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study was to introduce the ball-on-three-ball (B3B) biaxial strength test for dental for small
CAD/CAM block in the context of the size effect on strength predicted by the Weibull theory.
Methods. Eight representative chairside CAD/CAM materials ranging from polycrystalline zir-
conia (e.max ZirCAD, Ivoclar-Vivadent), reinforced glasses (Vitablocs Mark II, VITA; Empress
CAD, Ivoclar-Vivadent) and glass-ceramics (e.max CAD, Ivoclar-Vivadent; Suprinity, VITA;
Celtra Duo, Dentsply) to hybrid materials (Enamic, VITA; Lava Ultimate, 3M ESPE) have
been selected. Specimens were prepared with highly polished surfaces in rectangular plate
(12 x 12 x 1.2mm?3) or round disc (@=12mm, thickness=1.2mm) geometries. Specimens
were tested using the B3B assembly and the biaxial strength was determined using cal-
culations derived from finite element analyses of the respective stress fields. Size effects on
strength were determined based on results from 4-point-bending specimens.
Results. A good agreement was found between the biaxial strength results for the differ-
ent geometries (plates vs. discs) using the B3B test. Strength values ranged from 110.9 MPa
(Vitablocs Mark II) to 1303.21 MPa (e.max ZirCAD). The strength dependency on specimen
size was demonstrated through the calculated effective volume/surface.
Significance. The B3B test has shown to be a reliable and simple method for determining the
biaxial strength restorative materials supplied as small CAD/CAM blocks. A flexible solution
was made available for the B3B test in the rectangular plate geometry.
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1. Introduction

Strength is the preferred material property used by man-
ufacturers to classify, compare, rank and advertise dental
restoratives. Possibly because their target audience are den-
tists, usually laymen in the affairs of mechanics, fracture
strength (o5) may get through more easily because of its sim-
ple relationship to load (F) capacity (i.e., of ocF), a concept
of ease clinical applicability: “stronger” materials are indi-
cated for regions of higher masticatory loads. More relevant
for describing fracture in brittle dental ceramics and compos-
ites, properties like fracture toughness — though more and
more present in advertising brochures - include additional
parameters such as crack size/geometry and inverse expo-
nential relationships,’ more complex ideas to make sense
of in practice. For many engineers and materials scientists,
strength testing provides more than stress-at-failure values:
strength data is a window into the nature of the microstruc-
ture, residual stresses and defect size, type and distribution in
the material. Associated with fractography, strength data can
guide processing routes toward eliminating strength-limiting
defects and increasing material reliability.

Today, dental indirect restorative materials (i.e., reinforced
glasses, glass-ceramics, polycrystalline ceramics and compos-
ites) are increasingly supplied in pre-processed block (cuboid)
or blank (disc) geometries for machiningin CAD/CAM systems.
The processing of materials in a controlled industrial environ-
ment undoubtedly reduces possible sources of defects created
during intermediary laboratorial steps (such as sintering of
ceramic powders, polymerization of resin composites, etc.).
This also benefits the testing of strength, once samples are
sectioned from the actual components that are later placed in
service. Strength testing gains thereby clinical relevance and
may serve for accurate quality control.

Because many indirect materials are indicated for single-
unit restorations of diminute size only (i.e., crowns, onlays,
inlays), they are supplied exclusively as blocks of small dimen-
sions, such as 18 mm x 16 mm x 18 mm? (e.g., C16) down to I8
blocks (8 mm x 8 mm x 15 mm?). These limitations in size have
great implications in the testing of such materials, as they
fall short regarding minimal size requirements of most stan-
dards for unixial flexural strength testing using beams. Most
national and international engineering standards dealing with
strength testing in three-point and four-point bending set

1 Strength, o, is inversely related to the length of pre-existing
cracks or defects in the material through the Griffith/Irwin rela-
tion: o =Kic/Y/pac, with K. being the fracture toughness in mode I
loading, Y a geometrical factor related to the crack geometry, spec-
imen geometry and type of loading, and a. the length of the critical
crack at failure. Defects can be artificially produced by damage
of components/specimens, leading to a severe drop in strength
if large enough, or belong to the natural flaw population(s) of
the material [1]. In ceramics natural flaws are mainly constituted
of pores, inclusions (impurities), agglomerates or poorly sintered
regions, usually formed during the powder processing and sin-
tering steps. In well-controlled processing environments defects
can be minimized, increasing the strength and reliability of the
material, where critical crack sizes tend to scale to the size of
microstructural features.

