of both composites which was attributed to hydrolytic matrix degradation
with additional interfacial debonding causing larger strength decrease in the nanofill.
Optical and SEM observations revealed an interparticle matrix crack path promoting
crack deflection as a toughening mechanism in all cases except the hydrated nanofill
which showed particle-matrix debonding. Crack bridging was another observed
extrinsic toughening mechanism that was believed to be responsible for the rising
fracture resistance curve (R-curve) behavior. Post-curing heat treatment changed the

R-curve shape which was attributed to matrix toughening.

Fatigue crack growth resistance was also measured after water aging for 60 days and
testing in wet conditions. The da/dN-AK curve showed sigmoidal behavior with three
different fatigue crack growth regions. The nanofill composite had a lower fatigue
threshold, AKi, by ~ 0.13 MPavm compared to the microhybrid composite, with an

observed plateau in the fatigue crack growth curve suggestive of environmental attack.



Toughening mechanisms of crack deflection and crack bridging were identified with
evidence of cluster-matrix debonding in the nanofill composite. In general, fatigue
crack growth ranged from ~10” to 10™ m/cycle over AK of 0.54 to 0.63 MPaVm for

the microhybrid composite and AK of 0.41 to 0.67 MPaVm for the nanofill composite.
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1 INTRODUCTION

“The structure and composition of teeth is perfectly adapted to the functional demands
of the mouth and are superior in comparison to any artificial material. So, first of all,

do no harm [1].”

Resin composites are increasingly used in dental restorations since their introduction
in 1962 [2], primarily due to their natural tooth like appearance and the absence of
toxic mercury as is found in amalgam [3-5]. Some of the other advantages of resin
composite include easy bonding with enamel and dentin [6], less removal of tooth
structure [7] and their application in anterior as well as posterior restorations [3, 4, 8,

91.

Despite the above advantages and the ever increasing demand for highly aesthetic
restoratives [5, 10], resin composites often suffer from in-service failures. Three
primary reasons for composite failures are [6, 7, 10, 11]:

e Secondary caries,

e Restorative fracture, and

e Marginal defects.

Additionally, other short-comings of the resin composites include polymerization
shrinkage [12], cytotoxicity [3], discoloration, poor wear resistance [13-15], post-

operative sensitivity [11] and relatively poor mechanical properties compared to



amalgam [12]. Although a recent clinical survey at 3.5 years suggested satisfactory
short-term clinical performance of resin composites [16], their longer term durability
is still questionable [10]. A recently performed seven year clinical study comparing
amalgam and resin composites for posterior restorations, on patients 8-12 years of age,
showed much higher failure rate of the composite restorations, 0.9 to 9.4 %, compared
to 0.2 to 2.8 % for the amalgam (N = 1748 restorations) [17]. In agreement with those
findings, other studies have also suggested the use of amalgam over resin composites

for large occlusal posterior restorations [5, 16].

Marginal chipping and/or bulk fracture [18, 19] are commonly reported restorative
failures. Despite the fact that fracture (either by overload or fatigue) is the second
leading cause of failure for composite dental fillings, a limited understanding exists on
how fracture occurs in these materials and what mechanisms are responsible for the
toughening in dental resin composites. Therefore, the purpose of the current research
is to study the fracture and fatigue behavior of resin based dental restorative
composites and to determine the microstructural influence in governing the fracture

and toughening mechanisms.

Herewith, three manuscripts are attached which are submitted for publication in
archival scientific journals. Though all three manuscripts stand alone, they have a
common theme of addressing fracture behavior of resin based dental restorative
composites. The first manuscript is titled “R-curve behavior and micromechanisms of

fracture in resin based dental restorative composites” which characterizes the fracture



behavior of two different as-processed commercial resin composites, one microhybrid
and one nanofill, in terms of resistance curves (R-curves) and also examines the role of
microstructure in governing the toughening mechanisms. Results of first manuscript
also forms baseline for comparing the fracture behavior of the same composites in
hydrated conditions to simulate actual clinical oral conditions, which is addressed in
the second manuscript titled “R-curve behavior and toughening mechanisms of resin
based dental composites: Effects of hydration and post-cure heat treatment”. Finally,
as all restorations are subjected to masticatory stresses, it is important to understand
the effect of cyclic fatigue stresses in inducing subcritical crack propagation in the
resin composites. Accordingly the third manuscript addresses this topic and is titled
“Mechanistic aspects of fatigue crack growth behavior in resin based dental restorative
composites”. In that article the fatigue resistance and the associated fatigue
mechanisms for the microhybrid and nanofill dental composites were examined along

with the cyclic crack growth behavior.



2 BACKGROUND

2.1 Tooth structure

Tooth is a complex hard tissue structure consisting of four major components:

e Enamel,
e Dentin,
e Pulp, and

e Cementum.

Each of these tooth components has distinct structure and functionality [3, 20], and

each is briefly described below.

2.1.1 Enamel

Enamel is the hardest and stiffest tissue of a tooth [21] whose main function is to
cover and protect the underlying dentin. Highly mineralized, enamel is composed of
92-96% inorganic substances, ~ 1% organic substances, and ~ 3% water by weight [3,
20]. Enamel rods are the fundamental morphological units of the enamel tissue which
are formed by the ameloblasts cells. The enamel rods run through the enamel oriented
parallel to each other. They define the final thickness of the enamel as they run
outward from the dentinoenamel junction to the tooth surface. Enamel is acellular in

its final form, extremely brittle, and it relies on the underlying structure of the dentin



for support. Its fracture toughness ranges from ~ 0.7 MPavm for the cracks
propagating in the direction parallel to the enamel rods to ~ 1.3 MPaVm in the

direction perpendicular to the enamel rod [22].

2.1.2 Dentin

Dentin is a mineralized tissue that makes up the bulk of the tooth and its main function
is to support the outer enamel. It consists of 70% by weight hydroxyapatite mineral,
20% organic mineral, and 10% water [3]. Odontoblasts are the primary formative cells
for the dentin. Nanometer scale apatite minerals are distributed in a scaffold of
collagen fibrils. Also, one of the characteristic microstructural features are the dentinal
tubules that run from the soft interior pulp to the dentino-enamel junction. The tubules
are surrounded by a collar of highly mineralized peritubular dentin and are embedded
into an intertubular dentin matrix. Unlike enamel, formation of dentin continues
throughout the life of the tooth. Due to the lower mineral content, it is softer than

enamel and decays faster due to poor care.

2.1.3 Pulp

Pulp is a very soft tissue that occupies the innermost portion of the tooth and is made
up of connective tissues, blood vessels, nerves, and cells called odontoblasts. The
primary function of the pulp is to form dentin [3], but it also provides nutrients and

acts as a sensor for changes in temperature and pressure. Coronal pulp resides within



the crown of the tooth whereas radicular pulp extends from the cervical region of the

crown to the root apex [23].

2.14 Cementum

Cementum is a calcified tissue that covers the root of the tooth. It is thickest at the root
apex and its main function is to anchor the periodontal ligaments to the root of the
tooth. Cementum consists of cementum cells and is bone-like and yellowish in color.
By weight it is approximately 61% inorganic material, 27% organic material, and 12%

water [23].

2.2 Historical background and purpose of dental restorations

Despite efforts to preserve oral hygiene, human teeth are often subjected to problems
associated with tooth decay requiring dental restoration. These restorations use
specially fabricated materials to help restore the tooth structure. Restoration or dental
filling materials are commonly used for applications such as 1) to fill and repair dental
caries and cavities, i1) cementation of dental prosthesis, and iii) surgical restoration
due to external trauma. Restorations are also increasingly used for cosmetic purposes
such as reconstruction of anterior teeth, correction of stains and erosion, and alignment
of teeth. Gold was the first dental restoration material reported in the late fourteen
hundreds [3, 12]. Many of the materials used in modern dental practices were

developed between 1840 and 1900. Some of the dental restorative materials developed



include noble and base metals and their alloys, amalgam, resin composites, glass
ionomers, ceramics, cements, dental waxes, etc. Although chemistry, physics, and
other engineering sciences were the fundamental building blocks for developing
restorative science, systematic improvement in the mechanical properties were
achieved only after principles of mechanics were applied to biological restorative

dentistry in the late nineteenth and early twentieth centuries [3].

2.3  Classification of dental restorations

Dental restorations are broadly classified into two categories:
e Indirect restorations, and

e Direct restorations.

Indirect restorations are prepared outside the tooth mostly in a laboratory, examples of
which include inlays and onlays, crowns, veneers, and bridges. Direct restorations are
applied in-situ into the tooth cavity and dental composites, amalgam, and glass-
ionomers are the most common examples. Fig. 1 shows an organizational chart of

various dental restorations.



Dental Restorations

| |

Direct . Indirect
| (inlays, onlays, crown,
| bridges, veneers)
Compomers i
(RP L .Glass Resm' Amalgam
esin ionomer composite
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Metals and metallic

Ceramics
alloys
Preci(l)lu s metal Base metal alloys Porcelain Porcelain fused
aoys to metal

Gold and gold Cobalt-chromium

alloys

alloy

Silver-platinum

alloys Nickel-chrome

alloy

Fig. 1.  Organizational chart of different types of dental restorations

2.3.1 Indirect restorations

2.3.1.1 Indirect restoration types

a) Inlays/Onlays

Inlays and onlays are very similar to fillings. An inlay lies inside the cusp tips of the
tooth, whereas an onlay covers one or more of the cusps. Onlays in general require
extensive reconstruction compared to inlays and they are custom made to fill the
prepared cavity. Example materials commonly used for inlays and onlays include gold

and porcelain.



b) Crowns

A crown is a fixed prosthetic restoration that is cemented over the entire tooth (enamel
or dentin) to restore its function. It may be fabricated using metal, all-ceramic, or
porcelain-fused to metal. One of the shortcomings of crown placement is it requires

considerable tooth structure (~ 25%) removal.

¢) Veneers

Dental veneer is typically a thin custom designed restorative layer that is placed on an
anterior tooth to improve aesthetics. For example, by adjusting tooth alignment or

covering chipped or worn teeth.

d) Bridges

A dental bridge is an artificial or false tooth that is used to fill the area left by the
missing tooth. For example, two porcelain crowns are fused to the adjacent teeth on
either side with a dummy tooth that fills the space of the missing tooth. Commonly

used materials for bridges include gold, porcelain, or porcelain fused to metal.
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2.3.1.2 Indirect restorative materials

a) Ceramics

Porcelain jacket crowns were the first ceramic restoratives developed. Due to the
limited lifetimes of ceramic restoratives, ceramic fused metal restoratives were
introduced at a later time. However, with increasing demand for improved aesthetics,
all-ceramic restorations are increasing in popularity again [24]. In dentistry, ceramic
restorations are used in all of the above mentioned applications such as crowns, inlays,
onlays, veneers, and partial dentures. Modern all-ceramic restoratives have good
aesthetics, high wear resistance, good biocompatibility, and good chemical inertness
[25]. Traditionally used feldspathic porcelain and micaceous glass-ceramics have
lower resistance to progressive slow-crack propagation than glass-infiltrated alumina
and yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) [25]. Current research is
focused on evaluating more compliant bilayer (ceramic/polymer) and trilayer

(ceramic/ceramic/polymer) configurations [26] for dental crown applications.

b)  Metals and metallic alloys

Most metallic alloys are fabricated using a casting process where the metals are cast
under pressure and post heat treated if required. An example of such a process is the
lost-wax casting process. Although metal and metallic alloys are clinically proven to

be the best materials for long-lasting dental restorations, the desire for cosmetically
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appealing ‘metal-free’ alternatives is on the rise. Commonly used metallic materials in
molar restorations include precious and noble metal alloys such as gold, silver,
palladium and base metallic alloys such as nickel, cobalt, and titanium [20]. Other
than aesthetics related limitations, thermally conductive metallic fillings also lead to

higher sensitivity to heat and cold.

2.3.2 Direct restorations

2.3.2.1 Amalgam

Amalgam is the most widely used direct restorative material in today’s dental industry.
It is a self-hardening mixture of liquid mercury and alloy powder of mostly silver and
some amounts of tin, copper and zinc. Amalgam’s widespread usage is mainly
attributed to its cost effectiveness, high strength, ability to apply in broad range of
clinical applications, simple usage, easy handling, and durability [10]. Apart from
gold, it has the longest service life compared to other restorative materials. Long term
clinical evaluations suggests that amalgam has two to three times longer service life
than dental composites [27]. Despite all the functional benefits, there are two major
concerns:

e the aesthetics, and

e health concerns due to mercury related toxicity.
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Despite the latter concern, there are no proven systematic or local effects from
mercury contamination [3], which suggests that correct use of amalgam might not

pose a health risk in terms of biocompatibility.

2.3.2.2 Glass Ionomer Cements (GIC)

Glass ionomer cements are mixture of ion-leachable fluoroaluminosilicate glass
powder and liquid aqueous polymers and copolymers of acrylic acid, mostly in form
of polyalkenoic acid. Glass ionomer cements use an acid/base setting reaction. As a
part of this reaction, A1” and Ca"" ions forms due to acid attack on the glass powder
which then cross-link the polyanion chains forming respective polyacrylate salts. The
setting reaction usually continues for more than 24 hrs and may last up to 1 year [3,

28].

Glass ionomers and resin-modified glass ionomers are cements used in patients with
high risk of dental caries, as it slowly releases fluoride into the mouth for a long time
after restoration. Though initial applications of glass ionomers were limited due to its
lower strength and slower setting time, modern glass ionomers have very good
biocompatibility and their ease of bonding with bone and metals have created new
applications as bone cements for implants [28]. Other advantages of the glass-ionomer
cements include a similar thermal expansion coefficient to the tooth structure [28, 29],
low shrinkage, and their high retention rate when used as a restorative material.

Despite improvements in glass-ionomer formulations, e.g., resin-modified glass
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ionomer adhesive, its flexural strength was reported to be significantly lower
compared to the resin composite, regardless of the time of 10 minutes, 1 hour or, 7

days before fracture [30].

2.3.2.3 Compomers

Poly-acid modified compomers were introduced to combine the advantages of both
glass ionomer cements and resin composites. Glass ionomers provide fluoride release
and chemical bonding whereas resin composites impart good aesthetics and easy
handling [29]. However, relatively poor mechanical properties like strength [30] and

fracture toughness limits their clinical durability and usage as a restorative material.

2.3.2.4 Resin Composites

Resin composite restoratives are the subject of present research and are discussed

separately in the following section.



3 RESIN COMPOSITES

Resin based composites were primarily introduced in an attempt to find an alternative
to dental amalgam. Introduced in 1960 [2], the use of dental resin composites has
increased immensely owing to increased aesthetics, increased ability to bond easily
with enamel and dentin surfaces, increased desire to replace amalgam, and decreased
tooth structure removal [31, 32]. These composites generally consist of an organic
polymer matrix, typically dimethacrylate based resin, reinforced with hard inorganic
ceramic particles such as glass, quartz, colloidal silica, or zirconia. In the last few
years, nano-size fillers have been introduced to achieve substantial improvement in
aesthetic properties while attempting to maintain the strength of the resin composites

[33].

Some resin composites are optimized for low stress bearing anterior restorations while
others are designed for high stress bearing posterior restorations [8]. Other than direct
dental restorative purposes, dimethacrylate based resin composites have applications
in diverse areas such as dentinal bonding agents, resin cements, pit and fissure

sealants, and crown and bridge prostheses [34].

3.1 Classification of resin composites

Resin composites are most commonly classified according to the filler size and filler

volume percentages and are commonly categorized as traditional, microfilled or
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flowable, hybrid, microhybrid, and nanofill composites. Table I briefly summarizes

the characteristics of these commonly used resin composites.

Table I Classification of resin based dental restorative composites based on
filler volume % and filler size.

Properties | Traditional | Microfilled Hybrid Microhybrid| Nanofill
f{;ﬁlﬁ/r 60 to 70 32 to 50 70-80 60-70 59-70
.« /0
Filler Size| 20-50 ym | 0.02-0.15um| 1to5 um 0.2-0.8 um 5-75 nm
Type of | Anterior and Anterior Mostly Anterior and | Anterior and
restoration| posterior posterior posterior posterior
St}?:(ih}:égh Fine Better optical,
Pros  |More durable Smooth. strength and polishing mechanu;al and
surface polish loss stronger than| chemical
discoloration microfills Properties
Roughness, Poor High wear and  Poor fracture S t;l)tiﬁfa(;i d
Cons staining, mechanical surface and fatigue fati }1,16
discoloration| properties roughness resistance e
resistance
3.2  Primary constituents of resin composites

Primary constituents of the resin composite are:

e Fillers,

e Resins, and

e Coupling agent.
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The fillers are used as reinforcements, resin serves as matrix and the coupling agent
acts as a bonding agent between the two. The function and desired properties of each

constituent are discussed briefly in the following sections.

3.2.1 Fillers

Inorganic fillers provide strength, wear resistance, and translucency in addition to
reducing the overall shrinkage of the composites. Commonly used reinforcements are
glass, quartz, colloidal silica, silica nanoparticles, and zirconia-silica nanoclusters.
Barium or strontium containing glasses, or zirconia particles, are often added to
provide radiopacity and contrast needed for the clinical diagnosis of marginal leakage
and secondary caries in resin based restorations [35]. As mentioned in sections 2.1.1
and 2.1.2, hydroxyapatite is a natural component of enamel and dentin and hence it
has been considered as a filler material for resin composites. Hydroxyapatite is
naturally radiopaque and moisture resistant. However, it was shown that porosity and
filler particle aggregation lead to increased water uptake and solubility of the base

resin [36], limiting their applicability as a filler.

Filler content, filler size, and distribution of filler play important roles in governing the
physical and mechanical properties of resin composites [6]. Higher filler content and
coarser size are usually associated with improved mechanical properties such as
strength and modulus, but smaller particle size, which leads to enhanced volume

fractions, provide higher wear resistance and aesthetic properties [6, 18, 37]. Hence,
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recently developed composites have combination of micron and nano-size filler

particles with filler loadings of ~ 70-80 wt. % [33].

