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ABSTRACT

Objective. Millimeter-scale (“miniature”) specimens enable in-situ evaluation of mechanical
properties of engineering materials at reduced cost. Here three such specimens for mea-
suring fracture toughness (Kg) are developed and implemented to new dental materials.
The latter include concurrent methacrylate-based and new ether-based resin composites
designed to reduce polymerization stress and enhance service life in restored teeth.
Methods. Fracture toughness of four experimental and one commercial dental resin compos-
ites are evaluated using three-point bending (3PB), wedge double-cantilever-beam (WDCD)
and edge chipping miniature test specimens. The values of K were compared with those
obtained following ISO standard method ISO6872: 2014. The stress intensity factor (K) for the
3PB and WDCB specimens was determined using linear fracture mechanics analyses made
in conjunction with the Finite Element technique, with due consideration given to the finite
width of pre-crack.
Results. Analytic expressions for predicting K¢ were developed for all three miniature speci-
mens. The width of pre-crack, generally neglected for conventional specimens, significantly
affect K. Measured K¢ conclusively agree with those of commercial or well-studied materials
as obtained using conventional specimens, with error bounded by 5-10 percent.
Significance. The edge chipping test was successfully applied for the first time to non-brittle
materials like dental resin composites. The miniature specimens developed will expedite the
evaluation of fracture toughness of dental resin composites by saving materials and provide
needed in-situ assessment capability. The chipping test which requires no introduction of
initial crack and involves no use of elastic constants is especially suitable to functionally
graded materials and in-situ study of restored teeth. The WDCB specimen enables stable
crack growth, a useful trait in fatigue studies.

© 2018 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

Fracture toughness (K¢) is a primary quantity in assessing
fracture resistance of dental resin composites used for cav-
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ity filling in restored teeth. This quantity has been evaluated
using numerous test specimens including compact tension,
Chevron notched rod, double-torsion and notched three-point
bending specimens. Fujishima and Ferracane conducted a
comparative study of these specimens using two experimen-
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Fig. 1 - Failure of human molar tooth restored with dental
resin composite due to indentation by 6.3 mm diameter
tungsten/carbide (W/C) ball laid at the central fossa [9].
Chipping in the composite immediately followed
debonding between composite and tooth structure.

tal and three commercial dental composites [1]. The resulting
K¢ varied significantly among the specimens, and further-
more it was affected by crack tip sharpness. The effect of filler
compositions, whether in homogeneous or hybrid micro/nano
particle filler forms, has been systematically established [2-4].
Large data scatter notwithstanding, K¢ generally increase with
filler’s volume fraction before stabilizing at about 60% (or 80%
by filler weight). Other studies dealt with more particular
aspects of material toughness including aging, cyclic loading
and degree of conversion (DC) of the resin constituent [3,5].
Dental resin composites are gaining popularity for treating
dental caries due to their aesthetics, strong adhesion to teeth
and clinical readiness for small/large and anterior/posterior
restorations [6,7]. However, the average service life of these
materials is generally limited by frequent fracturing and devel-
opment of secondary caries [8]. An example of the type of
failure encountered in the applications of current dental com-
posites is shown in Fig. 1. The specimen shown corresponds
to a human molar tooth subjected to mesial-occlusal-distal
restoration [9]. Following indentation by a hard ball freely
laid at the central fossa, the tooth failed by edge chipping.
The latter occurred immediately after the debonding of filling
from tooth structure. To overcome such problems, new dental
resin composites are being developed using hydrolytically sta-
ble resin network [10-14], self-healing technology [15-17] and
antimicrobial additives [18-21]. Resistance to crack propaga-
tion over time is vital for making durable restoration in oral
environments. For this purpose, techniques for a proper eval-
uation of K¢ using minimal amount of material are needed.
This work is aimed at developing small-size specimens for
determining K¢ at reduced cost and under in-situ environment
and implementing the results to new dental resin composites.

Use of such specimens pose experimental and analytical chal-
lenges including accounting for the effect of crack-tip plastic
deformation and finite thickness of pre-crack. The approach
used includes testing and fracture mechanics analyses in con-
junction of the Finite Element (FE) technique.