fixture spans lengths L of 40+ mm preferably, allowing a mini-
mum of L=20mm, asin ASTM C 1161, ISO 17565 and ENV 843-1
for ceramics and ISO 4049 for dental resin composites. For that,
at least 22 mm long beams are required, a condition not ful-
filled for materials available only in the aforementioned block
dimensions. To accommodate limited sized specimens, e.g.,
prepared out of small CAD/CAM blocks, the standard ISO 6872
for dental ceramics admits span lengths as small as 12 mm for
three-point bending and 16 mm for four-point bending. The
use of shorter spans in three- and four-point bending con-
figurations is feasible not without reservations, as intrinsic
problems of flexural test set-ups get amplified through minia-
turization [2]. Inaccuracies in specimen-fixture articulation,
positioning and parallelism, along with friction and wedging
effects, as thoroughly pointed out in Refs. [3,4], may lead to
several percent error in the determination of strength using
regular 20 mm or 40 mm support span lengths, let alone with
shorter fixtures. For miniaturized set-ups extra precision has
been advised, particularly concerning alignment of loading
points and refinement of testing jigs [2]. Added to these fun-
damental sources of error, smaller specimens are more prone
to damage during production; corner chippings may be too
large to be removed through chamfering of the edges, and
skewed strength distributions may result thereof. This has
been shown to be the case for miniaturized alumina speci-
mens tested in Ref. [5], a problem of severe repercussions for
fragile glassy dental ceramics. For resin composites, short-
beam uniaxial flexural tests have also been criticized in a
recent finite element analysis study due to similar shortcom-
ings [6]. Any remark in these regards are missing in ISO 6872,
a standard widely used by manufacturers to test and adver-
tise products, and the most used standard for testing dental
ceramics by the dental scientific community [7].

A resolution for small specimens is found in biaxial flexure
tests, such as the piston-on-ring test, first adopted in ASTM
F 394-78 for 32 mm-diameter discs under a three-ball support
and later adapted for specimens having diameters between
12-16 mm in ISO 6872. Apart from allowing small-sized spec-
imens to be tested, biaxial flexural tests benefit from edges
outside any important stress field contributing to failure initi-
ation, a common problem in uniaxial tests. The biaxial stress
state developed on the tensile side of the specimen simu-
lates to a better extent multiaxial stress conditions in real
applications, and does not discriminate cracks in particular
orientations. Yet, loading and support fixtures consisting of
rings or multiple balls require perfectly flat parallel surfaces
for the stress state to be described by the available solutions.
Errors are further introduced as friction is generated between
the specimen and the fixed supports.

In 2002 a new test based on a ball-on-three-balls (B3B) con-
figuration has been devised to address some drawbacks of
conventional biaxial bending tests. The set-up is based on
three balls that load the specimen over one supporting ball;
friction is avoided by allowing the three loading balls to roll
as the specimen bends and fractures. The four contact points
tolerate slight warping of the surface without invalidating the
assumptions of the numerical solution. Validations against
other uniaxial bending tests with various technical ceramics
have attested the flexibility of the B3B test regarding specimen
size and geometry. Through the use of finite element analysis
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the stress state in the piece can be determined for complex
2-dimensional specimen shapes, opening the possibility for
testing material samples of non-circular cross-sections.

In this contribution, we introduce the B3B method for
biaxial strength testing of dental restorative CAD/CAM mate-
rials. The materials to be tested here have been thoroughly
characterized in a previous contribution [8] in terms of
microstructure and the elastic constants needed for the B3B
test solution. Two alternatives of dealing with small CAD/CAM
blocks are demonstrated herein, using either discs or rect-
angular specimen geometries. The solution for the function
needed to calculate the biaxial strength for the plate geometry
is then made available with the Poisson’s ratio being the only
variable to be inserted. The size effect on strength in dental
CAD/CAM restoratives is further illustrated by comparing flex-
ural strength values obtained in biaxial (B3B test) and uniaxial
4-point bending (4-PB) configurations.

2. Background

2.1.  The ball-on-three-balls (B3B) test

The B3B test was introduced by Borger et al. [9] to overcome
some disadvantages of traditional biaxial strength assem-
blies (i.e., ring-on-ring, piston-on-ring, piston-on-balls, etc.),
highly sensitive to deviations in plane-parallelism of the spec-
imen’s faces and to the effect of unknown friction between
the sample and the loading/supporting fixtures [1]. The well-
defined load transfer in the B3B (four point contact) allows
testing of specimens with flatness deviations up to 16% [10],
and small warpings present in as-sintered specimens. The
influence of friction is considerably reduced when compared
to fixed supports, as the loading balls roll outward during
bending of the specimen [10]. Unlike rotationally symmetric
set-ups (e.g., ring-on-ring), the stress field at the tensile side
of the specimen has a threefold symmetry in the B3B assem-
bly [9]. The load is transferred through a small contact area
to the specimen by the central ball, with generated tensile
stresses being highly dependent upon the radius of this con-
tact area, which is, in turn, a function of the elastic moduli
of the tested material and balls [9]. Consequently, materials
with low elastic modulus may show large deformations during
loading that change the contact and support radii, influencing
the stress state and increasing the test error. This has more
severe implications for low-modulus dental composites than
for stiff dental ceramics, and will be addressed in detail later
in the text.