Some studies have evaluated silica-glass fibers as reinforcing filler materials [38].
Although fiber reinforced composites have higher strength, toughness, and fatigue
resistance, difficulties accommodating higher fiber content, insufficient fiber wetting,
difficulty in manipulating free fibers, and rough surface characteristics [39] have
restricted their widespread usage in dentistry [40]. Recently, silicon carbide and
silicon nitride whiskers have also been tried as fillers with the purpose of enhancing

the strength and toughness [41] of the composites.

3.2.2 Resins

Most present-day resin composites are based on dimethacrylate based resin systems.
The two most common oligomers used in dental composites are Bis-GMA (bisphenol
A-glycidyl dimethacrylate) and UDMA (urethane dimethacrylate). UDMA content is
reported to be responsible for increasing the flexural and tensile strengths of the resin
systems [42]. In order to reduce the viscosity of the oligomers, low-molecular weight
TEGDMA (triethyleneglycoldimethacrylate) is added to many commercial resin
composites [24]. Reduction in viscosity usually results in higher degree of
polymerization [43] and hence composites containing equal amount of Bis-
GMA/TEGDMA/UDMA are recommended for achieving optimal mechanical

properties. Among the above mentioned resins, TEGDMA is most hydrophilic due to
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hydrophilic ether linkages [44] and Bis-GMA has higher hydrophilicity than UDMA
[45]. Hydrolytic degradation of the cross-linked polymer network often makes the

resin less hard and more susceptible to fracture.

Heat-cured epoxy resins were used during the early years of resin composite
development, but characteristically slow hardening rates prevented their widespread
usage as a direct restorative material [46]. New monomers like siloranes have also
been introduced by 3M™ ESPE™[47] in an effort to reduce the polymerization

shrinkage and internal stress build-up in the composites.

The most commonly used light sources for the curing of dental composites are quartz-
tungsten-halogen (QTH) visible light sources and blue light emitting diodes (LEDs)
with peak wavelength of ~ 450-500 nm [3]. One of the limitations of the photocuring
methods is that light attenuation increases with the composite sample depth due to
absorption, reflection, and scattering. Therefore, 40-60 seconds of exposure time per 2
mm of composite thickness are recommended [48]. It has been shown that the use of
high intensity light sources results in minimal increases in the depth of cure. Ferracane
et al. [49] showed that laboratory light curing units produce similar depth of cure as
the step-wise hand curing with a visible light source. Although recently developed
blue LED sources appear to produce higher curing depths, similar flexural properties

are usually achieved with the QTH light [3].
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3.2.3 Coupling agent

A coupling agent is used to achieve good bonding between the inorganic reinforcing
fillers and the organic resin matrix. The most commonly used coupling agent is
organosilane (3-methacryloxypropyltrimethoxysilane), frequently reported in literature
as a silane. Bifunctional silane is attached to the filler with a silanol group by a
hydrolysis/condensation reaction that forms covalent bonding. Additionally, a
methacrylic vinyl group is attached to the resin matrix through chemical reaction or
chain entanglement [46]. Hydrolytic degradation of the coupling agent may occur in

the oral environment and cause inferior properties of the resin composite.

3.2.4 Other additives

For composites that are light cured, a photo-activator is added to accelerate the
polymerization reaction. The most commonly used photo-activator is
camphorquinone. Chemical activation may be achieved by using an organic amine that
produces free radicals that expedite the polymerization reaction. Additionally,
pigments are added to match diverse tooth shades, polymerization inhibitors (e.g., 4-
methoxy phenol) are added for storage stability, and color stabilizers are added to

prevent discoloration with time.
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3.3  Mechanical properties of resin composites

Various physical and clinically relevant properties of dental resin composites are
important to understand, such as polymerization or volumetric shrinkage, thermal
properties, solubility, water absorption, color stability, radiopacity, polish retention,
optical translucency, surface morphology, toothbrush abrasion, and degree of cure.
However, the scope of the current research is limited to studying the mechanical
properties of resin composites with emphasis on strength, fracture toughness, and
fatigue properties. There are a large number of different commercial and experimental
composites, and their mechanical properties have been tested using a variety of
methods and conditions, making it challenging to generalize their mechanical

behavior. Hence only relevant findings are discussed in the following sections.

3.3.1 Flexural strength

Measurement of flexural strength is essential in selecting polymer based restorative
composite according to ISO 4049 [50]. The standard requires a minimum flexural
strength of 50 MPa. It is considered a clinically relevant test as it measures the
collective response of tensile stresses at the lower surface of the specimen and

compressive stresses at the upper surface of the specimen [34].

Flexural strength is commonly measured for the restorative material by either three or

four point beam bending, but other methods such as bi-axial flexural testing have also
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been reported [51, 52] in the literature. In general, three point bending tests result in
higher strength compared to four point bending tests. This is because in the latter case
a larger flaw population is exposed to the applied stresses, resulting into lower
apparent strength. Surface flaws such as inclusions, voids, cracks, and inhomogeneous
distribution of organic and inorganic phases have been shown to be the fracture

initiation sites governing the strength of resin based composites [53].

In general, microfill/microfine composites have lower strength compared to hybrid
and nanofill composites due to their lower filler content [54]. Although strength
degradation is different for different material types when aged in water, no significant
difference in strength was reported by Rodrigues et al. [53] for both a microhybrid and
nanofill composite after 24 hrs of water hydration. Supporting those observations,
Curtis and coworkers [51] reported no change in mechanical strength after 24 hrs of
water hydration, but they also found a progressive reduction in strength over 12
months of aging for the same composites. In the case of the nanofill composite, the
higher surface area to volume ratio and relatively porous nature of the agglomerated
nanoparticle filler was suggested to be the reason for hydrolytic strength degradation
[53]. Such results indicate that strength is dependent upon the size and morphology of
the reinforcing filler. Besides filler content, filler-matrix interaction and matrix
degradation also considerably influence the strength of resin composites [6, 34, 51].
Hydrolytic degradation of interfaces or the resin matrix restricts the effective transfer
of the load from the matrix to the filler, thus reducing the strength of the composite. It

has been observed that silane treated inorganic fillers demonstrate superior mechanical
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properties compared to untreated or rubber treated fillers [55] due to enhanced
interfacial bonding. Also, strength degradation was usually higher when aged in food
simulating solvents such as ethanol/water mixtures (50/50 or 75/25 vol. %) or artificial
saliva, in comparison to water aging. Reduction in strength after soaking in artificial

saliva was suggested to be related to corrosive degradation of the filler [43, 56].

Varying results have been reported for the effect of resin viscosity on strength.
Asmussen et al. showed that substitution of high viscosity Bis-GMA or relatively
more flexible TEGDMA with UDMA increased the tensile strength. In other words,
varying the relative amount of the resin components showed significant alteration of
the mechanical properties of the resin composites [42]. However, Musanje et al. [57]
reported no significant difference in the flexural strength for high, medium, and low

viscosity hybrid composites.

Using continuous fiber preforms as reinforcements was first introduced in a direct
resin composite by Xu et al. with the purpose of reducing polymerization shrinkage
and fiber pull-out during polishing and wear. In that study, a fiber preform with a
diameter of 1.3 mm was made by impregnating the resin in to the fiber bundle which
was then cured using visible light and later cut into rods of desired length. Each
sample consisted of single fiber preform which was placed longitudinally in the center.
Composite samples with a fiber preform rod showed almost 2.5 times higher flexural

strength compared to a typical hybrid resin composite.
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3.3.2 Fracture toughness

Higher composite fracture toughness, K|, is commonly associated with both improved
fracture and wear characteristics of the restorations [8]. Also, by knowing the
maximum inherent flaw size, ay, and minimum Kj. value the clinical performance of a

restoration may be predicted under various levels of oral stresses [58].

3.3.2.1 Measurement methods

Commonly reported sample geometries and associated methods for measuring the
fracture toughness of resin composites are noted in Table II [8, 11, 59-61]. Fujishima
and Ferracane [61] showed that among the first four methods, double torsion method
was the most conservative while Chevron short rod method gave much higher fracture

toughness.

Table I Various sample geometries and associated fracture toughness test
methods

Sample geometries Methods
Single edge notch (SEN) 3-point beam bending
Compact tension specimen Uniaxial tension
Chevron notch Short rod design
Notched and grooved plate Double torsion method
Disk shaped specimen Brazilian disk test
(diametral tensile test)
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3.3.2.2 Pre-cracking concerns

From a fracture mechanics standpoint, a fundamental drawback of most fracture
toughness studies on resin composites is the use of razor or micro-notched specimens
rather than the pre-cracked specimens. Micro-notched specimens are often used due to
the limited ductility of resin composites which makes pre-cracking difficult [35, 62].
For measuring fracture mechanics based plain strain fracture toughness of the resin
composite under linear elastic loading conditions, all specimen needs to have an
atomically sharp pre-crack. Pre-cracking complies with the definition of the fracture
toughness which states “ability of a material to resist fracture from a pre-existing
crack”. Also, by simulating a sharp natural flaw in the material, conservative design
estimates can be achieved. Although one study reported no significant difference in
the fracture toughness, Ki. measured using either notched or pre-cracked specimens
[60], other studies have clearly demonstrated lower fracture toughness for the pre-
cracked samples compared to the razor-notched samples [62, 63]. Although, notched
samples as opposed to pre-cracked samples was the major difference between those
studies, other factors such as notch radius, notch preparation method, and the material

tested might have contributed in influencing the fracture toughness of the composite.

3.3.2.3 Effects of hydration on fracture toughness

A review of the available literature indicates that there is a varying degree of impact of
hydration on the fracture toughness of resin composites. This difference in fracture

behavior may be attributed to differences in experimental techniques, filler particle
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sizes, filler-matrix interfacial adhesion, degree of cure of the resin matrix [61], aging
time, and/or hydration media. Most studies report fracture toughness values for resin
composites in the range of ~ 1 to 2 MPaVm [60, 61, 64, 65]. Such values are
comparable to the fracture toughness of the enamel, ~ 0.6 to 1.8 MPavVm [3, 66, 67]

and dentin, ~ 1 to 2 MPaVm [22, 68].

Some studies have shown an increase in Kj. following water hydration. Lloyd and
Iannetta [60] observed an increase in toughness following 7 days of water hydration
which they explained by a plasticizing effect due to absorption of water molecules by
the matrix. Consistent with that study, Indrani and coworkers [69] observed an
increase in toughness over the initial 2 weeks of hydration followed by a plateau in
toughness over the next four weeks. They attributed the high resistance to hydrolytic
degradation to improved silanization of the filler particles over the years; compared to

previous studies which reported degradation due to interfacial debonding [70, 71].

Ferracane and Marker [72] showed a significant degradation of fracture toughness of
quartz and barium-glass filled composites after two months and fourteen months of
aging in a food simulating liquid of 75/25 (vol.%) of ethanol/water mixture. The
reduction in toughness was attributed mainly to softening of the resin matrix but also
hydrolytic degradation of the filler/matrix interface was suggested as a possibility.
Interfacial degradation of the silane coupling agent is largely related to hydrolysis of
the Si-O-Si bonds by water which is expected to weaken the polymer-filler interface

during aging [35]. However, the same composites when aged in water for the same
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time period showed no reduction in fracture toughness. In a later study, Ferracane and
Berge [65] measured fracture toughness of composites with varying degrees of light
curing and a range of filler volumes after one and six months of hydration in the same
food simulating liquid. Samples with insufficient cure and minimal filler volume
showed decrease in K|, after one month of hydration. Almost a ~ 25% reduction in
fracture toughness of all composites was found after six months of hydration which
was again associated with weakening of the resin matrix. In another study, Ferracane
et al. [73] showed 20-30% reduction in toughness after 6 months of water hydration
with no changes thereafter up to 2 years. Similar degradation was observed by
Ferracane and Condon for a composite aged for 30 days in deionized water [74].
Those authors hypothesized that the initial toughness reduction is associated with
softening of the resin matrix and elution of unbound molecules, while saturation and
stabilization of the polymer network at a later time prevents any further reduction in
fracture toughness. In agreement with Ferracane’s studies, Pilliar ef al. [70] reported a
decrease in the toughness following one and six months of water storage and
suggested filler/matrix interface cracking as a possible cause. Recently, Drummond
[35] examined several different composites and observed that fracture occurred
through the resin matrix after 6 months of aging in air, distilled water, and a 50/50
(vol.%) ethanol/water mixture with the exception of a fiber-matrix composite, in

which crack propagated along the fiber/matrix interface.
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3.3.2.4 Effects of microstructure and filler content

In general, an increase in filler content increases the fracture toughness of the
composite [62]. Resin composites with higher filler content, e.g hybrid composites,
have higher fracture toughness compared to microfilled composites [54, 70, 75]. When
compared with unfilled resin, the fracture toughness values for hybrid composites are
typically almost 30-50% higher [62, 63]. Increases in fracture toughness have been
attributed to an increase in fracture energy due to crack pinning at, and crack bowing
between, particles. Rodrigues et al. [64] suggested that the increase in the toughness
was due to the presence of round-shape filler particles which promoted toughening by
the formation of microcracks that reduced stress concentration at the crack tip.
Conversely, Bonilla et al. [8] found a very weak correlation between filler volume and
fracture toughness when tested dry. They associated that finding with a difference in
resin composition, filler size, and distribution of the filler particles compared to other

studies.

Toughening offered by particulate reinforced composites is suggested to be less than
for fiber-reinforced composites where fiber pull-out and other toughening mechanisms
are important. Also, interfacial bond strength plays a more significant role in relatively
higher aspect ratio, e.g. fiber, filler reinforced composites [55]. A different design was
proposed by Xu et al. [76] who showed that continuous glass fiber preforms are more
effective in improving toughness of composites without undergoing considerable

hydrolytic degradation.
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A fracture toughness study on nanofill composites [77] showed that nanoparticle
reinforced composites have 2-3 times higher toughness than that of the matrix alone.
Those authors identified crack deflection and interfacial crack growth mechanisms in
the nanofill resin composites and stated that the increase in the nanofill composite
fracture toughness originated from the improved interfacial toughness, which in turn
resulted from the silanization treatment of the nanofiller particles. Computational
modeling also has revealed the importance of the interface in accurately predicting the
mechanical properties of the polymer composite, particularly when the reinforcement
is in the form of well dispersed nanoparticles with high surface area to volume ratios

[78].

3.3.2.5 Elastic modulus

Various conflicting results, as observed for strength and toughness, are also found in
the literature for the elastic modulus. In general, heavily filled direct restoration
composites show higher elastic modulus than indirect composites [79]. Also, as water
induced degradation is a time dependent process, considerable degree of variation in
modulus has been observed depending upon the hydration time. Momoi and McCabe
[80] reported an increase in the elastic modulus following water storage but Indrani et
al. [69] reported a continuous decrease in the modulus for 2 weeks followed by
plateau until 6 weeks due to plasticization of the matrix. Another study [81] also

showed a decrease in the elastic modulus after 90 days of water storage.
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3.3.3 Fatigue of resin composites

Posterior restorations in actual oral environments frequently experience fatigue
fracture due to relatively weak but repetitive masticatory forces [82]. Higher fatigue
resistance is commonly associated with higher fracture toughness, small inherent flaw
size, and higher wear resistance [83]. Fatigue failures of dental restorations are usually
apparent as wear, marginal fracture, delaminated coatings, and/or bulk fracture [84]
and often the service-life of dental prostheses or restorations are best determined by
evaluating the fatigue resistance. Usually, fatigue fracture originates from internal or
external microflaws, produced during fabrication or processing of the composite,
which grow subcritically, eventually leading to final fracture. Although other
mechanical properties such as hardness, modulus, and wear resistance often increases
with increases in the filler content [37], an optimum level of filler content, ~ 60-80

wt.%, is required for the best fatigue resistance of the resin composite [85].

The common phenomenological approach of measuring the fatigue behavior of dental
restorative materials is the stress-life, or S/N, approach [86]. Based on this approach,
Baran and coworkers showed no fatigue/endurance limits under cyclic loading
conditions [84] for dental resin composites. Other than cyclic fatigue, contact fatigue
is also measured to understand the wear processes in resin composites [87, 88].
Another widely employed method for the fatigue testing of dental composites is the
staircase method [87, 89, 90]. In this method, the cyclic lifetime and initial stress level
is pre-selected. If a specimen fails at a pre-selected stress level, then a lower stress is

chosen and experiment is repeated. However, if the specimen survives pre-selected
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cycles, then it is cycled at a higher stress level. One of the limitations of this method is
that it is less conservative in assuming that the material has a fatigue limit. Also, the
number of cycles is pre-determined and hence if it is set to low levels then the

information related to changes in the fatigue mechanisms could be lost [84].

As with other properties, the particle/matrix interface plays a major role in governing
the fatigue resistance. In well bonded particle matrix composites, matrix failure is
generally observed as the maximum stresses exists in the matrix above and below the
poles of the particles [91]. Aging in water or other solvents generally showed a
reduction in the fatigue properties [92] by plasticization of the matrix or interfacial
debonding. Weak fillers also can leach out and contribute to failures. Resin
composites, when tested under dry conditions, have shown evidence of stick-slip crack
propagation behavior, but when tested under wet conditions interfacial degradation

generated stable-slow crack growth behavior has been observed [84, 93].

Baran et al. [84] suggested that fracture characteristics of the resin composites are
better understood by studying slow-crack growth mechanisms, i.e. using the damage
tolerant approach. Relatively few studies [82, 94-97] have measured the fatigue crack
growth resistance of dental composites using the fracture mechanics based approach
and limited data are available to date. Generally, three different regions are identified
in the fatigue crack growth curve, as shown in Fig. 2. Region I is characterized by a
rapid acceleration in fatigue crack growth following the onset of crack extension.

Region II is where the crack grows more slowly, while region III is characterized by a
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rapid acceleration in crack propagation, usually leading to unstable fracture. The mid

growth region II is best described using the Paris power law [98] expression:

da _ ciakyr 1),

where, AK = Kyax-Kmin, maximum and minimum stress intensities respectively. The m
and C are scaling constants. Scaling constant, m, varies between 2-4 for ductile
materials like metals but it goes as high as > 100 for some highly brittle ceramic

materials.
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Fig.2.  Sigmoidal curve showing three different regions of fatigue crack
growth illustrating the fatigue threshold, AK,, and scaling constant, m [98].