2. Materials and methods
2.1. Materials

The methacrylate monomers, urethane dimethacrylate
(UDMA), triethylene glycol dimethacrylate (TEGDMA) and
a mixture of bisphenol A glycidyl dimethacrylate (Bis-
GMA)/TEGDMA used in this study were obtained from Esstech
Inc. (Essington, PA, USA). The ether-based monomer, triethy-
lene glycol-divinylbenzyl ether (TEG-DVBE), was synthesized
and fully characterized in our laboratory as reported in [10]. All
monomer mixtures were activated for photo-polymerization
by adding 02wt % of photo-oxidant, camphorquinone
(CQ; Aldrich, Saint Louis, MO, USA) and 0.8wt % of photo-
reductant, ethyl 4-N,N-dimethylaminobenzoate (4EDMAB;
Aldrich, Saint Louis, MO, USA).

2.1.1. Composites fabrication

Each composite contained 25wt % (mass fraction) resin,
67.5wt % silanized BaBFAISiOs milled glass (Product code
#907643, Dentsply, York, PA, USA) and 7.5wt % AEROSIL® OX
50 nanoparticles (Evonik Industries, Essen, Germany). These
components were mixed by a speed mixer (DAC 150 FVZ, Flack-
Tek, Landrum, SC, USA) at 3500 rpm for 1 min, and then hand
mixed for additional 1 min. The mixing process was repeated
3 times to obtain a uniform clay-like paste.

A Bis-GMA-based commercial composite, Filtek Z250 (A1
shade, 3M ESPE, St. Paul, MN, USA) was also used as areference
dental resin composite. This material has 82 wt % filler with
0.01-3.5 pm particles. Table 1 lists the monomer compositions
of the five composites used in this study, henceforth labeled
as materials 0-4.

Ten orthogonal blocks of dimensions
(25mm x 3mm x4mm) were prepared for each one of
the 5 dental composites. Samples were prepared by inserting
composite paste into 25mm x 3mm x 4mm stainless-steel
mold which surfaces covered by Mylar films. The specimen
bars were cured (2min/each open side of the mold) using
a Dentsply Triad 2000 visible light curing unit (Dentsply,
York, PA, USA) with a tungsten halogen light bulb (75W and
120V, 43 mW/cm?). Test specimens were prepared from these
material blocks as described below.

2.1.2. Degree of conversion (DC)

The DC was evaluated 24 h after curing using a Thermo Nico-
let Nexus 670 FT-IR spectrometer (Thermo Scientific, Madison,
Wisconsin, USA) with a KBr beam splitter, an MCT/A detec-
tor and an attenuated total reflectance (ATR) accessory. The
aromatic C=C absorption band at 1608 cm~! of Bis-GMA and
the amide group band of UDMA at 1537 cm~! were used as
the internal standards for materials 0 & 2 and materials 1, 3
& 4, respectively. The areas of absorption peaks of the vinyl
group of TEG-DVBE at 1629 cm~! and the methacrylate groups
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Table 1 - Composition of resin monomers in the dental resin composites.

Material DC (%) Resin (wt%)
UDMA TEG-DVBE Bis-GMA TEGDMA
0 62.0(1.0) Z250-Commercial Bis-GMA/TEGDMA based material
1 79.2(1.9) 55.8 442 = =
2 62.0(2.6) = = 69.3 29.7
3 80.2(3.1) 61.6 = = 31.4
4 70.3(1.2) 78.3 20.7 = =
(a) 3PB (c) Edge chipping
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Fig. 2 - The 3PB (a), WDCB (b) and edge chipping (c) specimens used for evaluating fracture toughness K¢ of dental resin
composites. Initial cracks of width a and length ¢y, were introduced in (a) and (b) by a diamond-coated disk. The force P in (b)
is applied by W/C wedge of total angle 28=60°. The load in (c) is applied by a Vickers pyramid which edges aligned
normal/parallel to a free surface. To reduce friction, a double-layer Teflon tape was inserted between all moving parts.

of UDMA, TEGDMA or Bis-GMA at 1638 cm~! were integrated.
Peaks were resolved by employing the curve fitting program
Fityk (version 0.9.8). The degree of conversion was calculated
from DC (%) =100[(A1/A¢ — A1'/A¢’)/(A1/Ap)], where A1/Ap and
Aq'/A¢ represent the peak-area-ratio of vinyl (both monomers
in each system) and internal standard before and after poly-
merization, respectively [22,23].