The maximum principal stress takes place at the center top
of the specimen, and scales with the force applied F, and the
inverse of the square root of the thickness t, viz:

omax = f ( £:0) 37 )

The function f, derived using finite element (FE) analysis [9],
has been shown to be determined by three main independent
geometrical parameters influencing the stress state in the disc
(see diagram in Fig. 1a): the dimensional ratio formed by the
support radius Ry (with R =(2./3Ry)/3), and the radius of the

specimen R, (Ra/R, or B in Eq. (1)); the thickness to specimen
radius ratio (t/R, or « in Eq. (1)) and; the Poisson’s ratio of the
tested material, v. Accordingly, for a disc geometry with thick-
ness t, radius R and support radius R,, the function f can be
determined using [9]:

(C] + Chox + C?,oé2 =+ C4oé3)

,b,v)=¢
flapv)=co+ 17 ca

x (14 cep) 2

where ¢; (i=0,...6) are constants obtained from fitting proce-
dures of FE analysis results. Values for these constants can be
found for the range of v ratios studied in Ref. [9], or directly cal-
culated with a web-Mathematica tool available at www.isfk.at.
Thisrenders the B3B test scalable for small specimen sizes and
different specimen geometries, only requiring some adjust-
ment of the function f. By using rectangular plates instead of
discs as specimens, the testloses the three-fold symmetry and
acquires a mirror-symmetry that intersects one of the loading
(supporting) points. Because the extra material on the edges of
plates stiffens the specimen, an important effect on the bend-
ing strain is observed, requiring a new numerical analysis for
the function f. Strength obtained using the B3B test with rect-
angular plates have been validated extensively for alumina,
silicon nitride and a capacitor ceramic in Refs. [11,12]. Rectan-
gular plate testing has been shown to yield values comparable
to those obtained with discs described by the prediction of
Weibull scaling theory.

2.2. Size effect on strength

Unlike fracture toughness, a material property that—in theory
- should always yield the same value regardless of specimen
size, geometry and testing method (at least for non-R-curve
materials), strength is rather described by the distribution
of flaw sizes in a set of specimens. This invariably leads
to a dependence of the strength distribution on the size of
the specimens and type of applied stress (i.e., uniaxial or
biaxial). Implied in the Weibull theory, the most accepted
statistical concept dealing with fracture of brittle materi-
als, larger specimens have a higher probability of containing
large strength-limiting defects, yielding lower strength values
than small specimens tested in the same loading conditions.
A direct comparison of strength values between specimens
of different sizes violates this fundamental assumption and
should be avoided. A solution to this problem is to scale the
strengths obtained from two different specimens sizes (¢1 and
o9, for example) by considering their effective volumes (Vegr 4
and Vg ) using the well-known relation:

91 _ (@)”m (3)

7] Vesf1

being m the Weibull modulus. Only through this procedure
strength values obtained from different test configurations
(e.g., 3- or 4-point bending) and specimens sizes using the
same test set-up can be compared. The right-hand side of Eq.
(3) is determined based on the location of the defect-initiating
fracture in the specimens, being whether volume defects (such
as pores, agglomerates) or surface defects (usually artificially-
induced cracks from surface finishing procedures). If the latter
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Fig. 1 - Test set-ups for the (a) B3B-test (disc and plates) seen from below (supporting ball is shaded), and for the (b) 4-point

bending in a cross-sectional view.

is defining the fracture mode, Vg gives room to the effective
surface Sef, which is also dependent on size and test geome-
try. Solutions for Vg and Segr of standardized uniaxial bending
(e.g., 3- and 4-PB) assemblies have been thoroughly summa-
rized in Ref. [13]. For the 4-PB test having the distance between
the loading and supporting rollers being %L (the configura-
tion used in the present study, see Fig. 1b), Vg and Seg are
determined by:

A%
Veff, 4pB = 7

m+m]

(m+1)°

and

(m+2)
[2(m +1)°]

Sefr,aps = L[N+ b (m + 1)] (5)

where Vis the specimen’s volume (b x h x L) and m the Weibull
modulus. The effective volume, V¢, in discs and plates tested
using the B3B test takes place at the center of the top surface
and is determined by [14]:

— m
oeq(T)
Veft,p3p = / =00 & (6)
o>0 Oref

where T is the position vector and o s is taken to be equal to
the maximum tensile principal stress in the specimen, that s,
Oyef =0max- The Segr for the B3B specimens is given by:

oeq(T)

N
SeffB3p = / —
>0 Oref

For the B3B-tests, this integration has to be performed
numerically.

ds. 7)

3. Materials and methods
3.1. Materials and specimen preparation

The materials used in the present study were selected
in order to span over a wide spectrum of restoratives
classes currently available in the market. Therefore, a 3mol%
yttria-stabilized tetragonal zirconium dioxide material (e.max
ZirCAD), a lithium disilicate (e.max CAD), two lithium sil-
icate/phosphate glass-ceramics (Suprinity and Celtra Duo),
a leucite-based (Empress CAD), feldspar-reinforced alumi-
nosilicate glass (Vitablocs Mark II), a polymer-infiltrated
reinforced-glass network (Enamic) and a nano-particulate pre-
polymerized resin composite (Lava Ultimate) were included.
Their composition, microstructure and elastic properties were
comprehensively described recently in Ref. [8]. Those proper-
ties relevant to the present work are summarized in Table 1.
Five CAD/CAM blocks of each material with dimensions
approx. 14 x 12 x 18 mm? (e.g., C14, 114) were ground with a
fine diamond wheel (D50) to obtain square cross-sections of
12 x 12 mm? for the later sectioning of plates, or ground with
a fine diamond bur (Ceratec, Kreuztal-Kredenbach, Germany)
to obtain circular (@ =12mm) cross-sections for the produc-
tion of discs. Seven slices with thickness 1.50 4+ 0.05 mm were
cut from each block using a precision cutting machine (IsoMet
5000, Buehler, Illinois, USA) under water irrigation. Follow-
ing the manufacturer’s instructions, Suprinity and e.max CAD
specimens underwent a crystallization firing for 8 min at
840°C (heating rate 55°C/min) or 10min at 850°C (heating
rate 30 °C/min), respectively. The specimens were positioned
inside the oven (Vacumat 4000, Vita Zahnfabrik, Bad Sackin-
gen, Germany) on top of a porous refractory material that
allowed homogeneous heat distribution through the thick-
ness. During the cooling phase, the furnace was kept closed
until 680°C was reached. The oversized discs and plates were
then ground parallel on both sides with a diamond wheel and
mirror polished on one side with SiC grinding paper (P600
down to P4000) in an automatic polishing machine (Phoenix
Beta Vector 60-1990, Buehler, Illinois, USA) under constant
water irrigation to a final thickness of 1.20+0.05mm. The
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Table 1 - Evaluated materials, their class and elastic properties relevant for this study.

Material Manufacturer Class Young’s Poisson’s
modulus E Ratio v?
(GPa)?
e.max ZirCAD Ivoclar-Vivadent =~ 3 mol% yttria-stabilized tetragonal zirconia polycrystals (3Y-TZP) 205.2 0.243
e.max CAD Ivoclar-Vivadent  Lithium disilicate (LS;) glass-ceramic 102.7 0.215
Celtra Duo Dentsply DeTrey  Fully-sintered lithium silicate/Phosphate (LSP) glass-ceramic 107.9 0.222
Suprinity VITA Zahnfabrik  Pre-sintered Lithium Silicate/phosphate (LSP) glass-ceramic 104.9 0.208
Vitablocs Mark II ~ VITA Zahnfabrik Feldspar-reinforced aluminosilicate glass (FAG) 71.3 0.231
Empress CAD Ivoclar-Vivadent  Leucite-based glass-ceramic (LG) 65.5 0.204
Enamic VITA Zahnfabrik  Polymer-infiltrated particle-reinforced-glass network (PIRGN) 37.8 0.244
Lava Ultimate 3M ESPE Nano-particulate pre-polymerized resin composite (RC) 12.7 0.45

@ Values of Elastic modulus and Poisson’s ratio were obtained from Ref. [8] as the average of the values from the Resonant Beam Technique
(RBT) and Resonant Ultrasound Spectroscopy (RUS). The exception was the values for Lava Ultimate, which were taken from the results of the

RBT method, which were more reliable.

quality of the surface polish was measured for 10 specimens
per group with a high resolution confocal optical profilome-
ter (CT 100, CyberTechnologies, Germany) with x-y step-sizes
of 5pum and a vertical resolution of 0.02 pm. A mean rough-
ness depth (Rz) of 0.5+ 0.1 um was measured for all materials.
Specimens for the 3Y-TZP groups were cut from green blocks
(15.4 x 19 x 39 mm?3, i.e., B40L), previously ground to square
(15 x 15 mm?) or circular (@ =15 mm) cross-sections. The pre-
sintered e.max ZirCAD slices were wet polished with SiC paper
(P2500) and further sintered for 2h at 1530°C (heating rate
of 200°C/h). Their final dimensions were 12 x 12 x 1.20mm
for the rectangular plates, and 12 x 1.20mm for the discs,
with a mean R; of 0.8+0.2um. Thirty specimens for each
geometry (discs/plates) and material were produced, except
for Lava Ultimate, for which only plates were produced
(n=30).