Different fatigue crack growth behavior has been observed when a resin composite

was either water hydrated for long-term or tested in wet conditions without prior
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aging. Long-term hydration deteriorated the fatigue resistance whereas improved
fatigue resistance was observed when unaged composites were tested under wet
conditions [95]. Kawakami ef al. reported lower fatigue threshold values, AKy,, for
composites with organic fillers compared to inorganic suggesting limited effectiveness
of the former in retarding crack propagation behavior [82] irrespective of the
environmental conditions. In general, the collective results indicate that the filler-
matrix interface plays a critical role in governing the fatigue resistance of resin

composites.

Finally, when a dentin/resin bi-layer composite bonded using an adhesive resin
bonding agent was fatigue tested, the dentin/resin adhesive interface showed the
lowest fatigue crack growth resistance when compared to the composite or dentin,

while dentin showed the highest fatigue crack growth resistance [97].

3.3.4 Effect of post-curing heat treatment

One limitation of direct resin composites when placed in the posterior restorations is
polymerization shrinkage stress induced failures [12]. To overcome such limitations,
resin composite inlays were introduced which utilize heat curing following the initial
light-curing to achieve improved physical and mechanical properties. Post curing has
been reported to increase wear resistance, marginal integrity, post-operative
sensitivity, tensile strength, hardness, abrasion resistance, flexural strength, elastic

modulus, and fracture toughness [13, 45]. Post cure heat treatment also offers the
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advantage of improving the biocompatibility of the resin composite through the

reduction of leachable, unreacted monomer in the polymer resin matrix [99].

Post curing is carried out in an oven usually above the glass transition temperature of
the matrix, e.g., 100 to 120 °C for typical dimethacrylate based resins. For the post-
curing time, it has been shown that as low as 10 min of heating is as effective as 3 hr
in improving the properties of the composite [74]. Delay time, which is a time
between initial light curing and post heat treatment, showed no influence in governing

the properties of the composite.

Fractography has showed greater filler/matrix adhesion and filler fracture following
post-curing treatment which was attributed to matrix toughening. An increase in the
degree of cure due to enhanced cross-linking was found to be the primary reason for
the property improvements [74, 100]. Other possibilities include increased mobility of
the free radicals that formed during irradiation [100]. However, when the resin
composites were aged in water for 30 days after post-curing [45], degradation of
fracture toughness, flexural modulus, and flexural strength were observed, suggesting
that the improvement in properties after post-cure heat treatment may only be short-

term.

De Gee et al. [101] studied the influence of the post-cure heat treatment on the wear
resistance of a composite and reported that homogenous distribution of shrinkage

stresses around the filler particle was primarily responsible for the post anneal
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improvement. Their study did not support improved degree of polymerization as a

cause for increasing the wear resistance of the composite.

3.4 Fracture resistance curve (R-curve) behavior

In brittle materials like ceramics and some composites where the innate low toughness
is a major drawback [102], microstructural alteration is found to be the most efficient
way in improving such properties. The contribution of such microstructural
modifications in improving the inherent fracture resistance, or toughness, of the
material can be measured using the fracture resistance-curve (R-curve) method. R-
curves measure the increase in the toughness of a material with crack extension and
the presence of a rising R-curve affects unstable as well as sub-critical crack
propagation. Although fracture behavior in terms of R-curves has been studied
considerably for brittle materials like ceramics for the past 30 years [103], dental

composite materials still remain unexplored in terms of their R-curve behavior.

3.4.1 Stable and unstable crack growth

In materials exhibiting R-curve behavior, crack extension occurs when the applied
driving stress intensity, Kapp, 1S equal to the crack growth resistance, Kr. Applied stress
intensity, Kapp, 1s similar to the strain energy release rate, G, in that they both govern

crack extension and their relationship is given by [98]:
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K
G=—2 2,

where E is the modulus of elasticity. While Ky, 1s a function of the applied load, crack
size, shape, and specimen geometry, Kz, depends on the material toughening
mechanisms and the formation of a process/bridging zone during crack propagation
[104]. The crack growth can be stable or unstable. Conditions for the stable crack

growth are given by:

dk,, dK
K,, =K, and —dapp < _daR 3),
and unstable crack growth occurs when
dK dK
K, =K, and —2%>—=~ 4
wr R da da @

In general, material behavior can be categorized in terms of two types of R-curves:

1) Flat R-curve

When fracture resistance doesn’t increase with crack extension, unstable fracture

occurs always at a single value of K, resulting in a flat R-curve. As shown in Fig. 3a,

when the applied stress is o; the crack is stable but when the stress increases to o5,
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crack propagation becomes unstable because material resistance doesn’t increase with
the increase in the applied stress intensity. Hence, the fracture resistance for a material

with a flat R-curve is usually characterized in terms of a single toughness value, K.

2) Rising R-curve

A rising R-curve is achieved when the fracture resistance of the material increases
with crack extension. Crack is stable until the applied stress intensity curve is
tangential to the R-curve and o} < Gfacture, @S Shown in Fig.3b. The condition of
tangency indicates the equilibrium state and defines the strength of the material.
Unstable fracture, where 02 = Gacture, OCcurs thereafter as the rate of change of the
applied stress intensity equals or exceeds the slope of the R-curve [105]. Hence, crack

growth toughness is best expressed by taking the slope of the rising R-curve.
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Fig.3.  Applied stress intensity, K,p, and fracture resistance, Kg, as a function
of crack extension for (a) flat R-curve and (b) rising R-curve.
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When the material behavior is characterized by a rising R-curve, the condition of
tangency depends on the shape of the R-curve, which in turn is governed by both the
intrinsic material properties and the geometrical configuration of the material. Thus,
the fracture behavior cannot be determined by a single toughness value [101]. Though
shape of the R-curve influences the crack growth toughness and strength, the crack
initiation toughness is usually considered an intrinsic property of the material. The
crack initiation toughness at the onset of crack growth, i.e. 4a = 0, is difficult to
determine experimentally from fracture experiments and generally measured using a

separate experimental technique.

Rising R-curve behavior is also common for ductile metals where the plastic zone size
increases with the crack extension. However, when unstable crack propagation by
cleavage fracture occurs and the plastic deformation is almost completely suppressed

due to high strain rates, the material might show falling R-curve behavior [98].

The R-curve is usually affected by the size and shape of the cracked body. For
example, shape of the R-curve sometimes depends on the stress triaxiality at the crack
tip. In case of a thin sample, it tends to give steeper R-curve due to lower degree of

triaxiality at the crack tip.

R-curve behavior for brittle materials is most commonly measured by quantifying the
G or K value to cause crack extension while also measuring the crack length. The

crack length may be measured either optically, by compliance methods, or by the
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electric potential drop method. The origins of the R-curve behavior are best

understood by examining the toughening mechanisms.

3.5 Toughening mechanisms

In general, toughening mechanisms are characterized into two classes:
¢ Intrinsic toughening mechanisms, and

e Extrinsic toughening mechanisms.

3.5.1 Intrinsic toughening mechanisms

Critical and subcritical crack extension is generally governed by the mutual
competition between intrinsic (damage) and extrinsic (shielding) mechanisms, as is
illustrated in Fig. 4. Intrinsic mechanisms are related to the inherent resistance of the
material to microstructural damage and cracking. Intrinsic mechanisms generally
occur ahead of the crack-tip [102, 103] by controlling the driving forces, e.g. stress

intensity, to cause crack extension under monotonic loading.

Ductile materials like metals are usually intrinsically toughened by formation of a
plastic deformation zone. Such materials usually fail by cleavage, intergranular
cracking, or microvoid coalescence. In the case of cyclic loading conditions, intrinsic

mechanisms are characterized by blunting and resharpening of the crack tip. In the
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case of brittle materials like glass and ceramic, any efforts to improve the intrinsic

toughness by promoting crack-tip plasticity have had little or no success [103].

Extrinsic Toughening Intrinsic Toughening

grain
bridging
cleavage
fracture
. '-—'—
E- microvoid
coalescence
oxide
wedging
fiber -

bridging plastic

zone
behind crack tip ahead of crack tip

Fig. 4. Examples of intrinsic (damage) and extrinsic (crack-tip shielding)
toughening mechanisms [103].

3.5.2 Extrinsic toughening mechanisms

In brittle materials that have limited or almost no ductility, extrinsic toughening
mechanisms are far more important in improving the crack growth resistance. These
mechanisms generally act in the crack wake and promote crack-tip shielding by
reducing the applied stress intensity experienced at the crack tip by mechanical,

microstructural, or environmental factors [106]. Some extrinsic toughening
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mechanisms produce inelastic deformation in the material and a non-linear stress-
strain relationship. Crack-wake mechanisms are dependent upon the size of the crack
when crack extension causes a more substantial shielding zone in the crack wake.
Initially a crack growth commences at the crack initiation toughness, Ko, but higher
stress intensities are required to further the crack extension until sometimes a
“plateau”, or steady state, toughness is reached. Rising R-curve behavior is a direct
consequence of the extrinsic toughening mechanisms [107, 108] that cause a crack

size dependence of the toughness.

Extrinsic toughening mechanisms involve the formation of either a process zone or
bridging zone. Process zones involve transformation toughening, microcracking, or
twin toughening whereas bridging zones are usually governed by the presence of

ductile particles, fibers, whiskers, or grain/particle reinforcements.

Rising R-curve behavior has been observed in ceramics, metals, intermetallics [109],
composites [110, 111], and biomaterials like bone [107, 108, 112] and dentin [113,
114] where extrinsic mechanisms have been reported to be responsible for the rising
toughness with crack extension. Extrinsic mechanisms are commonly determined by
the microscopic examination of the microstructure-crack path interactions. The

following section discusses some of the important extrinsic toughening mechanisms.
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3.5.2.1 Crack deflection

In composites and reinforced ceramics, crack deflection around second phases or
reinforcing fillers can provide significant toughening. Optimum separation between
reinforcements is one key to gaining crack deflection benefits. In addition, the
geometrical shape of the second phases or fillers can make considerable differences in
imparting toughening. For example, rod like particles rather than spherical particles
can induce higher angle crack deflections and also promote crack bridging as an
additional toughening mechanism. This is because twist deflections around rod shape
particles are more effective at lowering the stress intensity at the crack tip than tilt
deflections caused by spherical or discs shape particles due to the higher aspect ratio

achieved by the rod shape [105].

3.5.2.2 Microcrack toughening

Microcrack toughening is categorized as process zone shielding [105]. For this
mechanism, a diffused zone of microcracks forms ahead of the crack tip and extends
as the crack propagates, leaving a microcracked zone in the crack wake. If the
microcracking zone size is constant from the onset of crack extension, no rising R-
curve behavior is observed. Rising R-curve only obtained when the zone expands with
the crack extension [115]. Crack-tip shielding achieved from the microcracking

mechanism depends largely on the size and shape of the process zone.
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Microcracks are formed in materials with high residual stresses and low fracture
energy interfaces [106]. If the volume expansion resulting from the formation of
microcrack damage zone is constrained by the surrounding material [116], the crack
tip experiences compressive forces from the surrounding material which contributes to
increasing the toughness of the material. Reduction in the modulus within the
microcrack process zone can also contribute in improving the toughness of the
composite. On the contrary, when large number of microcracks connect to the main
crack, contributing to crack advancement, it adversely affects the toughness of the
material. Toughening contributions from microcracks are usually small since the
formation of large volumes of microcracks reduces the intrinsic toughness of the
material. So, significant toughness improvement from microcracking is only achieved
when extrinsic toughening contribution is much higher than the reduction in the
intrinsic toughness, such is the case of multiphase ceramic materials with high internal
residual stresses [117]. So, toughening from microcrack formation is realized mainly

when it leads to bridges behind the crack tip, as will be described in section 3.5.2.4.

3.5.2.3 Transformation toughening

Transformation toughening is another example of process zone shielding which is
dominated by a volume increase around the crack tip. In transformation toughened
zirconia, an in-situ phase transformation from tetragonal to monoclinic martensite
occurs ahead of the crack tip. This dilatant transformation results in the formation of a

inelastic deformation zone in the crack wake imparting closing tractions on the crack
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surfaces, leading to reduced stress field ahead of the crack tip [103]. Other than
martensitic transformations, ferroelastic transformations and twinning are also
examples of transformation toughening. Martensitic transformations have both
dilatational and shear stress components whereas twinning has only a shear stress

component that induces transformation [106].

Y-TZP (yttria-tetragonal-zirconia polycrystals) is used in biomedical applications such
as dental ceramics and hip implants due to its stress induced transformation

toughening mechanism. Y-TZP has applications in all-ceramic inlays, crowns, bridges,
and partial dentures primarily because of its high strength, toughness, [66] and damage

tolerance [118] compared to other dental ceramics.

3.5.2.4 Crack bridging

In many ceramic and composite materials, crack bridging leads to rising R-curve
behavior as shown in Fig. 5. In absence of crack bridging or similar extrinsic
toughening mechanisms, a material will fail at the crack initiation toughness, K,

giving single value fracture toughness, Kj., and a flat R-curve.

Crack bridging reduces the driving forces, e.g. the stress intensity, at the crack tip by
formation of intact elastic regions or frictionally loaded bridges in the crack wake, as
depicted in Fig. 6. Such crack bridges promote crack tip shielding by sustaining some

of the applied load [114]. This phenomenon results in increasing crack growth
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resistance with crack extension under monotonic increasing loading conditions. In
many grain bridging ceramics, the size of the bridging region in the crack wake was
found to be similar to the crack extension required to reach the steady state R-curve
toughness. This is usually on the scale of a few tens of micrometers up to many

millimeters [119].

Bridging
rising R-curve

Kss_

No bridging
flat R-curve

~
fof
Q)
3)

stress intensity, K

crack extension, Aa

Fig.5.  Contribution of crack bridging and rising R-curve behavior.
In bridging materials, the applied stress intensity, K,pp, is equal to sum of the bridging

stress intensity, Ky, and near-tip stress intensity, Ky, and accordingly, Ky, may be

expressed as,

Ktip = Kapp - Kbr (5)

In brittle materials, formation of bridging requires either microstructural residual

stresses, weak interfaces, or both. Residual stresses are often produced from thermal
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expansion mismatch between grains or phases. This suppresses local crack
propagation, leading to the formation of intact regions behind the crack tip. In the case
of weak interfaces, crack deflection occurs along low fracture energy interfaces that
may lead to formation of intact regions in the crack wake. A micromechanical model
was recently used to gain insight into the formation of crack bridges [120] which
reinforces the initial concepts given by Evans [106]. According to this 2-D model,
depending on the orientation and aspect ratio of the grain/particle with respect to the
crack, either complete debonding occurs leading to frictional pull-out or a new crack
nucleates ahead of the primary crack due to crack arrest induced stress concentration,
creating an uncracked bridge. Alternatively, in 3-D the crack may bifurcate around the
particle at the arrest point, and then join ahead to form a crack bridge. According to
the 2-D model of the Foulk et al., a considerable increase in the fracture resistance is
achieved even before the bridge has formed due to the crack deflection and arrest

process [120].

uncracked regions
in the crack wake

Fig. 6.  Schematic showing crack bridging by uncracked regions in the crack
wake sustaining some of the applied load thus promoting crack-tip shielding.
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In general, a rapidly rising R-curve and high toughness can be obtained by enhancing
the number of bridging reinforcements, and the length of the debonded interfaces
[121]. In grain bridging ceramics, uniform dispersion of large elongated grains in a
fine sub-micrometer grain sized matrix have been shown to be very important in
improving the fracture resistance. This promotes steeply rising R-curves and higher
fracture strengths [121]. For interfacial debonding, it has been shown that there is a
small window for optimal boundary adhesion [122, 123]. If the boundaries are too
strong, transgranular fracture occurs with no bridging and no toughening. However, if
the boundaries are too weak the toughness rises very slowly giving lower strength and

fatigue resistance.

Crack bridging has been observed in metals, ceramics [124], intermetallics,
fiber/whisker reinforced and layer composite materials [125, 126], and biomaterials

such as dentin and bone [107, 114, 127].
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ABSTRACT

The fracture properties and micromechanisms of fracture for two commercial dental
composites, one microhybrid (Filtek™ Z250) and one nanofill (Filtek™ Supreme
Plus), were studied by measuring fracture resistance curves (R-curves) using pre-
cracked compact-tension specimens and by conducting both unnotched and double
notched four point beam bending experiments. Four point bending experiments
showed about 20% higher mean flexural strength of the microhybrid composite
compared to the nanofill. Rising fracture resistance was observed over ~ Imm of crack
extension for both composites and higher overall fracture resistance was observed for
the microhybrid composite. Such fracture behavior was attributed to crack deflection
and crack bridging toughening mechanisms that developed with crack extension,
causing the toughness to increase. Despite the lower strength and toughness of the
nanofill composite, based on micromechanics observations, the large nanoparticle
clusters appear to be as effective at deflecting cracks and imparting toughening as the
solid particles of the microhybrid. Thus, with further microstructural refinement, it
should be possible to achieve a superior combination of aesthetic and mechanical

performance using the nanocluster approach for dental composites.

KEYWORDS: Dental Composite; Fracture; R-curve; Crack Bridging; Flexural
Strength



49

4.1 Introduction

In the past few decades, one notable transition in the dental restorative field is the
widespread usage of resin based composites as an alternative to traditional amalgam
for direct restoration of tooth structure. Key driving forces behind the increased use of
composite materials are 1) their tooth-like appearance [128] and 2) their lack of the
potentially toxic element mercury that is present in amalgam [129, 130]. Additional
clinical advantages include minimal removal of native tooth structure [131], the ability
to be bonded to enamel and dentin surfaces [6], convenient handling, and the ready

availability of a wide range of tooth shades.