2.2. Test specimens

As shown in Fig. 2 three specimens were used to evaluate
fracture toughness K¢: three-point bending (3PB) (a), wedge
double-cantilever-beam (WDCB) (b) and edge chipping (c).
The first is commonly used for dental composites due to
its simplicity. The WDCB specimen, while more involved, is
especially useful for evaluating fracture toughness in non-
homogeneous systems such as dental adhesives bonded to
ceramics substrates [24]. The chipping test, originally used
for measuring ‘edge toughness’ of brittle materials [25-27],
was shown to be capable of producing K¢, a material prop-
erty independent of specimen geometry [28]. Previous uses of
this approach were limited to brittle ceramics, however, with
reported K¢ values generally within several percent of those
measured in control tests [28-32]. Here we apply millimeter-
scale version of these specimens, referred to as “miniature”.
To assess the merit of the latter, K¢ was also evaluated using
a standard 3PB specimen (“control”).

2.2.1. Control specimen
Reference K¢ values were generated using the I1SO standard
method ISO6872: 2014. As shown in Fig. 2a this 3PB specimen
has length, support span, thickness and width (L, S, H, B) of
(25, 20, 4, 3) mm, in that order. A pre-crack cp=1.2mm was
introduced into the specimens using a diamond-coated disk
of thickness a=0.33mm. A sharp crack b=1.0mm long was
then produced at the base of the cut by a razor blade, resulting
in total crack length c=2.2mm.

All miniature specimens were produced from fractured
control specimens. The latter were cut to desired dimensions
as specified below using common metallographic procedures.

2.2.2. Miniature test specimens

The dimensions of the miniature 3PB specimen (Fig. 2a) were
(L, S, H, B)=(12, 10, 2, 3) mm. The width of the saw cut a was
0.13mm, corresponding to the smallest commercially avail-
able rotary disk, while the length of the cut ¢y varied from 0.2
to 0.8 mm. The smallness of a precluded creating a sharp crack
using razor blade so that the fracture occurred naturally from
the cut terminus. All 3PB specimens were supported by 2mm
radius cylindrical steel rods while loaded at their mid span
by force P using a similar rod. The WDCB specimen (Fig. 2b)
has dimensions (2H, L, B)=(4, 7.5, 3) mm. A pre-crack was
introduced at the specimen midplane similarly to the minia-
ture 3PB specimen. The crack length ¢y varied over the range
1.8-3.5mm. The specimens were clamped by a vice over 2mm
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long span and then loaded at their edge by a wedge. The latter
had angle 28=60°, which was grounded on a 9.5mm diame-
ter silicon carbide rod. The edge chipping specimens (Fig. 2c)
were of dimensions (A, B, C)=(4, 3, 4) mm. The specimens
were laid on x-y micrometer stage and indented a distance h
from a free surface by Vickers pyramid which corners aligned
normal/parallel to the surface. The indent distance, measured
after unloading using optical microscopy, ranged from 0.2 to
1.3mm.

All test specimens were loaded using a standard load-
ing frame operated at the displacement rate of 0.05 mm/min.
To reduce friction, a double layer of thin Teflon strip was
placed between all moving parts including supporting pins
and wedge. The fracture process was monitored using a video
camera (Cannon EOS-5D) equipped with a zoom lens (Optem,
Inc.). The applied force and machine displacement were con-
tinuously recorded during the tests. The fracture surfaces were
examined by optical microscopy.

2.3.  Fracture mechanics analysis

Calculations of stress intensity factor (SIF) K for 3PB specimens
are generally limited to sharp crack a=0, a valid assumption
when pre-crack b at the saw cut is sufficiently long. In the case
of miniature 3PB and WDCB specimens no sharp pre-crack was
introduced. The SIF K in this case was determined with the
aid of a commercial FEM code (Ansys Inc., version 14) spec-
ified to 2-D plane-stress conditions. With friction coefficient
p of Teflon~0.04 [33], the effect of friction was conclusively
neglected. A sharp crack, length b, was taken to emanate from
the semi-circular base of the saw cut, resulting in total crack
length c=co +b (Fig. 2a-b). The load transmitted from wedge
to arms of the WDCB specimen was broken into vertical and
horizontal components P/2 and P/2tan, respectively. The SIF
K was calculated in accord with Irwin’s crack opening dis-
placement approach as detailed in [24]. The Young’s modulus
E and Poisson’s ratio v of the composites were taken as 11 GPa
and 0.35. Up to 8000 four-node isoparametric elements were
used in the FEA. The mesh was refined until K converged to
within 1-2%. The results of the FEA including choice of initial
pre-crack b are discussed in Section 3.1.