Beams for testing in 4-point bending (4-PB) were cut from
larger CAD/CAM blocks, commercially available for the materi-
als e.max CAD (14.5 x 14.5 x 32 mm?, i.e., B32), Vitablocs Mark
IT (15.5 x 19 x 39 mm?, i.e., 1-40/19), as well as for e.max Zir-
CAD (B40L) (n=30). The specimens for the latter were cut
and polished (Grit 2500) down to 2.5 x 3.2 x 25 mm? in order to
compensate the sintering shrinkage (20%), whereas beams for

f (v, v) = 0.323308 +

(1.30843 + 1.443011) x (1.78428 — 3.15347 7 + 6.67919 12 — 4.62603 %)

3.2.  Mechanical testing and strength determination

The B3B test was conducted using two especially designed
assemblies (see Fig. 2b). Prior to testing, the dimension d of the
specimens was carefully measured in order to obtain R (=d/2)
using a digital hand micrometer with resolution 0.002mm
(293-521-30, Mitutoyo Corp, Japan). The thickness of the B3B
specimens was measured at their center with a rounded-tip
digital dial gage also with resolution 0.002mm (ID-C112XB,
Mitutoyo, Japan). Support and loading balls with the same
radius (R, =4mm) were used. Specimens were tested in a
universal testing machine (Z2.5, Zwick, Ulm, Germany). A
preload of 10N was applied before the positioning aid was
removed, which allowed the supporting balls to roll free upon
bending/fracture of the specimen. The tests were conducted
at cross-head speeds ranging between 0.5 and 1.5 mm/min
to minimize slow crack growth (fracture took place within
5-15s). After fracture, the specimen’s fragments were carefully
collected and their number registered. The biaxial strength
was calculated using Egs. (1) and (2) for the disc specimens,
whereas a new FE analysis had to be conducted to derive the f
function needed to solve Eq. (1). For the specific plate dimen-
sions (i.e., 12 x 12 mm?) and assembly dimensions used in the
present study, f reads:

e.max CAD and Vitablocs Mark II were sectioned and ground
parallel to their final dimensions (2 x 2.5 x 25mm?3). E.max
CAD beams were crystallized following the same protocol as
described for discs and plates. The lower side surface (to be
later subjected to bending) of e.max CAD and Vitablocs Mark
II was mirror polished following the same protocol as used for
the biaxial strength specimens (P600-P4000). Similar R, values
to those of their B3B counterparts were measured. The edges
of the polished side were chamfered with SiC paper (P2500)
in order to remove preparation defects. Specimens contain-
ing edge defects were eliminated. An overview of the different
specimen geometries test set-ups is presented in Fig. 2.

1+1.71955¢

where 7 =t/R,. Conversely to Eq. (2), this f function for the plate
geometry needs only two variables to be inserted, the ratio t/R,
varying for each specimen (due to variations in thickness), and
the Poisson’s ratio varying for each material.

The uniaxial flexural strength of beams was determined
using a 4-point %-point bending fixture (Fig. 1b), with outer
and inner span lengths 20 and 10 mm, respectively. Fully-
articulated support and loading rollers were used to avoid not
considered stress concentrations during the test (Fig. 2c). Spec-
imen’s dimensions (width b, thickness h) were determined
with 0.002mm precision using a digital gage. Testing was
carried outin a universal testing machine (Dyna-Mess Priifsys-
teme, Stolberg, Germany), at a cross-head speed of 0.1 mm/s


dx.doi.org/10.1016/j.dental.2016.10.008
Docente Odontología
Resaltado


104 DENTAL MATERIALS 33 (2017) 99-109

—

4-Point bending B3B-Disc

B3B-Plate

Loading balls
Supporting ball

Plunger rod

Loading rollers
Support rollers

Fig. 2 - Specimens and loading assemblies used for
strength determination. In (a) CAD/CAM blocks in original
size with respective specimen geometries are shown for
the B3B and 4-PB tests. In (b) the B3B test configuration is
illustrated. Steps 1-3 refer to the placement of the loading
ball onto the plunger rod (under the specimen), the
insertion of the specimen with its tensile (polished) side
upwards, and the placement of the supporting balls into
the guide, respectively. Note how the loading balls touch
each other and cannot change position before the specimen
is pre-loaded. In (c) the 4-PB fixture is presented.
Fully-articulated support and loading rollers hinder
unwanted stress concentrations during the test.