Despite the above mentioned advantages, there are some disadvantages associated
with restorative composites that are recognized as a concern among dental researchers
and practitioners. Polymerization shrinkage is one issue which can lead to marginal
leakage of the oral fluid between the cavity walls and restoration and allow secondary
caries to form, requiring subsequent retreatment of the tooth [132]. Low fracture
resistance is another concern which can lead to chipping and/or bulk fracture of the
restorations [5, 58, 133]. Fractures of restorations are most common in high stress
bearing posterior locations [8]. As fracture is the second leading cause of restorative
failures to secondary caries [4], understanding the fracture mechanisms and how they
relate to the structural performance are important for the continued use and

improvement of resin based composites as dental restorative materials.
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Until recently, change in filler technology has been the main approach for improving
the properties and performance of resin based dental composite materials [9, 63]. The
overall mechanical properties have remained relatively unchanged over the years,
possibly because a complete understanding of the fracture and toughening
mechanisms in these materials is still lacking. Accordingly, the purpose of this study is
to investigate both qualitatively and quantitatively the salient fracture and toughening
mechanisms in two commercially available resin based dental composite materials.
Specific attention is paid to the influence of microstructure in governing the fracture

behavior.

4.2 Background

The mode I fracture toughness, K|, is a material property that measures the resistance
to catastrophic or critical failure in terms of the stress intensity, K.> While the use of
K. as a single-value measure of the toughness is appropriate for many materials, such
as engineering metal alloys and ideally brittle ceramics, in some materials the fracture
resistance actually increases with crack extension, promoting stable crack growth and
requiring a fracture resistance-curve (R-curve) approach [98, 105] Specifically, R-

curves are necessary to describe the fracture resistance of materials toughened by

? The stress-intensity factor, K, is a global parameter which fully characterizes the local stress and
deformation fields in the immediate vicinity of a crack tip in a linear-elastic solid, and thus can be used
to correlate with the extent of crack advance. It is defined for a crack of length ¢ as K = Ycapp(na)%,

where G, is the applied stress and Y is a geometry factor of the order of unity [98].
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crack-tip shielding [106, 115, 122], i.e., by extrinsic toughening mechanisms such as
crack bridging or in-situ phase transformations. Such mechanisms act to lower the
stress intensity experienced locally at the crack tip, Ky, thereby “shielding” the crack
from some of the applied load. Furthermore, these mechanisms develop as the crack
extends, giving the observed increase in fracture resistance. In such instances, crack
extension commences at a crack-initiation toughness, Ky, while sustaining further
crack extension requires higher driving forces until sometimes a “plateau” or steady-

state toughness, K, is reached.

Such rising R-curve behavior is not uncommon among dental materials; indeed,
certain dental ceramics [134] and natural tooth dentin [114] both show increasing
fracture resistance with crack extension, or rising R-curve behavior. Furthermore,
extrinsic toughening mechanisms and rising R-curve behavior are very common in
composite materials [110, 111], so it can be expected that such behavior may be found
in resin based dental restorative composites as well. Accordingly, this study utilizes an
R-curve approach to characterize the fracture behavior of two dental composites.
Additionally, attention is paid to also assess the specific toughening mechanisms
responsible for the rising R-curve behavior, as well as the role of microstructure in

promoting those mechanisms.
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4.3  Materials and methods

4.3.1 Materials

Two commercially available particle reinforced resin based dental restorative
composites, Filtek™ 7250 and Filtek™ Supreme Plus (3M™ ESPE™, St Paul, MN,
USA), were investigated in this study. The compositions and the curing times used are
listed in Table III. It should be noted that both microstructures have a mixture of large
and small filler particles, but in the case of the nanofill the large particles are actually

clusters of smaller nanoparticles rather than solid particles.

Table III Composition and light-curing times for the commercial resin based

dental composites

Brand name Composite = Matrix Filler Shade  Curing
time
(sec)
Filtek Microhybrid Bis-GMA?,  0.01 to 3.5 um, A2 80
7250™ Bis-EMA" average 0.6 um,
Universal UDMAS, zirconia/silica (60 %
Restorative and by volume)
TEGDMA*
Filtek Nanofill Bis-GMA, 20 nm silica and A2B 80
Supreme Bis-EMA, zirconia/silica
Plus™ UDMA and clusters of 0.6 to 1.4
Universal TEGDMA um with individual
Restorative particle size of 5-20
nm (59.5 % by
volume)

* Bis-GMA, bisphenol A-glycidyl dimethacrylate, ° Bis-EMA, bisphenol A ethoxylate dimethacrylate
¢ UDMA, urethane dimethacrylate,  TEGDMA, triethyleneglycoldimethacrylate
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4.3.2 Specimen preparation

Compact-Tension, C(T), specimens of microhybrid and nanofill composites were
prepared for fracture resistance curve (R-curve) testing using an aluminum split mold.
The mold was filled with uncured composite and both the top and bottom surfaces
were covered with polyester strips that were pressed flat against each side of the mold
to remove excess material and provide uniform sample thickness. The composite was
then illuminated for total of 80 sec (40 sec each on top and bottom surfaces) using a
visible light curing unit (Triad II, Dentsply International, York Division, PA). After
removing the sample from the mold, pin holes were machined (Bridgport Mill, Elmira,
NY) using a conventional end mill and notching was performed using a high precision
slot cutter. The final sample had a nominal width W of ~ 14 mm, thickness B of 2 +
0.5 mm and initial notch length @ of 3.5 + 0.2 mm. The sample surfaces were then
ground and mirror polished up to a 0.05 um finish using alumina suspensions followed
by Buehler™ MasterPolish for a finishing step. A micro notch was then introduced by
repeatedly sliding a razor blade over the machined notch in the presence of 1 pm
diamond slurry using a custom built razor micronotching machine. This process was
continued until a sharp pre-crack initiated and grew from the micronotch, as shown in

Fig. 7a and b.
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Fig.7.  Compact-tension, C(T), specimen showing (a) machined holes and
notch and (b) localized view of micronotch and pre-crack emanating from the

machined notch.

Both unnotched (25 x 2 x 2 mm”) and double notched (33 x 3 x 2 mm’) rectangular

bar shaped specimens were also produced for beam bending experiments using the

same procedures. The double notched specimens were molded with two identical

notches, each separated by 5 mm with a width and depth of 400 um and 600 pm,

respectively (Fig. 8).
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Fig. 8.  Schematic diagram of a double notched four point bend specimen
showing dimensions and loading configuration.
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4.3.3 R-curve testing

R-curves measure the change in the fracture resistance, usually in terms of the stress
intensity, KR, or strain energy release rate, Gg, as a function of crack extension, Aa. R-
curve experiments (N = 3 for each microstructure) were carried out using an Instron®
8501 servo-hydraulic testing machine. Additional samples beyond N = 3 were actually
produced, but unstable fracture occurred prior to the successful measurement of the R-
curve for some samples. The pre-cracked compact tension, C(T), specimens were
monotonically loaded using manual displacement control until the onset of crack
extension, which was determined by a sudden drop in the load. At this time, the
sample was promptly unloaded by about 10-20% of the peak load to register the
sample compliance at the new crack length. The sample was reloaded again and the
loading-unloading sequence was repeated until the end of the test when the plateau of
the R-curve was definitively reached. Load-point displacements were measured using
a capacitance displacement gauge which was connected to the clevis grip fixture.
After completion of the test, the crack length, a, at each unload was calculated using a
load-point compliance calibration for the C(T) specimen geometry [135]. The standard
fracture mechanics based solution for a compact tension specimen was used to
determine the fracture resistance, K, at each crack length [136]. In addition, crack
lengths were periodically measured by interrupting the test, removing the sample, and
using optical microscopy. When necessary, compliance crack length data was then
corrected for each test to reflect the actual measured crack lengths. Student’s t-tests
were used to compare differences in the steady state toughness values measured for

the two composites (p=0.05).
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4.3.4 Flexural strength testing

Flexural strength was measured at ambient temperature using a Bose/EnduraTEC
ELF® 3200 mechanical testing machine using the unnotched bend beams (N = 12 for
each microstructure) in four point bending. Samples were loaded in displacement
control at a crosshead speed of 0.01 mm/sec with an inner span of 10 mm and an outer
span of 20 mm. The flexural strength was calculated using simple beam theory and
the student’s t-test was used to compare any differences between the composites

(p=0.05).

4.3.5 Double notched experiments

Double notched four point beam bending experiments (N = 12 for each
microstructure) were performed to help qualitatively evaluate the fracture
mechanisms. Testing was carried out at ambient temperature using a Bose/EnduraTEC
ELF® 3200 mechanical testing machine. The samples were centered in the loading
fixture (Fig. 8) and the notched bars were then monotonically loaded in bending using
displacement control at a rate of 0.01 mm/sec until the sample fractured from one of
the notches. The other notch was frozen at the onset of instability whereby the
microstructural damage could subsequently be observed in the vicinity of the notch
tip. Observation of the damage zone surrounding the unbroken notch tip showed the

interaction of cracks with the underlying microstructural features.
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4.3.6 Fracture and toughening mechanism characterization

After coating the samples with a Au-Pd alloy, fracture surfaces, unfractured C(T)
samples, and the unfractured notches of the double notched samples were examined
using a Zeiss Ultra scanning electron microscope (SEM) to identify the

microstructural fracture and toughening mechanisms.

4.4 Results

Fig. 9 shows that the flexural strength results of the microhybrid composite (134.3 £
10.9 MPa) was significantly higher than that of the nanofill composite (107.9 + 17.2

MPa).

—t—

FLEXURAL STRE
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Fig.9. Comparison of mean flexural strength of microhybrid and nanofill
dental resin composite.
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4.4.1 Resistance-curve (R-curve) behavior

A representative load-load point displacement curve for stable crack extension in the
nanofill composite is shown in Fig. 10a. The microhybrid composite also showed
similar load-displacement behavior. The resulting R-curves for the microhybrid and
nanofill dental composites are shown in Fig. 10b. Solid filled symbols designate R-
curve data for the microhybrid composite whereas crossed symbols designate the

nanofill composite.

As the energy approach is often commonly used to describe fracture of materials, the
R-curves were also converted to be in terms of the strain energy release rate, G. In
Fig. 10b, the strain energy release rate, Gg, is shown on the right axis. This was

calculated using the relation for plane strain conditions [98],

K,

G =— R
o) (©),

where E is the elastic modulus and vis Poisson’s ratio. Average £ and vvalues of 11
GPa and 0.33 were used to scale Gr estimates on the right axis of Fig. 10b based on

the manufacturer and published reported values [137, 138].
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(a) Representative load-load point displacement curve for stable crack
extension in a nanofill dental composite sample. Both composites showed similar
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load-displacement behavior. (b) Resistance-curve, Kr(Aa), for microhybrid and
nanofill dental composites. Note the R-curve for the microhybrid composite rises
faster and higher in comparison to that of the nanofill composite. Also, estimates
of Gr (Aa) are plotted on the secondary axis.

Comparing the data in Fig. 10D, it is generally necessary to make independent
measures of the initiation toughness as extrapolating the data back to Aa = 0 is often
unreliable [119, 122, 139]. Accordingly, at this time it is difficult to make any firm
conclusions about differences in Ky between the microstructures. However, after
about a millimeter of crack extension, both composites showed a “plateau” region
where toughness remained essentially constant with the crack extension. The steady
state toughness, K, was 1.21 +0.07 MPaVm and 0.99 + 0.02 MPaVm for the
microhybrid and nanofill composite, respectively. These differences in steady state or

peak toughness were statistically significant (p = 0.0059).

4.4.2 Microstructural characterization and crack path interactions

R-curve and double notched bend experiments allowed for stable crack extension and
hence made it possible to study the toughening mechanisms and the influence of
microstructure on the fracture behavior. Fig. 11(a) and (b) shows SEM micrographs of
crack propagation and interaction of crack with the microstructural features in the
microhybrid and nanofill dental composites, respectively. It is evident that cracks
propagate within the matrix along an interparticle (or intercluster) crack path in both

microhybrid and nanofill composites. This interparticle crack growth influences the
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fracture process by promoting crack deflection as a toughening mechanism in both

resin based dental composites.

Fig. 11. SEM micrographs of the (a) microhybrid and (b) nanofill dental
composite, showing the interactions of the crack path with salient
microstructural features. It is apparent that both composites show interparticle
crack growth which promotes crack deflection. The general direction of crack
growth was from left to right.

Observations of localized crack tip zones revealed intact bridges spanning the wake of
the crack in both composites (Fig. 12). These uncracked bridges sustain a portion of
the load that would otherwise contribute to advancing the crack, thereby raising the
fracture resistance of the material. Essentially, the crack bridging mechanism reduces
the stress concentration experienced at the crack tip and hence acts as a source of
extrinsic toughening. It is important to note that these bridges develop with the crack

extension and thus give rising R-curve behavior.
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Fig. 12. SEM images showing the localized formation of intact regions behind
the crack tip for (a) microhybrid and (b) nanofill dental resin composites. These
uncracked bridges provide extrinsic toughening by shielding the crack tip from
some of the applied load. The general direction of crack growth was left to right.

Examination of the fracture surfaces confirmed the predominantly interparticle crack
path. Fig. 13a & b compares identically magnified SEM images of the two opposite
surfaces of a fractured nanofill composite at the exact same fracture location. The
fracture surfaces for the microhybrid composite were similar. In Fig. 13, examination
of the morphology on both the fracture surfaces at the exact same position reveal the
absence of cracking of the large clusters of nanoparticles, confirming what was seen
on the sample surfaces in Figs. 11 & 12. Careful observation of the images shows that
the clusters on one surface correspond to holes on the other surface and vice versa.
Several such spots (1-5) are identified in Fig. 13, and close observation of many
additional locations reveal the same behavior, confirming a predominantly
interparticle crack growth mechanism. Higher magnification observations of both

composites generally revealed the presence of matrix around and in-between the filler
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particles indicating that crack propagation was predominantly through the matrix, as

shown in Fig. 13c.
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Fig. 13. SEM mirror images of nanofill composite showing identical locations
(e.g. 1 to 5) on the two opposing fracture surfaces on a single specimen (a) and
(b). Detailed observations of these surfaces revealed that a filler nanoparticle
cluster on one surface corresponds to a hole on the other and vice versa,
confirming an absence of cluster fracture. Higher magnification of a nanofill
composite fracture surface in (c) reveals that interparticle crack growth was
predominantly through the resin matrix. The microhybrid composite also showed
similar fracture paths.

Finally, observations of fracture surfaces showed the presence of internal pores and
inclusions (Fig. 14a and b respectively) on the fracture surfaces of both composites.
Energy Dispersive X-ray Spectroscopy (EDS) analysis of 4-5 inclusion sites showed
that silica was the major constituent. Such defects likely acted as fracture initiating

sites during the flexure strength experiments.
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Fig. 14. Fracture surface defects of (a) internal pore and (b) inclusion in
nanofill composite. Similar flaws have also been identified in microhybrid
composite.

4.5 Discussion

4.5.1 Rising R-curve and role of extrinsic toughening mechanisms

A number of studies have measured the fracture toughness of the resin based
composites in terms of a single toughness value, K, [6, 11, 55, 63, 69, 73], and also
have identified the predominantly interparticle crack path [62, 77, 140]. Interparticle
crack propagation through the matrix is indicative of good filler/matrix adhesion in
both the composites [62, 141], who also observed interparticle matrix failure in dry
dental composites, reasoned that compressive hoop stresses in the resin developed
during polymerization shrinkage may be partially responsible for mechanically

holding the filler particles in the matrix.
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However, to the authors’ knowledge, the present work is the first time that fracture
resistance has been evaluated in terms of an R-curve for particle reinforced resin
dental composites. Both the microhybrid and the nanofill dental composites exhibited
rising R-curve behavior over roughly the first millimeter of crack growth. Rising R-
curve behavior is a desirable mechanical effect, especially in brittle materials, as a
portion of the crack growth toughness can contribute to greater flaw tolerance and

higher strength.

This study also has identified two extrinsic toughening micromechanisms thought to
be responsible for this effect, namely crack deflection and crack bridging, which are
promoted by the interparticle crack path. Crack pinning and crack branching are two
other toughening mechanisms that have been reported for polymer based composites
[62, 140, 142]. Kim et al. reported these mechanisms for dental resin based
composites that were reinforced with < 25% spherical filler particles, but with
increased filler volume percentages (> 40%), they observed that crack deflection by
filler particles became the more prominent toughening mechanism. This was also
observed in the present study for composites with ~ 60% by volume of filler.
Microcrack induced toughening has also been mentioned as a potential toughening
mechanism at higher filler volumes. However, that mechanism requires large volumes
of microcracks that are constrained by residual stresses so as to not propagate and
counteract any gains in toughness [117]; such behavior was not observed in the

present composites.
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Crack deflection and bridging are two toughening mechanisms that often act in
concert; indeed, crack deflection commonly leads to crack bridging. A recent two-
dimensional cohesive-zone fracture modeling study has provided some insight into
this process by demonstrating that for a crack intersecting a single reinforcing grain or
particle, significant toughening above that for simple crack kinking is generated
during the bridge formation process, even before the crack has propagated far enough
for a bridge to form [120]. In that study, depending on the orientation and aspect ratio
of the reinforcing grain or particle with respect to the crack, either complete
debonding occurs, creating a frictional pullout, or a new crack nucleates ahead,
creating an uncracked bridge. In that 2-D model, the main crack could arrest while
kinking around a particle and create a stress concentration ahead of the main crack tip
large enough to nucleate a new crack [120], leaving a bridge behind, although any
local flaws in the microstructure would certainly ease the nucleation process.
However, when considering the full 3-D case, local arrest could allow the main crack
to propagate around the arrest point on each side and rejoin ahead, also forming a

bridge.

In the present composites, once intact particles, or groups of particles, span across the
crack flanks, those bridges sustain part of the applied load that would otherwise be
experienced at the crack tip, effectively toughening the material by lowering the near-

tip stress intensity, Ky, relative to the applied stress intensity, Kapp:

~
I

~
~

tip app T Bpro (7)’
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where K, is the bridging stress intensity, which is a function of crack extension, Aa.
Similar crack bridging mechanisms have been reported to provide significant
toughening and be responsible for R-curve behavior in elephant [143] and bovine
dentin [144], human cortical bone [107], ceramics [122], as well as fiber and layer
reinforced composite materials [125, 126]. Observation of a “plateau” toughness in
both composites (Fig. 10b), following the initial crack growth, implies that specimen
dimensions were large enough to accommodate the entire bridging zone. This steady
state or “plateau” toughness indicates that bridges are forming and breaking in the

crack wake at a similar rate.