The fracture toughness for the edge chipping test was
determined from Ref. [28]

K¢ =Pr/(9.3h") 0]

where Pr is the force needed to cause chipping, a distinct event
associated with a complete load drop. As was shown in Ref.
[31], Eq. (1) is valid only if the force at which median-radial
cracks initiate under the contact, Py, is less than Pg. Py, was
shown to depend on tool sharpness and material type; Vickers
indentation studies on soda-lime glass and zirconia yielded
Pm ~46 and~ 68N, corresponding to critical indent distance
he ~0.4 and ~0.15 mm, respectively [31]. For dental compos-
ites both Pr, and h, are expected to be relatively large owing
to material plasticity. Accordingly, for the present composites
care was taken to insure h> hc.

3. Results
3.1.  Fracture analysis

3.1.1. 3PB
Fig. 3a (symbols) plots normalized SIF K vs. c/H for the minia-
ture 3PB specimen, where

K=KBHY?/p )

Results are given for the three choices (co, a)=(0.23, 0.16),
(0.6, 0.16), (0.1, 0.08) mm. The solid-line curve in this print
corresponds to the case a=0 that represents the “control”
specimen [34]:

Ko= (16mx)Y/2(1.6 — 2.6x +12.3x% — 21.2x3 + 21.8x*) . x=c/H (3)

The present data seem to approach this curve for suf-
ficiently large c/H. (Note that Eq. (3) corresponds to S/H=4
whereas the present analysis considered S/H=5. This alludes
to a small effect of S/H on K, in line with the results in Ref.
[35]). The data in Fig. 3a are alternatively presented in Fig. 3b
as K/Ko vs. relative local crack length b/a. The data seem to be
well fitted by the following solid-line curve

fe=K/Ko= 1—exp[-8.5(b/a)*’] @

As evident, when b/a is less than ~ 0.5 the cut width a need
be considered in the fracture analysis.

3.1.2. WDCB

Fig. 4a plots K vs. ¢/H for the case of sharp crack (a=0), with
symbols representing FEA [24] and solid-line curve an empir-
ical fit:

Ko= 19.4[(1 + 0.121x + 11.283x?

+8.698x%)/(1 + 580x — 77x? 4+ 13x> — 0.8x*)]¥/2.x=c/H (5)

The data exhibit trend reversal at ¢/H~0.3, reflecting a
transition from wedge to double-cantilever-beam (DCB) con-
figuration. Fig. 4b plots K/K vs. b/a for three choices of crack
width a: 0.08, 0.16 and 0.32 mm. As in Fig. 3b, the data tend to
fall on the same curve, now represented by

fW =K/Ko= 1—exp[_7(b/a)0.7] (6)

The dashed lines in Fig. 4a are the asymptotic limits for
wedge [36] and DCB [37] specimens:

Wedge Ko = (1.2/tanf—ag)/(wc/H)Y?,00=0.78 (7a)
DCB :Ko = 3%%(c/H)/tanp (7b)

The coefficient o in Eq. (7)a represents the effect of com-
pression force P/2 transmitted to each one of the two split
arms. For 8> 53°, the SIF becomes negative.

To determine K¢ for the 3PB and WDCB specimens, a flaw
size b=cr (Fig. 2) need be specified. The latter was taken to


https://doi.org/10.1016/j.dental.2018.11.023

DENTAL MATERIALS 35 (2019) 283-291I 287

e — (¢, a) = (0.1,0.08) mm,
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Fig. 3 - FEM results for the miniature 3PB specimen: (a) Normalized SIF K vs. normalized crack length c¢/H for three different
sets of variables. The solid-line curve represents the case of a sharp crack (a=0, Eq. (3)). (b) Normalized SIF vs. relative local
crack length b/a for the three cases given in (a). The solid-line curve is an empirical fit (Eq. (4)).

coincide with the intrinsic flaw of the material as found using
the edge crack relationship [37].