(specimens fractured within 5-10s). The flexural strength was
calculated using:

3FL

o ©)

04pB =

The strength data obtained using the B3B (disc and plate)
and 4-PB was analyzed using Weibull statistics in order to
obtain the characteristic strength (0p) and Weibull modulus
(m) through the Maximum Likelihood estimation procedure
[15], as well as their confidence intervals (90%) for each mate-
rial and specimen geometry. The effective volume (V) and
effective surface (Se¢r) were calculated for the B3B and 4-PB
specimens using the equations described in Section 2.2. In
order to allow comparison between the strength data of the
two different loading configurations (biaxial stress state in
the B3B vs. uniaxial stress condition in the 4-PB), an equiv-
alent stress state was calculated for the B3B results using the
Principle of Independent Action (PIA) [16]:

1
Oeq,p1a = (o1™ + o™ + om™) m (10)
where o1, o1; and oyy are the principal stress components.
3.3.  Fractographic analysis

The fragments of the weakest specimens of each group were
examined under a stereomicroscope (SV 6, Zeiss Germany)
equipped with an external light source and further gold sput-
tered for observation under SEM (Leitz ISI-SR-50, Akashi,
Japan) to detect fracture modes that would invalidate the test
(e.g., fractures arising from cone cracks developed around the
supporting ball). A full fractographic evaluation of fracture
modes and nature of defects was not conducted due to the
enormous work that it would involve.

4, Results and discussion

Characteristic strength values obtained using the B3B test for
disc and plate geometries, as well as under 4-PB for e.max Zir-
CAD, e.max CAD and Vitablocs Mark II, are listed in Table 2
along with respective Weibull modulus m. The strength val-
ues measured for the tested dental CAD/CAM restoratives
have shown to span over a wide interval, from 100 MPa for
the feldspar-reinforced aluminosilicate glass, up to 1300 MPa
for the 3Y-TZP. High-content glass materials (e.g., Vitablocs
Mark 1I, Empress CAD) and composites (e.g., Enamic, Lava
Ultimate) form the lower quarter, with the high-crystalline
content lithium-based glass-ceramics defining the interme-
diate range, and the polycrystalline e.max ZirCAD setting
the upper bound. The Weibull modulus, a measure of the
data scatter (and therefore of the material’s reliability) has
shown high values for most materials, usually over 10, sur-
passing the benchmark of 20 with Vitablocs Mark II. The
high m values reflect the advanced technological stage in the
fabrication and processing of pre-sintered or fully-sintered
ceramic-based blocks for dental restorations. The produc-
tion of such pre-processed blocks for biomedical applications
is a relative new engineering field, involving fundamental
processing knowhow from the glass and ceramic industries,
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Table 2 - Characteristic strength (o) and Weibull modulus (m) and respective 90% confidence intervals for B3B-Disc,

B3B-Plate and 4-PB.

Material Test geometry oo (MPa) [90% C.1.] m [90% C.L]
e.max B3B-Disc 1240.89 [1216.59-1265.94] 16.91 [12.66-20.62]
Zir- B3B-Plate 1303.21 [1268.40-1339.38] 12.30 [9.20-15.10]
CAD 4-PB 1030.30 [1004.40-1057.17] 13.10 [9.80-16.00]
e.max B3B-Disc 647.98 [635.69-660.65] 17.45 [13.07-21.29]
CAD B3B-Plate 609.80 [594.78-625.38] 13.40 [10.00-16.30]
4-PB 462.06 [446.85-477.96] 10.00 [7.50-12.20]
Celtra B3B-Disc 626.84 [587.74-669.02] 5.19 [3.89-6.33]
Duo B3B-Plate 565.80 [534.02-599.86] 5.80 [4.30-7.10]
Suprinity B3B-Disc 611.24 [573.80-651.58] 5.29 [3.96-6.45]
B3B-Plate 537.03 [503.77-572.89] 5.20 [3.90-6.40]
Vitablocs B3B-Disc 118.78 [116.67-120.94] 18.72 [14.02-22.83]
Mark B3B-Plate 118.65 [116.68-120.68] 19.90 [14.90-24.30]
i 4-PB 110.93 [109.54-112.35] 26.50 [19.80-32.30]
Empress B3B-Disc 199.45 [195.70-203.31] 17.62 [13.20-21.48]
CAD B3B-Plate 187.77 [183.92-191.74] 16.10 [12.10-19.70]
Enamic B3B-Disc 195.67 [192.31-199.13] 19.28 [14.44-23.51]
B3B-Plate 193.45 [190.04-196.95] 18.80 [14.10-23.00]
Lava Ultimate B3B-Plate 300.64 [291.52-310.15] 10.90 [8.10-13.20]

like milling/powder technology and sintering routes to obtain
dense, homogeneous monolithic stress-free blocks.