4.5.2 Role of Microstructure

4.5.2.1 Fracture resistance

Comparisons of the measured R-curve behavior between the two microstructures (Fig.
10b), suggest that the fracture resistance rises more quickly, and to a higher level, for
the microhybrid composite relative to the nanofill composite. Steeper and higher rising
R-curves are indicative of superior fracture properties; indeed, in bridging ceramic
materials such behavior imparts greater defect tolerance and higher strength [119, 122,
123]. This behavior can be related to the extrinsic toughening mechanisms involved,

namely crack deflection and crack bridging.
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With regard to crack deflection, it is apparent from Figs. 11-13 that the particles in
both composites appear equally effective at deflecting the crack. Although one might
expect the nanoparticle clusters of the nanofill composite to be more prone to cracking
than the solid particles in the microhybrid composite, no instances of cluster fractures
were observed by examining crack profiles on the sample surfaces of C(T) and double
notched samples and by examining the fracture surfaces. Accordingly, it is believed
that if cluster fractures occur, they are rare occurrences, and thus other microstructural

differences account for the difference in fracture and strength behavior.

In this regard, it is useful to draw experience from the published literature on bridging
ceramics, which are essentially composites of a weak glass matrix (for example ~ 10%
volume in Si3Ny4) surrounding crystalline ceramic grains that fracture mostly
intergranularly. Several microstructural factors govern the fracture resistance of
bridging ceramics, including grain size, shape, size distribution, and the adhesion
between the grains. With regards to grain size, larger grain size generally gives higher
peak toughness via larger deflections and larger bridge sizes [121, 145]. This concept
agrees with trends seen in the mechanical behavior of dental composites, whereby
composites with coarser reinforcements generally have better mechanical properties
[62]. In the present case, the reported particle size for the microhybrid is somewhat
higher than for the nanofill composite (Table III), indicating that this may impart some

of the improved fracture resistance.
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Considering particle shape, it is well known that elongated fibers, rods, or plates give
superior R-curve behavior over equiaxed grains [121, 146]; however, in the present
case the reinforcing particles appear to be roughly equiaxed for both composites, thus
this is an unlikely contributor. Much less is known about the effects of size
distribution on the fracture properties. However, it is clear that the maximum bridging
zone size may be governed by the largest reinforcements in the distribution rather than
the mean value. On the other hand, it is known that grain adhesion can have a
significant effect on toughness and strength [122, 123]. Crack deflection and bridging
mechanisms rely on interparticle crack growth, and thus a sufficiently weak interface
between the particle and matrix, or a sufficiently weak matrix, is needed. However, if
the interparticle crack growth occurs too easily, a slower rising R-curve and inferior
strength properties generally result [122, 123]. Thus, a weaker and/or more poorly
bonded matrix can actually be detrimental to the fracture resistance. For the present
composites the resin formulation is very similar for both, although slight differences
may be affecting the matrix toughness. Additionally, although the manufacturer
reports nearly identical filler volume fraction, recent ashing results for the two
composites have shown a higher filler content in the microhybrid relative to the
nanofill composite [64]. Thus, even if the matrix composition were identical, the
matrix is likely more highly constrained by the non-deforming filler particles in the

microhybrid composite, giving higher local strength.
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4.5.2.2 Flexural strength

The dental composites used in this study had high filler content (~ 60%) and
accordingly failed in a brittle manner, based on both the low overall toughness and the
highly linear elastic load displacement curves for the flexural strength tests. For brittle
materials, the fracture resistance (Kj. or R-curve), along with the defect population,
plays an important role in determining the fracture strength. For the R-curve case,
assuming an initial penny shaped flaw radius of a;, the applied stress, ogpp, €quals the

fracture strength when the following two conditions are satisfied:

Aa+a, dK,, dK
Ky =20, = = K; and — 22 = Z1, ®),

where Kx is the fracture resistance from the R-curve. Flexural strength predictions
based on Eq. 8 have proven to be quite accurate for two Si3N4 ceramics provided the
early part of the R-curve is accurately measured back to Aa = 0 [122]. Although this
was not possible in the present study, as will be explained later, qualitative insight can

be gained into the toughness-strength relations for these composites.

Eq. 8 predicts, and for Si3N4 and Al,O3 ceramics it has been experimentally
confirmed, that steeper and higher rising R-curves give higher strength [122, 123]. The
results of this study are consistent with this concept; indeed; the microhybrid

composite exhibits a steeper and higher rising R-curve (Fig. 10b) and ~ 20% higher
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mean flexural strength (Fig. 9). Thus, a connection can be made between the observed
extrinsic toughening mechanisms and trends in flexural strength. Developing
microstructures that more effectively exploit these mechanisms has the potential to

improve both the toughness and strength of resin based dental composite.

Eq. 8 also illustrates the importance of initial crack size in determining the strength,
i.e., larger defects give lower strength. Defects are usually produced during
manufacturing or processing of dental composites and can reduce the strength
depending on their location relative to regions of high stress [53]. Observations of
fracture surfaces (Fig. 14) revealed the presence of both pores and silica inclusions
that, along with surface scratches and voids, may act as initiation points for fracture
during the flexural strength tests. Another advantage of steeper R-curves is that not
only does the overall strength increase, but the scatter in strength decreases since the
influence of the initial flaw size is lessened [122]. Again, this is consistent with the
present results where a lower standard deviation was measured for the flexural

strength of the microhybrid composite.

4.5.3 Limitations of this study

This study provides new insight into the micromechanisms of fracture and toughening
in resin based dental composites, and how those relate to fracture resistance and
strength. While testing in the as-processed state allowed quick data collection, it is

recognized that dental composites actually are used in the oral environment. Current
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efforts by the authors are extending this study to investigate the fracture behavior of
these same two resin based restorative composites in the hydrated state to more closely
stimulate actual clinical conditions. The results of the present paper will provide
baseline properties to help understand the mechanistic role hydration plays in affecting

the fracture and strength properties.

Additionally, while the present techniques have proven very useful for qualitatively
rationalizing the relations between micromechanisms, strength, and toughness, in
order to make quantitative predictions of behavior (e.g., using Eq. 8) the early part of
the R-curve must be accurately measured [122]. This can be achieved by direct
measurements using specialized experimental techniques [147], or can be deduced by
independently measuring Ky and interpolating the data rather than extrapolating [119,
122, 123]. Unfortunately, for the former case custom testing apparatus is required, and
for the latter case there are experimental challenges associated with stress relaxation of
the resin matrix during Ky measurements. Thus, such experiments were not completed

at this time.

4.5.4 Further composite development

Dental composites must achieve a balance of esthetic and mechanical performance to
find clinical success, and the major advantage of using a nanofill composite is
improved polishability and polish retention over microhybrids. This is due to the

capability of the nanoclusters to wear by fracturing off the nanoscale subparticles
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rather than entire clusters pulling out of the composite [33]. Unfortunately, in the
present case this coincides with a sacrifice in strength and toughness. However, in
terms of providing fracture resistance, no fundamental differences were seen between
the nanoclusters and solid particles; indeed, no observations of nanocluster fracture
were made on crack profiles and fracture surfaces (Figs. 11-13). Accordingly, the
nanoclusters should, in principle, be capable of providing equally effective toughening
as the solid particles in the microhybrid assuming their behavior does not degrade in a
wet oral environment. It may be concluded that with further microstructural
refinement, a nanofill composite could be developed with a superior combination of

aesthetic and mechanical performance.

4.6 Conclusions

Based on a study of strength and R-curve behavior, and the fracture micromechanisms,
of two commercially available resin based dental restorative composites, one

microhybrid and one nanofill, the following conclusions can be made:

1. Four point bending experiments showed about a 20% higher mean flexural
strength of the microhybrid composite compared to the nanofill composite.
Scatter in the strength values is attributed to pore and inclusion defects in both

composites.
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2. The fracture resistance of both composites increases with crack extension over
~ 1 mm of crack length, and this can be analyzed in terms of a fracture

resistance curve (R-curve).

3. The steeper and higher rising R-curve of the microhybrid dental composite is
indicative of higher fracture toughness and may be correlated with its higher

flexural strength and less scatter in flexural strength.

4. Two different extrinsic toughening mechanisms were identified from the post-
test observation of crack profiles, crack deflection and crack bridging. Crack
deflection resulting from interparticle crack growth showed failure
predominantly in the matrix. Crack bridging was induced by the formation of
uncracked regions in the crack wake that sustain some of the applied load.
Bridges form with crack extension, causing the observed rising R-curve

behavior.

5. Despite the lower strength and toughness of the nanofill composite, based on
micromechanics observations, the nanoparticle clusters appear to be as
effective at deflecting cracks and imparting toughening as the solid particles of
the microhybrid. Thus, with further microstructural refinement, is should be
possible to achieve a superior combination of esthetic and mechanical

performance using the nanocluster approach.
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ABSTRACT

Objectives: To test the hypothesis that the fracture resistance of two different
particulate resin composites degrade after water hydration and improve after post-cure

heat treatment, and to correlate those changes with salient failure micromechanisms.

Methods: Two composites with different filler morphology were selected, denoted
microhybrid (Filtek™ Z250) and nanofill (Filtek™ Supreme plus). Following initial
light curing, hydrated samples were aged in water for 60 days at room temperature
while post-cured samples were heat treated at 120 °C for 90 min. Fracture resistance
was assessed using fracture resistance curves (R-curves) utilizing pre-cracked compact
tension, C(T), specimens. The flexural strength of the hydrated composites also was
evaluated in four point bending using unnotched beams. Scanning electron
microscopy of crack paths and fracture surfaces was performed to determine the
micromechanisms of fracture and toughening. The results were compared by two-way

ANOVA and Tukey’s multiple comparison test (p < 0.05).

Results: SEM observations revealed a predominantly interparticle matrix crack path
for all cases except the hydrated nanofill composite, which showed evidence of
particle matrix debonding. Hydration lowered the strength for both composites and the
peak toughness for the nanofill composite. The strength decrease was attributed to
resin matrix plasticization and hydrolytic degradation in both cases, with additional

interfacial degradation causing a larger strength decline and concomitant peak
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toughness decrease in the nanofill composite. The post-cure heat treatment noticeably
changed the R-curve shape causing the peak toughness to be reached after shorter
amounts of crack extension. Such changes help explain the increases in strength

reported in other studies and is attributed to improved resin matrix properties.

Significance: Results from this study provide new insight into the micromechanisms
of fracture in resin based dental composites which should aid the future development

and improvement of these materials.

KEYWORDS
Resin composite; R-curve; Crack bridging; Fracture; Hydration; Post-cure;

Toughening
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5.1 Introduction

A number of studies have investigated the fracture toughness of resin based dental
composites using either notched or pre-cracked samples to estimate or measure,
respectively, a single value of fracture toughness, K. [6, 62, 63, 148].4 However, it has
recently been reported that dental composites actually exhibit rising fracture resistance
with crack extension [149]. Such behavior is similar to many other materials such as
cortical bone [107] , dentin [114], layered composite ceramics [126], and dental
ceramics [134], and is generally associated with extrinsic toughening mechanisms that
develop during crack extension. Examples of important extrinsic toughening
mechanisms include crack bridging and in-situ phase transformation toughening [116,
150] . These mechanisms improve the toughness of the material by shielding the crack
from some of the applied load, thus reducing the stress intensity experienced at the
crack tip. The development of such crack tip shielding mechanisms increases the
fracture resistance of the material as the crack propagates. Accordingly, fracture
resistance curves (R-curves) are generally used to measure the fracture resistance of
such materials, usually in terms of the stress intensity, K, or strain energy release rate,

Gr, as a function of crack extension, Aa [98, 151].

* The stress-intensity factor, K, is a global parameter which fully characterizes the local stress and
deformation fields in the immediate vicinity of a crack tip in a linear-elastic solid, and thus can be used
to predict crack advance. It is defined for a crack of length a as K = Yo,,(na)”, where oy, is the

applied stress and Y is a geometry factor of the order of unity [98].
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While rising R-curve behavior attributed to crack bridging has been observed in as-
processed dental composites [149], restorative materials are exposed to the oral
environment throughout their lifetime, and it is vital to understand the properties of
these composites in hydrated conditions. Findings of many studies have shown
significant changes in the mechanical properties of resin composites due to aging in
water [81, 152, 153]. Prolonged exposure to aqueous media is believed to produce
adverse effects such as degradation of the silane coupling agent that bonds filler
particles to the resin matrix [72], resin degradation [141], leakage or pullout of filler
elements [41, 154], and softening of the resin matrix [155]. Though a number of
studies have addressed the effect of long-term hydration on the fracture toughness of
resin composites, there is no general consensus on the effects of water on fracture
properties [57, 70, 73, 81]. Ferracane et al. reported a 20-30% reduction in fracture
toughness after 6 months hydration [73], while another study by Indrani et al. reported
an increase in K, over the first 6 weeks of hydration after which it remained constant
[69]. For the latter case, it was suggested that an increase in the plastic zone size ahead
of the crack under the influence of water caused an increase in the fracture toughness.
It is conceivable that various composites react differently to hydration, making this an

important area for further research.

Additionally, numerous studies have shown heat curing induced improvements in the
mechanical properties of dental resin composites. Most composite restoratives achieve
only 45-70% monomer conversion after the initial light curing [156]. Post-curing
above the glass transition temperature of the resin matrix can enhance the degree of

cure and improve the mechanical properties of the composite [74]. Also, relief of
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internal stresses which are generated during the initial light-curing may also improve
the mechanical properties of resin composites [101]. Furthermore, studies show
increased biocompatibility of the resin composite after heat treatment [99, 101].
Depending on the post-cure temperature, time, and resin composite formulation,
researchers have reported increases in hardness, tensile and flexural strength, and
fracture toughness [13, 74, 100]. Such results have clinical importance, for example in
producing indirect composite restorations with improved properties, while also giving
insight into how to improve light cured direct restorations, for example through
chemical modifications that enhance light curing to achieve a similar final state to the

heat treated composites.

Accordingly, the objective of this study was to measure R-curves to test the hypothesis
that the fracture behavior of resin based dental composites degrades after water
hydration and improves after post-cure heat treatment while also gaining insight into
the microscopic fracture and toughening mechanisms of these composites in the
hydrated and heat treated states. To achieve these goals, mechanical tests were
combined with microscopy to examine the fracture behavior of one microhybrid
(Filtek™ Z250) and one nanofill (Filtek™ Supreme Plus) commercial resin based
dental composite, and results were compared to a previous study on the same

composites in the as-processed state without subsequent treatments [149].
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5.2 Materials and Methods

5.2.1 Materials

The two commercial resin composites used in this study were Filtek Z250™ and
Filtek Supreme Plus™ Universal restoratives manufactured by 3M™ ESPE™ (St
Paul, MN, USA). The composition details provided by the manufacturer for both
composites are listed in Table 4. It should be noted that both microstructures have a
mixture of large and small filler particles, but in the case of the nanofill the large
particles are actually clusters of smaller nanoparticles rather than individual solid

particles.

Table IV Summary of composition for commercial resin based composites

Commercial Shade Type Matrix Filler

name

3MTESPE™ A2 Microhybrid Bis-GMA®, 0.01 to 3.5 um,

Filtek Z250™ Bis-EMA®, average 0.6 pm,

Universal UDMA® and zirconia/silica (60 %

Restorative TEGDMA" by volume)

3M™ ESPE™  A2B Nanofill Bis-GMA?, 20 nm silica and

Filtek Supreme Bis-EMA®, zirconia/silica

Plus™ UDMA® and clusters of 0.6 to 1.4

Universal TEGDMA" um with individual

Restorative particle size of 5-20
nm (59.5 % by
volume)

“ Bis-GMA, bisphenol A-glycidyl dimethacrylate, ® Bis-EMA, bisphenol A ethoxylate dimethacrylate
¢ UDMA, urethane dimethacrylate,  TEGDMA, triethyleneglycoldimethacrylate
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5.2.2 Sample preparation and R-curve testing

Sample preparation was the same as described in a previous paper [149], differing
only in terms of the post cure treatments, and thus the details are only briefly
described here. The uncured composite samples were molded using aluminum split
molds and photopolymerised for 40 sec each on the top and bottom surfaces in a
laboratory curing unit (TRIAD II; Dentsply International, PA). Following the initial
curing, samples were either 1) hydrated by soaking in de-ionized water for 60 days or
2) immediately (5 min delay time) post-cured at 120 °C for 90 min with no subsequent

hydration treatment.

R-curves were evaluated for both the composites using standard compact tension,
C(T), specimens (W= 14 mm, B = 2.2 + 0.3 mm). The initial notch length, a,y, was 3.5
+ 0.1 mm. The samples were ground to 600 grit using silicon carbide papers and
polished to 0.05 pm using alumina powder slurries followed by a final finishing polish
using Buehler™ MasterPolish suspension. A custom built razor micronotching
machine was used to produce a pre-crack in the sample. A micronotch was cut into the
machined notch by repeatedly sliding a new razor blade in the presence of a 1 um
diamond slurry under applied loading of about 200-300 grams, until a sharp pre-crack

initiated from the micronotch (Fig. 15a and b).

Following pre-cracking, hydrated (N = 3 for each composite) or post-cured C(T)
samples (N = 3 for nanofill, N = 2 for microhybrid) were tested on an Instron® 8501

servo-hydraulic testing machine to measure the R-curves. A capacitance displacement
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gauge was attached to the clevis grips to precisely measure the load-point
displacement. Samples were manually loaded using displacement control until the
onset of the sub-critical crack extension determined by a sudden drop in the load. The
samples were immediately unloaded by about 15-20 % of the maximum load and then
were reloaded until subsequent crack extension. This loading and unloading sequence
was continued until the end of the test. The tests were generally concluded after
several millimeters of crack growth when a steady-state toughness in the R-curve was
clearly achieved, although some samples didn’t survive and failed by unstable
fracture. A compliance method was used to determine the crack length at each
unloading step using the load point displacement data. Crack lengths, a, after each
unload were calculated using a load-point compliance calibration for the C(T)

specimen [135]:

alW =1.0025-3.8256U +2.0734U° —11.443U° ),

where W is the sample width and U is given by:

1

VEBC +1

U= (10)

In Eq. 10, B is the sample thickness, C is the measured unloading sample compliance,
and £ is the elastic modulus. To maximize the accuracy of the technique, rather than

using an average reported value, £ was calculated for each sample as the value which
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gave the best agreement between the initial compliance and the optically measured

crack length before the start of the test for each specimen.