Cp = (Kc/l.lzop)z/ﬂ (8)
where or is the composite’s failure stress. Using typical values
or=120MPa, Kc =1.5MPam? yields cp =0.04 mm. This value
was conclusively used when calculating K¢. Accordingly, the
fracture toughness K¢ for the miniature 3PB and WDCB is given
by

Kc :fK0PF/3H1/2,b:CF (9)

where Pr is the fracture force and Ky and f are given in Egs. (3)
and (4) (3PB) or Egs. (5) and (6) (WDCB).

3.2 Experimental results

Fig. 5 shows typical fracture surfaces for 3PB (a), WDCB (b) and
edge chipping (c) specimens. The cracks in Fig. 5a-b extend

collinearly from the saw cut. The chip morphology (c) resem-
bles those found for brittle materials albeit with somewhat
larger permanent deformation under the contact. The latter is
too small compared with the size of chipping crack or indent
distance h to affect the calculation of K¢. The fracture conclu-
sively occurred by a rapid load drop. For edge chipping, K¢ was
found from Eq. (1) with indent distance h determined as shown
inFig. 5c. For the 3PB and WDCB specimens K¢ was determined
from Eq. (9) using corresponding values of fracture force Pr and
crack length ¢ (=cg +CF).

Fig. 6 plots the test results. Fig. 6a-b depict K¢ vs. nor-
malized initial crack length co/H for the miniature 3PB (a)
and WDCB (b) specimens, with material choices as specified.
Notwithstanding scatter, the data seem insensitive to crack
length. Fig. 6¢ plots K¢ vus. indent distance h from the edge
chipping test. As shown in the left-side print, for given mate-
rial the data generally exhibit large scatter for relatively small
hwhile tending to level off toward a specific value as hbecomes
sufficiently large. The transition between these two regimes
occurs at h~0.57 mm. As discussed in Section 2.3, the first

B=30°
— Eq.5
10 A
g
3
4
j £=30°, C=2.3mmp
® a=0.16mm [
® a=032mm |
e a=008mm |
— Eq. 6
1 0.0 1
0.01 0.0 0.5 1.0 1.5

Normalized crack lengt ¢/H

Normalized local crack length b/a

Fig. 4 - FEM results for the miniature WDGCB specimen. (a) Normalized SIF K vs. normalized crack length ¢/H for sharp crack
a=0 and wedge angle 28=60°. The data exhibit trend reversal at ¢/H ~ 0.3, reflecting transition from wedge to DCB specimen
configurations. The solid line is an empirical fit (Eq. (5)) while the dashed lines are asymptotes for wedge (Eq. (7)a) and DCB
(Eq. (7)b). (b) Normalized SIF vs. relative local crack length b/a for three choices of cut width a. The solid-line curve is an

empirical fit (Eq. (6)).
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—4 mm——-

(c) Edge chipping

(b) WDCB

y

—1 mm—

Fig. 5 - Typical post-mortem video images for the 3PB, material 3 (a), WDCB, material 3 (b) and edge chipping, material 2 (c)
specimens; the left and right-side frames in (c) correspond to side and top views, respectively.

regime is deemed invalid because the chipping likely followed
immediately the onset of median cracks under the indenter.
The right-side print in Fig. 6¢c shows the valid range of K¢. The
mean K¢ values are shown as horizontal lines in Fig. 6a—c.

Fig. 7 and Table 2 summarize the K¢ data (mean and stan-
dard deviation (SD)) generated by all control and miniature
specimens tested. As shown, the mean K¢ from the three
miniature specimens is within 1-10% of the control. The
notable reduction in K¢ for material 2 as compared to all other
materials may be attributed to the use of Bis-GMA/TEGDMA
resin and low DC.