An apparent reservation to this remark concerns the
lithium silicate/phosphate glass-ceramics developed by the
companies Vita and Dentsply in conjunction with the
Fraunhofer Institute for Silicate Research in Germany and
marketed separately under different product brands, i.e,
Suprinity® and Celtra®. Both products are supplied either as
partially-crystallized glass precursor or as fully-crystallized
glass-ceramic blocks. One of each of these two forms was cho-
sen for testing herein, namely Suprinity and Celtra Duo. The
partially-crystallized form should provide ease of machining,
requiring an extra firing (crystallization) step to be conducted
chairside. In this sense, the damage induced to the fragile
glassy block by diamond-coated grinding instruments during
machiningis a source of concern. During preparation of speci-
mens for this study, a whole set of specimens sectioned usinga
used diamond saw were discarded due to macroscopic cracks
running from the edges to the interior of the discs/plates. This
was also observed for the partially-crystallized e.max CAD
blocks, but to a lesser extent. The use of a new blade prevented
the occurrence of such cracks. This problem was not observed
for Celtra Duo or any other material. Although the same
crystalline and glass phase composition was confirmed for
crystallized Suprinity and Celtra Duo in the first contribution
of this series using Raman spectroscopy and X-ray diffrac-
tion, Celtra Duo showed larger Li,SiO3 crystallites (~1 um)
than Suprinity (~0.5 pm). The industrial crystallization of Cel-
tra Duo most probably differs (regarding time, temperature)
from that recommended for the Suprinity glassy blocks (chair-
side crystallization firings need to be fast for productivity
purposes). Despite the trend of slightly lower strength values
measured for Suprinity compared to Celtra Duo, no significant
differences in terms of strength can be stated between both
materials. Quite surprisingly, the lithium silicate/phosphate
glass-ceramic reached strength values comparable to those

of the lithium disilicate e.max CAD. On the other side, an
extremely low Weibull modulus (~5.5) was found for both
Suprinity and Celtra Duo, suggesting a common source of
material-dependent strength-limiting defects of wide size dis-
tribution. SEM evaluation of etched samples revealed the
presence of multiple cracking and surface pitting distributed
over the entire specimen surface (see Fig. 3), found in both
materials. The consequence is a high variation in strength
values. In the case of Suprinity, for example, measured val-
ues ranged from 278 up to 769 MPa. These defects were not
induced by specimen preparation, but suggest rather a severe
thermal incompatibility between phases (3 crystal phases + 1
glass phase containing dissolved ZrO,), supposedly resulting
in high magnitude of local residual stresses that are relieved
during cooling by means of micro-cracking. The surface pits
result from the coalescence of cracks, being washed-out dur-
ing etching. Without speculating further, the processing of
this material clearly needs improving, showing nevertheless
potential if the abovementioned problem is eliminated.

The use of rectangular plates as alternative to using
disc-shaped specimens for biaxial testing has shown to be
appropriate for the testing of flexural strength of dental mate-
rials and offers a convenient solution for materials supplied
as blocks. The numerical solution however, differs from that
of discs due to changes in the stress state in the plate resulting
mainly from the stiffening effect of the extra material at the
edges. Here an easy-to-apply solution is given (Eq. (8)), with the
Poisson’s ratio as the only material parameter to be inserted.
However, Eq. (8) can only be applied for the exact positioning
of the specimen with relation to the supporting radius used
in this study (the jig contained two guide walls that helped to
keep the plate specimens in this particular position). Larger
plates could be used, but these two sides at 90° must follow
this specific positioning.

Multiple fracture pieces result from the fracture event due
to the high stored strain energy, and a positive correlation is
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usually observed between fractured pieces and strength val-
ues [17]. For some of the tested materials this relation was
more evident than for others; in Fig. 4 fractured specimens are
shown in two specimen shapes for two different materials.

Both volume and surface experiencing stress amplitudes
for the initiation of critical cracks is higher for the larger beams
measured under 4-PB than for the biaxial specimens. Expect-
edly, strength values were significantly lower under uniaxial
bending, just as predicted for Weibull materials (Fig. 6). The
Weibull modulus might not differ significantly from one test
configuration to the other though, provided that the flaw pop-
ulation is uniformly distributed in the same manner in both
specimen sizes. The size effect of strength is demonstrated
for dental ceramics herein by means of specimens of differ-
ent sizes tested in uniaxial (4-PB) and biaxial (B3B) bending.
In Tables 3 and 4 the strength of biaxial specimens is given
as the equivalent strength in uniaxial bending via Eq. (10) for
e.max ZirCAD, emax CAD and Vitablocs Mark II, along with
their effective volume and surface, respectively. The effect of
the Weibull modulus becomes evident; materials with higher
m show lower V¢ and Sefr, as was the case for Vitablocs Mark
II.