During each test, samples were unloaded several times and removed from the test
machine for an optical measurement of the crack length. These intermittent optical
measurements were performed to confirm accuracy and allow corrections of any errors
in the compliance crack length measurements. Finally, the fracture resistance, Kg, at
each new crack length was computed from the standard fracture mechanics based

solution for the compact tension specimen [136].
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Fig. 15. (a) Schematic of a standard fracture mechanics based compact tension,
C(T), specimen with a micronotch and pre-crack. (b) Optical micrograph of a
pre-crack which was created using a custom built razor micronotching machine.
Due to the high magnification, only the micronotch and pre-crack can be seen.
(c) Double notched sample geometry with four point loading configuration. (d)
Post test sample schematic showing the fractured and unbroken notch. The circle
surrounding the unbroken notch indicates the area to be analyzed for observing
the fracture micromechanisms.

5.2.3 Double notched beam testing

To supplement the R-curve experiments for the hydrated specimens, double notched
four point bend specimens were used to further examine the fracture and toughening
mechanisms. Following a similar fabrication procedure as for the C(T) specimens,
rectangular double notched specimens (N = 12 for each composite) were made in a
double notched aluminum split mold (33mm x 3 mm x 2mm). Special attention was
paid in producing identical notches to avoid preferential fracture from a particular
notch. Four point bend testing (Fig. 15¢) was performed on a Bose/EnduraTEC
ElectroForce® 3200 testing instrument. Here, samples were loaded in displacement

control at a cross head speed of 0.01 mm/sec until fracture took place from one of the
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notches. Invariably, each sample fractured from one of the notches, while the other
notch was at the point of instability and the microstructural phenomena preceding the
fracture were frozen in at the notch tip. Accordingly, the areas surrounding the
unbroken notches were analyzed in a scanning electron microscope (SEM) to study

the fracture micromechanisms (Fig. 15d).

5.2.4 Unnotched flexural strength testing

Unnotched rectangular bars (25 x 2 x 2 mm) were fabricated from each composite
(N=12), hydrated and tested in four-point bending using similar procedures as for the

double notched specimens. Flexural strength was calculated using simple beam theory.

5.2.5 Hydration time estimation

With the goal to obtain nearly complete hydration in all the resin composite sample
geometries, hydration times were estimated using Fick’s second law for non-steady
state diffusion. The solution was based on a boundary condition where surfaces were
kept at a constant concentration, Cs = 1, while the rest of the sample was assumed at
an uniform initial concentration, Cy = 0. The diffusion constants were taken from the
literature to be 4.1x10™ cm’s ' [132] and 9.57x10” cm’s ' [157] for the microhybrid
and nanofill composite, respectively. The diffusion concentration profile for the
average thickness (0.22 cm) C(T) specimens of microhybrid composite (Fig. 16)

showed that after 60 days, about 98% hydration was achieved at the center of the
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specimen. Diffusion concentration values might be underestimated here as all the
calculations assumed rectangular samples without the notch and holes of the actual
C(T) samples. The nanofill composite showed close to 99.9% hydration at the center
after 60 days. Double notched and flexural strength samples also showed about 99%
hydration at the center thickness for both composites. Consequently, all the samples
were hydrated for 60 days in de-ionized water at room temperature as longer hydration

time resulted in a minimal increase in water uptake.
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Fig. 16. Illustration of the diffusion concentration profile for the microhybrid
compact tension, C(T), specimens. Diffusion calculations were based on Fick’s
second law for non-steady state diffusion. It is seen that > 98% hydration is
achieved after 60 days with minimal increase in hydration at longer times and
this was the lowest hydration level estimated for any sample.
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5.2.6 Microstructural characterization

After sputter coating (Scancoat Six SEM Sputter Coater, Edward Limited, UK) the
sample surfaces with ~ 20 nm of gold, microscopic crack path observations and
fractography of the fractured samples were performed using a digital Zeiss Ultra SEM

to identify the microstructural fracture and toughening mechanisms.

5.2.7 Statistical analysis

A two-way analysis of variance (ANOVA) was performed on strength and peak
toughness for both resin composites, microhybrid and nanofill, with two different
storage conditions, as-processed and hydrated. Strength and peak toughness data of
both composites in the as-processed condition were obtained from a previous study
[149]. Pairwise multiple comparison Tukey tests were performed at a significance
level of p =0.05. Additional student’s t-test, also at a significance level of p = 0.05,

were performed to compare the as-processed and post cured nanofill composite data.

5.3 Results

5.3.1 Flexural strength evaluation

Mean flexural strength was calculated from the unnotched four point beam bending
test for the microhybrid and nanofill composite after 60 days hydration (Fig. 17).

Mean flexural strength of the microhybrid, 91.44 + 14.75 MPa, showed ~ 40%
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superior strength compared to the nanofill composite, 52.7 £ 12.87 MPa. Also shown
in Fig. 17 are the strength results for the as-processed composites from a previous
study [149]. A two-way ANOVA comparison demonstrated that material and storage
conditions both were significant, however, no significant interaction was identified
between them. Pairwise comparison tests further demonstrated that the nanofill
composite has significantly lower strength than the microhybrid composite in both
conditions. Also, hydration caused significant reduction in strength for both
composites, with a ~ 32% and ~ 50% reduction for the microhybrid and nanofill

composites, respectively.
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Fig. 17. Bar chart comparing the mean flexural strength for the microhybrid
and nanofill composite with and without 60 days of water hydration. Note the
significant decrease in strength for both composites with water hydration.
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5.3.2 Fracture resistance (R-curve) and peak toughness measurements

Load-load point displacement plots (e.g., Fig. 18a) for C(T) specimens were analyzed
to deduce R-curves as described in Section 5.2.2. Both microhybrid and nanofill
composites showed similar stable crack growth behavior. R-curves are plotted in terms
of the stress intensity, Kg, as a function of crack extension, Aa, with the strain energy
release rate, Gy, on the right axis (Fig. 18b). The latter was calculated using the

relation for plane strain conditions [98]:

K2

R

Gp=—""77 11
R E / (1 _ V2) ( )3

where E is the elastic modulus and vis Poisson’s ratio. Average £ and vvalues of 11

GPa and 0.33 were used to scale Gr estimates on the right axis of Fig. 18b based on

the manufacturer and published reported values, respectively [137, 138].

It is clear from Fig. 18b that both composites exhibited rising R-curve behavior over
roughly the first I mm of crack growth in the hydrated state. Two-way ANOVA and
Tukey’s test highlighted that the microhybrid composite showed significantly higher
R-curve peak toughness of 1.26 = 0.05 MPaVm compared to the nanofill composite,
0.80 + 0.06 MPaVm. Furthermore, peak toughness comparison of as-processed (1.21 +
0.07 MPaVm) and hydrated (1.26 + 0.05 MPaVm) microhybrid composite, Fig. 18¢

and f, showed no significant difference. On the contrary, as observed from Fig. 18d



and f, toughness of the hydrated nanofill composite (0.81 + 0.06 MPaVm) was

significantly reduced when compared to the as-processed condition (0.99 + 0.02

MPavm).
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Fig. 18. (a) Example load-load point displacement curve showing stable crack
growth for a hydrated microhybrid composite C(T) sample. The nanofill
composite also showed similar behavior. (b) Fracture resistance curves (R-
curves) for the hydrated microhybrid (open symbols) and nanofill (solid symbols)
composites plotted in terms of the stress intensity, Kr, as a function of crack
extension, Aa. Note the higher initial increase in toughness for the microhybrid
composite. (¢) R-curve comparison of the as-processed (open symbols) and
hydrated (solid symbols) microhybrid composite samples. (d) R-curve
comparison of as-processed (crossed symbols) and hydrated (open symbols)
nanofill composite samples. (e¢) R-curves for the post-cured microhybrid (solid
symbols) and nanofill (crossed symbols) composite. The right axis in all R-curve
plots show the estimated strain energy release rate, Gg(Aa). (f) Average peak
toughness comparison of as-processed, hydrated, and post-cured microhybrid
and nanofill composites, error bars indicate the standard deviation and are
absent for the post cured microhybrid samples where only two complete R-curves
were obtained.

Post-cured composites were also tested to determine their R-curve behavior (Fig. 18e).
Approximations of average strain energy release rate, Gr(Aa), for both post-cured
composites is shown on the right axis. Modulus, E, was taken as 13.5 GPa based on

post-cured flexural modulus of Z-100 composite [45], which has similar average
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particle size of 0.6 um as Z-250, although its resin composition is different in that it
contains only Bis-GMA and TEGDMA. Poisson’s ratio, v, was again taken to be 0.33.
All post-cured samples reached their peak toughness rapidly after a very short amount
of crack extension, generally < 0.5 mm. The average peak toughness from the R-curve
was calculated to be 1.25 MPaVm for the microhybrid composite and 1.03 + 0.13
MPavVm for the nanofill composite. Statistical comparison of peak toughness between
post-cured and as-processed microhybrid composite was not practical as only two
samples provided R-curve results for the post-cured microhybrid composite; however,
the values were essentially identical. Also, no significant difference (p = 0.63) was
found between R-curve peak toughness of post-cured and as-processed nanofill
composites. Fig. 18f compares the R-curve derived mean peak toughness of as-
processed [149], hydrated, and post-cured composites. The microhybrid shows

superior peak toughness compared to the nanofill composite in all conditions.

5.3.3 Crack profiles and fractography

Post-test SEM images of crack paths for hydrated microhybrid and nanofill
composites are shown in Fig. 19. It is evident from the micrographs that cracks
propagated predominantly between the filler particles in both composites, either near,
or at, the filler/matrix interface (Fig. 19a and b). This interparticle (or inter-cluster)
crack growth suggests crack deflection is an important toughening mechanism in both

restorative composites.
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Fig. 19. SEM micrographs of hydrated (a) microhybrid and (b) nanofill
composites showing the interparticle crack path. Crack bridging was observed in
both hydrated (c) microhybrid and (d) nanofill composites. An isolated instance
of agglomerate/cluster fracture in the hydrated nanofill composite is shown in (e)
while matrix-particle debonding in the proximity of the crack tip in the hydrated
nanofill composite is seen in (f). In all micrographs the crack is propagating
generally from top to bottom.



Fig. 20. SEM micrographs of fracture surfaces: (a) Hydrated nanofill
fractograph showing clear interfacial debonding and the presence of
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microcracking along the filler-matrix interface. (b) Micrograph showing
coverage of the fracture surface with resin matrix and no evidence of interfacial
microcracks in a hydrated microhybrid composite. (¢) and (d) show SEM images
of matching fracture surfaces of a nanofill composite sample confirming
interparticle crack growth. Each filler particle on one surface corresponds to a
hole on the other and vice versa as seen in example locations 1 — 7. The
microhybrid composite also showed no evidence of particle fracture. The
inclusion in (c) and (d) was used as a landmark for locating matching regions.

Observations of the areas surrounding the crack tips revealed the presence of intact
bridges spanning the crack wake. These crack bridges were observed in both the
hydrated microhybrid and nanofill composites (Fig. 19¢ and d respectively). Such
bridges sustain a portion of the applied load that would otherwise go toward crack
extension. Thus, in addition to crack deflection, crack bridging is another toughening
mechanism present in both resin composites. The same crack deflection and bridging
toughening mechanisms were also observed in the crack profiles of the post-cured

specimens, as well as the as-processed specimens in a previous study [149].

No particle cracking was observed in any of the microhybrid samples whereas one
instance of cluster/agglomerate fracture was observed in the hydrated nanofill
composite (Fig. 19¢). Matrix-particle debonding was evident in multiple hydrated
nanofill composite samples, particularly in the area surrounding the crack tip (Fig.
19f). Further confirmation of interfacial debonding was obtained by observing the
fracture surfaces of the nanofill composites (Fig. 20a). In Fig. 20a there is clear
evidence of particles that have debonded from the matrix, with distinct lines outlining
the particles and holes, and a microcrack showing additional particle-matrix

debonding out of the plane of the photo. In contrast, Fig. 20b shows almost
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exclusively interparticle failure in the matrix for hydrated microhybrid composite.
Here the morphology is different with the matrix completely covering each particle
and no microcracks. A similar interparticle matrix crack path as seen in Fig. 20b was
observed for the post-cured nanofill and microhybrid composites with very little
evidence of any matrix-particle separation, as well as in the as-processed composites

in a previous study [149].

Further fracture surface imaging was performed for the hydrated nanofill composite,
and no other instances were found of particle or cluster fracture (Fig. 19¢). For
example, Figs. 20c and d show identical locations on matching fracture surfaces of the
nanofill sample. In every location, interparticle crack growth is confirmed. Matching
locations are labeled 1 to 7 and show that each particle on one surface corresponds to a
hole on the other surface and vice versa. No evidence of split clusters or particles were
apparent in all of the fracture surfaces observed from both composites with either
treatment. Also, as was observed in the as-processed composites [149], voids and
inclusions were also identified on the fracture surfaces, with an inclusion of unknown

origin seen in Figs. 20c and d.
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5.4 Discussion

5.4.1 Flexural strength: Role of hydration

5.4.1.1 Strength degradation and aging time

Comparing the flexural strength of both composites (Fig. 17) reveals that the
microhybrid has superior strength compared to the nanofill in the hydrated condition,
which is the same trend previously observed for the as-processed composites [149].
However, 60 days hydration causes a degradation in flexural strength for both
composites with a ~ 32 % and ~ 50 % reduction for the microhybrid and nanofill
composites, respectively. This trend is in general agreement with a recent study by
Curtis et al. [51] who observed a decrease in biaxial flexural strength in the same
composites after three and six months of hydration. It is also important to note that
those same authors did not observe any significant reduction in strength after 24 hrs of
water aging, which is similar to the finding of Rodrigues et al. [53] that there is not a
significant difference in four-point bending flexural strength of the same microhybrid

and nanofill composites after 24 hrs of hydration.

As discussed in Sec. 5.2.5, water absorption of these dimethacrylate based composites
is estimated to take roughly 60 days to achieve close to 99% hydration in both
composites for the sample sizes used in this study. Our theoretical calculations are in

compliance with other studies [153, 158], where most materials reached their water
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uptake saturation within 7-60 days of hydration. Such results indicate that long term
hydration may be more clinically relevant than the 24 hrs storage recommended by

ISO 4049 [50], as has been suggested by other researchers [128].

5.4.1.2 Strength degradation mechanisms

Several studies have reported significant reductions in strength for dental polymer
resins and composites due to water uptake [14, 51, 128, 141]. Possible reasons for a
degradation of composite mechanical properties include the degradation of the resin,
the filler, or the resin/filler interface. With regard to the filler, although one isolated
instance of cluster fracture was observed in a hydrated nanofill sample (Fig. 19e), it is
likely a rare occurrence as extensive fracture surface imaging (e.g., see Fig. 20c & d)
confirmed interparticle crack growth and showed no further evidence of
agglomerate/cluster splitting. Thus, it may be concluded that filler degradation is not a

likely source for the observed loss in strength with hydration.

Resin degradation may be associated with either volumetric changes such as swelling,
physical changes such as plasticization, or chemical changes such as oxidation and
hydrolysis [44]. As for the interfaces, in dimethacrylate based resin composites, filler
particles are chemically bonded to the resin with a bifunctional silane coupling agent
where one functional silica group is connected to the inorganic filler through a
condensation reaction while a methacrylate group provides compatibility and bonding

to the resin matrix [33]. Particle-matrix debonding can diminish the transfer of stresses
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to the filler particles thus reducing the overall strength of the composite. Moreover,
interfacial degradation of the silane coupling agent has been reported in some dental

composites [14, 35, 72].

Both composites in this study experience degradation in strength with hydration. But
despite having very similar resin and filler chemistry and similar filler volumes [33],
hydrolytic strength degradation of the nanofill composite was significantly greater

than the microhybrid composite.

Additionally, interfacial separation was clearly observed in the fracture surface
imaging of the hydrated nanofill composite (Fig. 20a), while no such debonding was
observed in the as-processed state [ 149]. Comparing fracture surfaces at high
magnification, the microhybrid composite has a “lumpy” looking appearance as the
matrix covers the particles (Fig 20b), which also has been observed in a previous study
[149]. The particles appear to be very well adhered to, and covered by, the matrix,
suggesting fracture through the resin matrix. Crack growth through the resin matrix
indicates good filler/matrix adhesion [73] which should give good strength and
toughness. For the hydrated nanofill composite, crack path observations (Fig. 19a)
show clear interfacial separation between some particles and the matrix while fracture
surfaces (Fig. 20a) show particles protruding from the matrix or evidence for
interfacial separation between the particles and the matrix. This indicates a lesser
degree of adhesion between the resin and filler in the nanofill composite when

hydrated, as no such behavior was seen in the as-processed condition [149]. Curtis et
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al. [51] reported the presence of microcracks on the fracture surfaces of both of these
composites after 6 months of hydration and suggested that it could have been a
consequence of degradation of the resin matrix or the silane layer surrounding the
filler particles. In the present study, after 60 days of hydration, the nanofill composite
showed a greater presence of microcracks (Fig. 20a) along the filler/matrix interfaces
on the fracture surfaces, while such behavior was either very limited or nonexistent in

the microhybrid composite (Fig. 20b).