4, Discussion

Miniature 3PB, wedge and edge chipping specimens were
developed to evaluate fracture toughness K¢. Tests were con-
ducted on current and experimental dental resin composites
designed to reduce shrinkage after cure. Frictional effects were
practically eliminated by placing thin Teflon strips between all
moving parts. (It is interesting to note that some preliminary
tests on WDCB specimens employing no Teflon strips between
loading wedge and split arms yielded ~20% larger apparent

K¢). The calculated K¢ was generally within 1-10% of control
values (Fig. 7). The relatively large error in miniature speci-
mens is believed to be due mostly to loading misalignments
and errors in measuring specimen dimensions that invari-
ably tend to increase with reducing specimen dimensions.
For example, in edge chipping a change of indent distance h
from 0.6 to 0.7 mm entails 26% increase in K¢. Accordingly, the
miniature specimens are useful for determining K¢ to within
10% error. (Our specimens were photo-cured from both sides
using a long curing depth (>3mm) photo-initiator. Previous
studies showed the same DC at the top and bottom surfaces
from light irradiation for specimen thickness smaller than
3mm [38]. Hence, no powdered samples are necessary for DC
determination).

Each one of the miniature specimens studied has its own
merit and drawbacks. Unlike for some popular indentation
tests, the edge chipping test requires no introduction of
pre-crack or use of elastic constants and material hardness
in calculating K¢. Moreover, the effect of plastic deforma-
tion under the contact is negligible given that the size of
this deformation is small compared to that of the chipping
crack or indent distance h. On the other hand, care must be
taken to ensure that h is sufficiently large so that median
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Fig. 6 - Fracture toughness K¢ for miniature 3PB (a) WDCB (b) and edge chipping (c) specimens, plotted against relative crack
length co/H in (a), (b) or indent distance h (c). The material choices are specified in the prints. The validity of K¢ in (c) is
limited h>0.57, for which the load needed to initiate median cracks under the Vickers tool, P,,,, exceed that needed to cause
chipping. The valid chipping data are shown in the right-side print of (c). The solid lines in (a) - (c) represent mean values.

Table 2 - Fracture toughness K¢ [MPam?/2].’

Material Control 3PB WDCB Edge chipping
0 1.55(0.03) 1.50(0.11) 1.59(0.3) 1.59(0.20)
1 1.32(0.03) 1.48(0.19) 1.26(0.14) 1.49(0.21)
2 1.19(0.05) 1.24(0.11) 1.27(0.08)
3 1.48(0.09) 1.61(0.14) 1.51(0.41) 1.61(0.17)
4 1.52(0.04) 1.57(0.34) 1.66(0.17)

* All are miniature specimens except for the control.

cracks may initiate and grow smoothly under the contact
prior to chipping. This can be ascertained by repeat inden-
tation on a sample material prior to the chipping test. For the
present dental composites h>0.57 mm suffice, corresponding
to Py, &~ 190 N. With indent distance on the order of 0.6-0.8 mm,
specimen dimensions (B, C) as small as (2.5, 3) mm can be used.

These characteristics make the chipping test especially suited
for evaluating K¢ in graded materials and composites restora-
tions. As an example, we note the significant dependence of
DC on tooth size [39]. The 3PB is simple to use but requires
introducing a pre-crack. Furthermore, this configuration leads
to unstable fracture so that only 1 data point per specimen can
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Fig. 7 - Fracture toughness K¢ for all materials and
specimens used. The open square symbol represents the
control specimen.

be obtained. The WDCB specimen requires no loading attach-
ments and furthermore it permits stable cracking for small
cracks (c/H <0.3, Fig. 4a). These traits are especially valuable
under cyclic loading where, using relatively small crack length,
the entire loading spectrum may be studied in a single speci-
men. For the 3PB and WDCB specimens, the need to introduce
a sharp pre-crack (e.g., by a razor blade) was circumvented by
defining an inherent flaw size cr (Eq. (8)). As evident from Figs.
3b and 4b, the function f in Eq. (9) is nearly unity when cg/a >
about 0.5 or, from Eq. (8), a<0.51(Kc/oF)?.

5. Conclusions

3PB, wedge and edge chipping cost-effective miniature speci-
mens were developed for determining fracture toughness K¢
to within 1-10% error (Fig. 7). The edge chipping test was
employed for the first time to evaluate K¢ in non-brittle mate-
rials. This specimen requires no pre-cracking, which makes
it especially useful for evaluating graded materials and in-situ
studies. The test results indicate that dental resin compos-
ites can be chemically altered to reduce post-cure shrinkage
without compromising K¢. To insure a valid K¢ the width of
pre-crack a in the 3PB and WDCB specimens and critical indent
distance h¢ in the chipping test need be considered in the
fracture analysis.
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