Thus, it may be concluded that strength loss by resin degradation occurs in both
composites, while the additional strength loss in the nanofill composite may be
attributed to interfacial degradation. Interfacial debonding suggests there is some
hydrolytic degradation of the silane coupling agent for the nanofill composite. This
latter effect is likely due to the fact the nanofill composite actually contains clusters of
agglomerated nanoparticles in contrast to the solid particles present in the microhybrid
composite. Although the fillers in both composites are silane treated, differences in
hydrolytic degradation may be attributed to different interfacial properties due to the
larger surface area to volume ratio and more irregular porous structure [51] of the
nanoclusters compared to the solid particles in the microhybrid composite. The porous
surfaces associated with the agglomerates may not as effectively accept the silane

treatment or may simply be more prone to hydrolytic degradation.
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5.4.2 R-curve behavior: Role of hydration

Both composites show rising R-curve behavior in the hydrated state, similar to the
behavior in the as-processed state (Figs. 18b-d). As discussed in a previous paper on
the as-processed composites [149], the initial increase in toughness over roughly one
millimeter of crack extension results from the extrinsic toughening mechanisms of
crack deflection (Fig. 19a and b) and crack bridging (Fig. 19c and d), both of which
are promoted by interparticle/intercluster crack growth and are clearly seen in the
hydrated composites. Depending on the filler shape and deflection angle, crack
deflection may lead to formation of uncracked bridges when a crack locally arrests and
either 1) a new crack initiates and propagates ahead of the arrest point or 2) the crack
fronts on each side of the arrest point propagate and reconnect ahead. In either case, a
bridge of uncracked material may be formed behind the crack tip. As intact particles,
or groups of particles, span across the crack flanks, those bridges sustain part of the
applied load that would otherwise be experienced at the crack tip, effectively
toughening the material by lowering the near-tip stress intensity, Kjp, relative to the

applied stress intensity, Kapp:

tip = Kapp - Kbr (12)’
where Ky, is the bridging stress intensity, which is a function of crack extension, Aa.
Crack bridges are developed as the crack propagates, causing the increases in

toughness seen in Fig 18. The observation of a steady state, or plateau, toughness
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following the initial increase indicates that the bridging zone becomes fully developed
and the bridges are forming and breaking at roughly equivalent rates in the crack

wake.

From Fig. 18f, it is evident that the microhybrid composite has superior peak
toughness compared to the nanofill composite in the as-processed, hydrated, and post-
cured conditions. The absence of any observable decrease in the R-curve peak
toughness of the microhybrid composite after 60 days of water hydration suggests a
lack of water induced degradation, which is in agreement with no apparent change in
the crack path after hydration, i.e. interparticle failure through the matrix was the
dominant mechanism. Although it may seem counterintuitive that only the strength,
and not the peak toughness, is decreased by hydration, it is important to note that the
strength of brittle materials exhibiting R-curves is only partially determined by the
peak toughness. Indeed, the steepness of the rising portion of the R-curve is also
important in determining strength [122, 123]. Furthermore, there may be multiple
competing effects of hydration in influencing the intrinsic resistance to crack advance,
e.g., by matrix plasticization, and the extrinsic toughness mechanisms such as crack
deflection and bridging. Such competition may be offsetting and not apparent when
only comparing the peak toughness, but may in fact affect the rise of the R-curve and

the strength.

On the contrary, the nanofill composite showed a significant decrease in the R-curve

peak toughness after hydration, as observed in Fig. 18d and f. As described previously
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in Sec. 5.4.1.2, most mechanisms of hydrolytic degradation reported in the literature
are related to either filler, matrix or interfacial degradation, and for the present
composites filler degradation has largely been ruled out. Since both interfacial
debonding and a toughness decrease were only observed in the hydrated nanofill
composite, it may be concluded that interfacial debonding is the most likely cause of
the toughness loss with hydration for the nanofill composite. If resin degradation were

the cause, such an effect would be expected in both composites.

The present results on the nanofill composite generally agree with the theoretical finite
modeling results of Chan et al. who suggested that improvement in silanization can
improve the fracture toughness of dental nanocomposites [77]. However, there is
likely a practical limit where silanization is above a threshold level and this effect
would saturate, which may have been achieved in the present microhybrid composite
which showed no evidence of interfacial separation in either the as-processed or

hydrated cases.
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5.4.3 Effect of post-curing

Following the same trend as observed in hydrated and as-processed conditions, the
microhybrid composite had a higher average post-cured peak toughness than the
nanofill (Fig. 18e-f), which is likely associated with the inherent microstructural
differences between the two composites [149]. There is no significant improvement in
peak toughness of the nanofill composite after the post-curing treatment, compared to
the as-processed condition, and although a statistical comparison between as-
processed and post-cured microhybrid composite is not feasible due to limited data,
average peak toughness values are essentially identical (Fig. 18f). However, there is a
noticeable change in the R-curve shape from the as-processed to post-cured states
(Figs. 18c-¢e). Indeed, the peak toughness is reached more quickly, within the first <
0.5 mm of crack extension. This indicates either an increase in the steepness of the R-
curve, an increase in the initiation point of the R-curve, or both. Either of these factors
could contribute to higher strength and apparent single value, K|, toughness.
Improvement in those mechanical properties has been reported and attributed to
increases in the molecular mobility of the polymer chains which enhances the degree
of polymerization [13, 74, 100], increased mobility of free radicals [74, 100] and/or

relaxation of internal stresses [101] during the heat treatment.

In bridging ceramics like Al,O3; and Si3Ny4, which are essentially composites of
crystalline ceramic grains surrounded by a weak glass matrix (e.g., ~ 10% volume in

Si3Ny4) that fracture mostly intergranularly, optimal grain adhesion plays an important
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role in imparting high strength and fracture toughness [122, 123]. A weak
intergranular crack path is essential for imparting crack deflection, crack bridging,
high toughness and strength; however, when that path is too weak the R-curve
becomes less steep and the strength is lower [122, 123]. A similar case appears to
occur in resin based composites. When the crack path is through the resin matrix, as
occurs in the as-processed and post-cured states for both composites, the light-cured
matrix is likely weaker than optimal and post-curing improves the matrix properties

resulting in a steepening of the R-curve that is associated with higher strength. The

R

, and high strength may be
a

relationship between the steepness of the R-curve,

seen by assuming an initial penny shaped flaw radius of ;. In that case, the applied
stress, oupp, €quals the fracture strength when the following two conditions are

satisfied:

Aa + a dK,, dK
7% _K, and —2 = 0k 13),
Vs da da

app app

where KRy is the fracture resistance from the R-curve. Flexural strength predictions
based on Eq. 13 have proven to be quite accurate for two Si3N4 ceramics provided the
early part of the R-curve is accurately measured back to Aa = 0 [122]. This can be
achieved by direct measurements using specialized experimental techniques [147], or
can be deduced by independently measuring the initiation toughness, K, and
interpolating the data [119, 122, 123]. Unfortunately, for the former case custom

testing apparatus is required, and for the latter case there are experimental challenges
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associated with stress relaxation of the resin matrix during Ky measurements. While

this was not possible in the present study, nonetheless, insight has been gained into the

mechanisms responsible for toughness and strength in these composites.

5.5 Conclusions

Based on a study on flexural strength and R-curve toughness of two commercial dental

restorative composites, one microhybrid and one nanofill, after subjecting them to

either 60 days of water hydration or a post-cure heat treatment (120 °C for 90 min),

the following conclusions can be made.

1.

Hydration significantly lowers the strength of both composites, by ~ 32%
in the microhybrid composite and ~ 50% in the nanofill composite. Based
on crack path and fracture surface observations, this effect is attributed to
resin matrix degradation in both composites, with the additional decrease in
the nanofill composite attributed to interfacial degradation as evidenced by

matrix-particle debonding.

Two extrinsic toughening mechanisms, crack deflection and crack
bridging, both were identified in the composites under all conditions. The
latter mechanism was responsible for the rising R-curve behavior,
increasing the toughness of the composite by forming intact bridge regions
behind the crack tip, thus sustaining some of the applied load and reducing

the stresses experienced at the crack tip.
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3. The peak toughness of the nanofill composite was lowered ~ 18% by water
hydration, while no such effect was observed for the microhybrid
composite. This reduction is attributed to degradation of the particle-
matrix interface, which caused particle-matrix debonding during the

fracture process.

4. Although the peak toughness was not affected by post-curing in either
composite, the shape of the R-curve was noticeably different, reaching the
peak toughness after much shorter amounts of crack extension. Such
behavior can explain the increase in strength and single value apparent
toughness with post-curing observed in other studies, and is likely

attributed to an improvement in the resin matrix properties.
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6.1 Abstract

Objective: To evaluate the fatigue crack growth behavior and related

micromechanisms of two commercial resin based dental restorative composites.

Methods: After 60 days of water hydration, the fatigue crack growth resistance of two
different resin composites, one microhybrid (Filtek™ Z250) and one nanofill (Filtek™
Supreme Plus), was measured in wet conditions using compact-tension, C(T),
specimens at a load ratio of 0.1 and frequency of 2 Hz. Cyclic fatigue behavior was
quantified in terms of the fatigue crack growth rate, da/dN, as a function of the stress

intensity range, AK.

Results: A sigmoidal da/dN-AK curve with three different fatigue crack growth
regions was identified for both composites. In general, fatigue crack growth ranged
from ~10” to 10™ m/cycle over AK of 0.54 to 0.63 MPa\m for the Z250 composite
and AK of 0.41 to 0.67 MPaVm for the Supreme Plus composite. The Supreme Plus
composite showed a lower fatigue threshold, AKy, by ~ 0.13 MPavm compared to the
7250 composite, while also showing a plateau in the fatigue crack growth curve that is
likely related to environmental attack. SEM observations of the fatigue crack paths
and fracture surfaces revealed an interparticle crack path and extrinsic toughening
mechanisms of crack deflection and crack bridging. No fatigue degradation of
reinforcing particles or clusters was found, but cluster-matrix debonding was evident

in the Supreme Plus composite, also indicative of environmental attack due to water.
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Significance: This study increases the understanding of both the fatigue behavior and

the micromechanisms of fatigue in resin based dental composites.

KEYWORDS

Resin composite; Fatigue; Crack growth; Crack bridging; Hydration; Mechanisms
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6.2 Introduction

Teeth experience cyclic loading routinely during their lifetime due to forces from
mastication, grinding, and shivering. Although a single mechanical overload leading to
a catastrophic failure is a possibility, repetitive loading due to mastication can lead to
sub-critical crack propagation in tooth tissue and/or restorations, negatively affecting
the long term functionality and structural stability of the affected teeth [159, 160].
Because such cyclic stresses are repeated more than 3x10° times per year for the
average person [90], dental restorative materials must be able to resist fatigue failure
from cyclic loading conditions and there is a need to understand such behavior when
comparing existing, or designing new, restorative materials. In that regard, resin based
dental composites have experienced increased usage in direct dental restorative
applications, and there is evidence that their long term clinical performance is not as

good as amalgam in high load bearing posterior restorations [17, 27].

In addition to causing bulk fracture, fatigue behavior has also been related to the wear
properties of resin based composites. Microcrack propagation in a subsurface layer
due to repeated occlusal loading may be a precursor of clinical wear [94] and higher
wear resistance has been found for restoratives with higher fatigue crack growth
resistance [83]. Reduced clinical wear can enhance the lifetime of composite

restorations as well as help them retain their favorable aesthetic appearance.
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Two different approaches are commonly used to evaluate the cyclic fatigue behavior
of a material, namely the “stress-life”” and the damage tolerant methods. Cyclic fatigue
is most commonly evaluated using the “stress-life” (S/N) method whereby the fatigue
life, Vg, is determined as the number of cycles to cause material failure at a given
cyclic stress amplitude. Using this method, fatigue strength may be determined for a
given lifetime. Although this method is simple to apply, there are a few limitations.
For example, S/N data is highly scattered due to the unpredictable nature of crack
initiation, which may be affected by flaws and/or inhomogeneities at the surface or in
the microstructure. This makes accurate lifetime predictions using the S/N method
difficult, as actual fatigue lives may vary by several orders of magnitude. Another
drawback of the S/N approach is that it is difficult to separately determine i) which
variables affect crack initiation and growth and ii1) the mechanisms governing each of

those portions of the fatigue life.

The damage tolerant approach is different in that it assumes cracks or crack-like flaws
exist in a material, and it focuses on understanding the crack growth portion of the
lifetime. This method uses fracture mechanics to characterize the crack growth rates,
which in turn can allow accurate predictions of fatigue life and the study of fatigue
crack growth mechanisms. Fatigue crack growth rates, da/dN, are generally

characterized in terms of the stress intensity range, AK.® These parameters are often

% The stress-intensity factor, K| is a global parameter which fully characterizes the local stress and

deformation fields in the immediate vicinity of a crack tip in a linear-elastic solid, and thus can be used
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related to each other at intermediate growth rates by the Paris law for fatigue crack

growth [161]:

— = CaK)y” (14),

where AK= K.x —Kmin and C and m are material and environment specific constants.
Kiax and K, are defined as the maximum and minimum stress intensity experienced
by the crack during each loading cycle. For teeth, where cracks generally exist in the
enamel [162], and resin based dental restorative composites, where fracture is known

to initiate at surface or internal flaws [53], this approach should be highly relevant.

It appears that only a few studies have quantified the fatigue crack growth resistance
of resin based dental composites [82, 83, 95-97]. In general, it has been found that
resin based dental composites have lower fatigue crack growth resistance when
compared to the natural human dentin they replace [97]. Additionally, the fatigue
crack growth resistance of resin composites is affected by water hydration [83, 95];
indeed one study reported continuous decline in the fatigue crack propagation
resistance over 1-3 months of water storage [95] while another found changes in the

Paris law exponent [83]. Similarly, a degradation in fatigue strength after a month of

to correlate with the extent of crack advance. It is defined for a crack of length ¢ as K = chapp(na)%,

where G, is the applied stress and Y is a geometry factor of the order of unity [98].
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water storage has also been observed by Braem et al. [163] for four different resin
based composites using a modified S/N approach, known as the “staircase” approach.
However, Lohabauer et al. [81] observed no change in the flexural fatigue limit of a
resin based composite after long-term water storage (90 days) suggesting there are
likely variations in the susceptibility of different resin based composites to water

induced degradation of fatigue resistance.

Although a few studies have evaluated the fatigue crack growth behavior of resin
based restorative composites, there is still very little data available and the
understanding of the associated micromechanisms are limited. Accordingly, the
purpose of the current study is to evaluate the fatigue crack growth resistance of two
different commercial composites and, where possible, provide insight into the

mechanisms responsible for the observed behavior.

6.3 Materials and methods

6.3.1 Materials

Two different universal dental resin composites were evaluated in the present study.
The first material investigated was a microhybrid composite, commercially known as
Filtek™ Z250 (3M/ESPE™), which contains 60 vol% zirconia/silica fillers with
particle size ranging from 0.01 to 3.5 um (average 0.6 pum). The second was a nanofill

composite reinforced entirely with nano particles and their agglomerates and
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commercially known as Filtek™ Supreme Plus (3M/ESPE™), which contains 20 nm
discrete silica particles and 0.6 to 1.4 um zirconia/silica clusters made up of 5-20 nm
primary particles (59.5 vol%). According to the manufacturer, both composites have

very similar matrix composition with Bis-GMA, UDMA, Bis-EMA and a small

amount of TEGDMA [33].

6.3.2 Specimen preparation

For fatigue crack growth experiments, (N = 8) standard fracture mechanics based
compact-tension, C(T), specimens were prepared for each composite. A complete
description of sample preparation is in Ref. [149], but to summarize, rectangular
coupons were prepared in an aluminum split mold and light cured for 40 seconds each
on the top and bottom surfaces (Triad II, Dentsply International, York Division, PA).
After curing, holes and a starter notch were machined into the samples using
conventional machining methods. Final samples had a nominal width, ' = 14 mm,
and thickness, B = 2 + 0.5 mm, with a starter notch length, ap = 3.5 = 0.2 mm, as
shown in Fig. 1. Specimen surfaces on both sides were ground with silicon carbide
paper to 600 grit and polished using alumina slurries to 0.05 um followed by a final
polishing step using Buehler™ MasterPolish. All samples were stored at room
temperature in deionized water for 60 days before testing. This treatment was
determined to give >98% hydration through the entire thickness of the samples based

on calculations using Fick’s second law of non-steady state diffusion [164].
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Fig. 21. Schematic of a compact tension, C(T), specimen with geometrical
dimensions.

6.3.3 Fatigue crack growth testing

A custom built razor micronotching machine was used to produce a sharp pre-crack in
all specimens by repeatedly sliding a razor blade over the end of the machined notch
under an applied load while irrigating with a 1 pm diamond slurry. The diamond
slurry ground a razor sharp micronotch into the sample and this process was continued
until the applied load caused a sharp pre-crack to initiate from the micronotch.
Following pre-cracking, fatigue cycling was performed using a computer controlled
servo-hydraulic mechanical testing machine (Instron® 8501, Canton, MA) at a
frequency, v, of 2 Hz (sine wave) and a constant load ratio (R=Pmin/Pmax, ratio of
minimum to maximum load) of 0.1. Fatigue crack growth rates, da/dN, were
determined as a function of applied stress intensity range, AK, in general accordance

with ASTM standard E-647 [165]. As both composites showed rising fracture
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resistance over the first ~1 mm of crack extension [149, 164], crack growth rate
measurements were taken only after the fatigue crack had grown more than 1 mm

from the end of the notch.

Throughout the fatigue testing, each sample was kept wet and hydrated by taping a
wet sponge around it and keeping the sponge hydrated throughout the test. Growth
rates approaching the fatigue threshold, AKy,, which is often operationally defined as
minimum crack growth rate below 10-10 m/cycle where cracking is essentially
dormant, was achieved by decreasing AK (load-shedding) using a normalized K-
gradient (1/AK [dAK/da]) of -0.08 mm-1. Alternatively, the high velocity portion of
the crack growth curve, da/dN > 10" m/cycle, was measured using increasing AK
conditions (K-gradient = +0.08 mm-1). Load-point displacements were monitored in-
situ using a capacitance displacement gauge (HPT150, Capacitec, Inc., Ayer, MA)
which was connected to the clevis grips. Crack lengths were then deduced from the
elastic unloading compliance calibrations for the standard C(T) specimen geometry
[135] and proved reasonably accurate when compared with post-test optical crack
length measurements. When required, any crack length errors were corrected during
data analysis by assuming that error accumulated linearly with crack extension. Crack
growth rates, da/dN, and AK values were calculated by averaging over crack

extensions of ~100-200 pum.
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6.3.4 Mechanism characterization

After concluding crack growth experiments on hydrated resin composites, microscopic
observations of fatigue samples were performed to understand the crack path
interaction with the salient microstructural features. Uncoated polished specimen
surfaces (crack profiles) and fracture surfaces were examined using both an optical
microscope and a field emission gun scanning electron microscope (FEI Quanta) in

low vacuum mode at a pressure of 110 Pa.

6.4 Results

Fatigue crack growth data for both composites is shown in Fig. 22 where crack growth
rates, da/dN, are plotted as a function of the applied stress intensity range, AK, on a
log-log plot. Several samples fractured inadvertently prior to successful data
collection; accordingly, data are shown from a total of five specimens (three Supreme
Plus and two Z250). In each case, sufficient data was collected so that the upper and
lower portions of the da/dN curves, measured using increasing and decreasing AK
conditions, respectively, met up with each other. Additionally, da/dN data for a
different microhybrid composite (Vit-1-escence, 0.7 um average particle size, Bis-
GMA-based resin) and hydrated human dentin in the Paris regime, are also shown for

comparison purposes (room temperature, v =5 Hz and R =0.1) [68, 97].
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Fig. 22. Fatigue crack growth rates, da/dN, as a function of stress-intensity
range, AK, for the two commercial dental restorative composites tested: Z250
(solid circular symbols) and Supreme Plus (half filled diamond symbols) (v =2
Hz, R = 0.1). Both composites were hydrated in water for 60 days and tested
under wet conditions. The Paris regime data from a fatigue crack growth study
on a different microhybrid composite (v =5 Hz, R = 0.1) [97] and hydrated dentin
(v=5Hz, R =0.1) [166] are displayed for comparison purposes.

For both composites, three different growth rate regions may be identified on
sigmoidal fatigue crack growth curves. Region I is the near-threshold region where the
crack growth rate is highly sensitive to the applied AK, and both composites showed a
well defined fatigue threshold, AKy,, at which measurable crack growth ceased. The
fatigue threshold was determined to be ~0.54 MPaVm for the Z250 composite and

~0.41 MPaVm for the Supreme Plus composite.

Next, region II for both composites is characterized by an abrupt change in the slope

in Fig. 22. For the Z250 composite, region II is characterized well by the Paris law
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(Eq. 14), showing a roughly linear slope in Fig. 22. By fitting the data to Eq. 14, the
scaling constants m and C were determined to be 5.2 + 1.0 and ~ 2 x 107 (m/cycle)
(MPaVm)™ respectively, with a correlation coefficient of R* = 0.67. Conversely,
region II for the Supreme Plus composite showed a very weak dependence on the
stress intensity range. Thus, the Paris law was not used to fit the data in that regime.
Finally, both composites exhibit a sharp transition to region III behavior, where the
crack growth rate accelerated as K.x approached the toughness of the composite. In
this region, there was considerable overlap in the behavior of the two composites. In
general, the Supreme Plus composite was more susceptible to fatigue crack growth as
crack propagation occurred over a larger range of stress intensities (0.26 MPavm vs.

0.09 MPaVm) while the fatigue threshold was lower.
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Fig. 23. (a) SEM micrograph showing representative fatigue crack path in the
Supreme Plus composite. Z250 also showed similar interparticle crack
propagation. (b) An uncracked bridge in the crack wake for the Supreme Plus
composite. Similar features were seen in the Z250 composite. (¢) Microscopic
fracture surfaces showing mostly interparticle crack growth through the resin
matrix in Z250 but (d) protruding filler particles with cluster-matrix debonding
suggests more interfacial crack growth in Supreme Plus composite. General
direction of crack growth is from right to left.

SEM observations of fatigue crack paths in both composites showed interparticle
crack growth (Fig. 23a). Additionally, both crack deflection and crack bridging (Fig.
23b) were observed as extrinsic toughening mechanisms that help increase the
resistance to crack propagation. Little filler-matrix debonding was seen for the Z250
composite (Fig. 23¢) but cluster-matrix interfacial debonding, evidenced by protruding

filler particles, was observed in the Supreme Plus composite (Fig. 23d).
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Fig. 24. Low magnification fracture surface micrograph showing how (a) the
fracture surface of the Z250 composite from previous fracture tests was relatively
smooth [164] while (b) fatigue samples had relatively rough surface showing
crack propagation on different planes. Similar behavior was observed for the
Supreme Plus composite as well. (¢) and (d) show mirror images of the same
location on the opposite fatigue fracture surfaces of a Supreme Plus composite
sample. Interparticle crack growth is confirmed at every location where a
particle on one surface corresponds to hole on the other and vice versa. Points
labeled 1-9 are examples of matching locations. The Z250 composite also showed
a similar lack of particle failure. General direction of crack growth is from
bottom to top.

Post-test low magnification SEM micrographs of Fig. 24 shows a fracture surface for a
fracture experiment sample from a previous study (Fig. 24a) [164] compared with a
fatigue fracture surface from the present study (Fig. 24b). Very smooth fracture

surfaces were observed for the R-curve fracture test samples whereas relatively rough
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surfaces with extrusions and intrusions (peaks and valleys) were observed for the

cyclically loaded samples, suggesting crack propagation on multiple planes.

Finally, a lack of particle or agglomerate fracture was confirmed by imaging the
fatigue fracture surfaces. An example evaluation of the exact same location on
opposite fracture surfaces is shown in Figs. 24c & 24d. Sites 1-9 give examples of
how each particle or cluster on one surface corresponds to a hole on the other and vice
versa. Similar behavior was seen for both composites and no evidence of particle or
cluster splitting due to cyclic loading was observed on any of the fracture surface

images taken.

6.5 Discussion

6.5.1 Fatigue crack propagation rates

In this study, a test frequency of 2 Hz was selected because it matches the upper range
of the typical human chewing frequency [167] and thus allows experiments to be
conducted as quickly as possible and also be considered clinically relevant. Due to the
viscoelastic properties of the resin matrix, higher test frequencies may affect fatigue
results. For example, it has been suggested that high test frequencies could lead to

internal heating during fatigue testing [96].
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Both composites showed a sigmoidal fatigue crack growth curve with three apparent
crack growth regimes and a well defined threshold where measurable crack growth
essentially ceased. This is in contrast to fatigue crack growth studies on some other
resin based dental composites, which generally found only a single regime of crack
growth [82, 83, 95-97]. In some cases, this difference may be attributed to the fact that
data was collected over a limited range of growth rates, but that may not explain it
completely. Rather, it is likely that there are fundamental differences between the
fatigue crack growth behavior of different composites, and/or there may be a role of

different test conditions.

Two separate studies have measured the 10° cycle flexural fatigue limit (FFL) for the
same commercial composites examined in the present work. The results were very
similar for the composites, with one study reporting a FFL of 45.9 + 7 MPa for the
7250 composite [168] and another study reporting a FFL of 49.6 + 3.8 for the
Supreme Plus composite [169]. However, it should be pointed out that water hydration
times were very short in those studies, two weeks for the Z250 and 24 hours for the
Supreme Plus. Recent results have shown that both the strength and fracture resistance
of the Supreme Plus composite to be more susceptible to long term water induced
degradation than the Z250 composite [164]. In that study, a relatively higher
degradation in properties with hydration for the Supreme Plus composite was
associated with interfacial debonding, which is also seen here (Fig. 23). Considering
that the short hydration FFL results from other studies indicate similar fatigue

behavior for the two composites while the present longer hydration results suggest a
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lower fatigue threshold for the Supreme Plus composite, it is likely that the fatigue
properties of Supreme Plus are also more susceptible to water degradation than the

7250 composite and that may be associated with increased interfacial debonding.

Only Z250 showed a clear Paris regime with a Paris exponent, m, of ~5.2 MPa\m.
Soappman et al. recently studied fatigue crack growth response of a different
microhybrid composite (Vit-1-escence, 0.7 um average particle size, Bis-GMA based
resin) and reported the m value to be ~ 5.3 [97]. This value is in very good agreement
with our results despite the fact that the samples in that study were soaked for 24 hrs in
the Hanks Balanced Salt Solution (HBSS) compared to 60 days water hydration in our
study. This may indicate that the fatigue crack growth resistance of these two

microhybrid composites has relatively low susceptibility to water degradation.

Most metals have Paris exponents in the range of 2-4, while the m values for brittle
materials and their composites are much larger, even as high as 100 [103]. The
intermediate value found for the Z250 composite suggests that potentially both ductile
and brittle fatigue mechanisms operate in these composites. For comparison, the m
value for hydrated human dentin (v =5 Hz, R =0.1) has been reported to be 13-22 for
samples from individual donors depending on age, with the higher values
corresponding to specimens from older donors [68].

For the Supreme Plus nanofill composite, a well defined Paris regime was not found
and instead there was a plateau in the da/dN-AK curve in the range of 10°~107

m/cycle where the fatigue crack growth rate was relatively insensitive to the applied
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stress intensity range. In general, when fatigue crack growth rates are largely
insensitive to the stress intensity it is because the growth rate is determined by some
process other than mechanical fatigue, such as mass transfer of, or reactions with, a
chemical species from the environment [170]. As was mentioned previously, the
Supreme Plus composite has shown higher susceptibility to water degradation of the
strength and fracture properties [149, 164]. This was associated with clear evidence of
interfacial debonding that does not occur in the dry as-processed condition, nor does
interfacial debonding occur in the Z250 composite in either the hydrated or dry as-
processed test conditions. Thus, environmental attack from water would appear to be
the most likely reason for the observed plateau in the da/dN-AK curve for the Supreme

Plus composite.

As growth progresses to final fracture, the final Ky, values were ~ 0.7 MPavm for
both composites in this study. This is lower compared to the peak R-curve toughness
values of 1.3 and 0.8 MPaVm for the Z250 and Supreme Plus composites, respectively
[164]. A key difference between the studies is the strain rate, which is much higher in
the present dynamic tests. Resin based polymer composites exhibit viscoelastic

behavior and thus may be expected to behave differently at different strain rates.
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6.5.2 Fatigue threshold behavior

As seen in Fig. 22, the fatigue threshold, AKy,, for the Z250 composite was 0.54
MPavVm while that of the Supreme Plus composite was 0.41 MPaVm. A higher fatigue
threshold is beneficial as it suggests that Z250 can sustain relatively higher cyclic
stresses without causing crack extension. In general, both resin composites showed
lower fatigue thresholds compared to human dentin. Nalla et a/. [171] have reported a
threshold of 1.06 MPaVm, whereas Bajaj et al. [68] found a lower value of ~0.7

MPavVm for young hydrated dentin.

The fatigue threshold may be influenced by a number of factors, including the inherent
microstructure, extrinsic toughening mechanisms, and environment. Recent studies
have found the fracture resistance of both composites to be governed by crack
deflection and bridging mechanisms, with the fracture resistance of the Z250 being
higher than the Supreme Plus composite in both hydrated and as-processed conditions
[149, 164]. In materials toughened by crack deflection and bridging, it is often found
that the fatigue threshold scales with the fracture toughness [146, 172, 173], as is
found here for these two resin based dental composites. In those cases, toughening
due to crack bridging can influence the fatigue threshold by reducing the crack-tip

stress intensity, and thus slowing crack growth.

Other than microstructure and toughening mechanisms, environment can also

significantly affect the fatigue threshold. Evidence of interfacial degradation seen as
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particle and/or cluster-matrix debonding due to water hydration has been observed in
the Supreme Plus composite both in the present study (Fig. 23d) and in a previous
study on the fracture and strength properties [164]. An environmental influence on
fatigue threshold was recently demonstrated by Takeshige et al. [95] where the fatigue
threshold of a resin based dental composite was found to progressively decrease over 3
months of water hydration. Those authors suggested either enhanced crack tip blunting
due to resin plasticization, internal stress relaxation, and/or residual compressive
stresses at the crack tip as the possible mechanisms for water influencing the crack
growth behavior of the composite they tested. In the present study, however, it appears
interfacial degradation is the most likely mechanism influencing the fatigue properties

of the Supreme Plus composite.

6.5.3 Fatigue micromechanisms

Similar toughening micromechanisms, namely crack deflection and bridging, were
found in the present fatigue study as have been previously reported for the fracture of
these same composites in both the hydrated and as-processed conditions [149, 164].
Both mechanisms are promoted by the interparticle crack path observed in the fatigue
of these composites (Figs. 23a, 24¢ & 24d). Cyclic degradation of the Supreme Plus
nanoparticle clusters (Fig. 24c and d) or the solid particles of the Z250 composite was
not observed indicating that differences in the fatigue crack growth behavior between
two resin composites may not be related to hydrolytic or cyclic degradation of the

filler. Z250 showed interparticle crack growth with crack propagation mostly through
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the matrix whereas Supreme Plus composite demonstrated considerable interfacial
debonding along the particle and/or cluster-matrix interfaces. Interfacial debonding
suggests there is some hydrolytic degradation of the silane coupling agent for the
Supreme Plus composite. Although the fillers in both composites are silane treated,
differences in hydrolytic degradation may be attributed to different interfacial
properties due to the larger surface area to volume ratio and more irregular porous
structure of the nanoparticle clusters [51] compared to the solid particles in the Z250
composite. The porous surfaces associated with the agglomerates may not as
effectively accept the silane treatment or may simply be more prone to hydrolytic

degradation.

6.6 Conclusions

Based on investigations of the fatigue crack growth behavior of one commercial
microhybrid (Z250) and one commercial nanofill (Supreme Plus) restorative
composite tested under wet conditions after 60 days of water hydration, the following

conclusions can be made:

1. Fatigue crack growth was found to follow an intergranular crack path in
both composites, with crack deflection and crack bridging contributing to
the fatigue crack growth resistance. No evidence was found of hydrolytic
or cyclic degradation of the fillers in either composite; however, in the case
of the Supreme Plus nanofill composite, there was evidence of interfacial

debonding between the matrix and filler.
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2. Both composites exhibited a sigmoidal fatigue crack growth curve with

three distinct regimes of fatigue crack growth. The intermediate growth
region for the Z250 composite was characterized well by the Paris power

law with a scaling exponent, m ~ 5.2.

For the Supreme Plus composite, in the intermediate regime the crack
growth rate was largely insensitive to the applied stress intensity range.
This suggests that an environmental effect likely controlled the growth rate
such as water degradation of the matrix-filler interface, as was observed in

the crack profiles and fracture surfaces.

The Supreme Plus composite showed lower fatigue threshold, AKy, by
~0.13 MPaVm when compared to the Z250 composite. This is likely
associated with the lower fracture resistance and/or the higher

susceptibility to hydrolytic degradation for that composite.
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7 SUMMARY AND CONCLUSIONS

A mechanistic study of fracture and fatigue resistance was performed on two
particulate reinforced commercial resin based dental restorative composites, one

micohybrid (Filtek™ Z250) and one nanofill (Filtek™ Supreme Plus).

The present study made quantitative measurements of the fracture resistance in terms
of R-curves and qualitative evaluations of fracture and/or toughening
micromechanisms by crack path and fracture surface observations of double notched
and compact-tension, C(T), specimens. The flexural strength of both composites was
also measured in four point bending using un-notched beam samples. In addition to
the as-processed condition, both composites were tested after 60 days of water

hydration and post-cure heat treatment at 120 °C for 90 min.

Rising R-curve behavior was observed for both composites irrespective of the pre-test
treatment, which was attributed to crack deflection and crack bridging toughening
mechanisms. Interparticle crack growth promoted crack deflection and the formation
of intact regions in the crack wake provided crack bridging. SEM observation of the
crack path and fracture surfaces evidenced particle-matrix debonding in the hydrated
nanofill composite, negatively influencing the peak toughness of the composite.
Following hydration, flexural strength of both composites deteriorated, suggesting
hydrolytic degradation of the resin matrix, as both composite have very similar filler

composition and filler volume percentages with no evidence of filler fracture.
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Additional strength degradation in the nanofill composite was attributed to
filler/matrix interfacial degradation. Post-cured heat treatment changed the shape of
the R-curve by reaching the peak toughness at a very small crack extension, which
helps explain the reported increase in strength in the literature due to matrix

toughening.

As resin composites are routinely subjected to relatively weak but repetitive
masticatory forces, the fatigue resistance of both composites was evaluated after 60
days of water hydration using the damage tolerant approach. The cyclic loading
response was quantified in terms of fatigue crack growth rate, da/dN, as a function of
the stress intensity range, AK. Both composites showed a sigmoidal da/dN- AK curve
with three different fatigue crack growth regions. In case of the microhybrid
composite, the mid-growth region was characterized using the Paris power law, with
exponent, m, of ~ 5.2. In general, fatigue crack growth ranged from ~ 10® to 107
m/cycle over AK of 0.54 to 0.63 MPaVm for the microhybrid composite and AK of
0.41 to 0.67 MPaVm for the nanofill dental composite. Crack deflection and crack
bridging were observed extrinsic toughening mechanisms in fatigue with evidence of
cluster-matrix debonding for the nanofill composite. The latter mechanism of
interfacial debonding due to environmental attack is likely responsible for lower
fatigue threshold and observed plateau in the fatigue crack growth curve of the

nanofill composite.



8 FUTURE WORK

The research outlined in the previous three manuscripts clearly showed the importance
of crack deflection and bridging toughening mechanisms in governing the toughness
of the resin composites. As crack deflection is highly influenced by the geometrical
configuration of the second phase particles, additions of high aspect ratio rod or plate
shape particles could enhance the overall toughness of the composites. It is known that
the twist component induced by rod shape particles is more effective in deflecting the
crack [105] and thus improving the crack resistance compared to the spherical
configuration. Furthermore, increased filler volumes with optimum packing densities
can also be explored for its affect on increasing the strength and toughness of the resin

composites.

In addition to the steady state toughness, quantitative measurements of the crack
initiation and growth toughness for both composites could also be useful in modeling
and designing a material with optimal toughness and strength. Such quantification
further allows understanding of the strength-toughness relationship, and it has been
shown for bridging ceramics that steeper and faster rising R-curves give relative

insensitivity to the flaw size and higher fracture strength [119, 122, 123].

The nanofill composite showed a lower fatigue threshold and plateau behavior in the

fatigue crack growth study. As hydration and wet environment are likely influencing
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this behavior, it would be useful to study the fatigue crack growth behavior in the as

processed condition as well, to discern the effect of environment.
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