The size effect is better visualized in Fig. 7, where the lines
are the extrapolations of the Weibull theory for effective sur-
face based on the 4-PB results. The better fitting of the data
points for the B3B-test within the confidence intervals indi-
cate if volume or surface defect models are more appropriate
for describing the fracture behavior of the materials. In Fig. 7
only the relation between strength and the effective surface is
> shown, due to a better fit in comparison to the effective vol-
S s : — ume, for all three materials. The slope is the inverse of the
Jooo 10.08:11 Weibull modulus being steeper for e.max CAD and e.max Zir-

CAD than for Vitablocs Mark II. For e max ZirCAD and e.max
CAD the B3B strength values are consistent with the 4-PB val-
ues in the framework of the Weibull theory. For Vitablocs Mark
I the B3B and 4-PB results did not coincide, which gives room
to speculations regarding the nature, orientation and distri-
bution of defects responsible for fracture depending on the
test configuration used. A thorough fractographic analysis of
Vitablocs Mark II conducted by Quinn et al. [19] on 4-PB speci-

O,
> W

631 MPa 630 MPa 679 MPa 690 MPa

Fig. 3 - Etched surfaces (0.5% HF, 30s) of broken specimens
of Celtra Duo and Suprinity showing surface defects and
multiple cracking. Both features were found for both
materials in the same extent. These defects were probably
responsible for the low Weibull modulus measured.

e L EEE

918 MPa 1139 MPa 1193 MPa 1294 MPa 1394 MPa

Fig. 4 - Fractured specimens in disc and rectangular plate geometries. The number of fractured pieces increased with the
stress at failure.
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Table 3 - Characteristic strength (o), effective volume (V¢) and equivalent strength (seq p1a) for the three test geometries.

Material B3B-Disc B3B-Plate 4-PB

(o)} (MPa) Veff (mm3) Oeq,PIA (MPa) oo (MPB) Veff (mm3) Oeq,PIA (MPa) (efo} (MPa) Veff (mm3)
e.max ZirCAD 1240.89 0.0124 935.36 1303.21 0.0240 907.00 1030.30 1.8252
e.max CAD 647.98 0.0084 482.80 609.80 0.0198 433.10 462.06 2.5339
Vitablocs Mark II 118.78 0.0081 90.44 118.65 0.0069 91.16 110.93 0.9742

Table 4 - Characteristic strength (oo), effective surface (S.¢) and equivalent strength (oeq,p1a) for the three test geometries.

Material B3B-Disc B3B-Plate 4-PB
(o)s) (MPa) Seff (mmz) Oeq,PIA (MPa) (o)) (MPB) Seff (mmz) Oeq,PIA (MPa) (o) (MPa) Seff (mm2)
e.max ZirCAD 1240.89 0.4833 976.88 1303.21 0.6631 960.65 1030.30 27.0620
e.max CAD 647.98 0.3800 507.01 609.80 0.6006 457.39 462.06 29.4710
Vitablocs Mark II 118.78 0.3797 94.52 118.65 0.3313 95.07 110.93 26.7990
mens revealed intrinsic volume flaws (mainly microstructural 25 Viablocs kT
heterogeneities and pores) as the nature of strength-limiting
defects, leading to a Weibull modulus m =35 and oo =119 MPa 2]
if grinding and corner flaws were to be disregarded. In our g Enamic
experiments geqpia and m modulus were significantly higher g Empress CAD
for 4-PB specimens in comparison to B3B, which diverges from 3 157 &max CAD )
the expected Weibull behavior. Without a deeper fractographic g SmIKCAD
analysis we can only rely on speculation, but it seems probable E 104 LavaUliata
that these differences might have resulted from the fact that D Caltia Diio
114 blocks were used for producing B3B specimens, and 140 = I
blocks for 4-PB specimens. Apparently, the processing routine > ﬁ O  B3B-Discs
for these two blocks sizes differs to a sufficient extent to alter SEREEE O  B3B-Plates
the distribution of defects inside the volume of the blocks: the 0 T . . . T
0 250 500 750 1000 1250 1500

materials in 114 and 140 blocks are chemically the same, but
not defectwise. Added to that, the orientation of sectioning
(orthogonal to the long axis of the block for the B3B speci-
mens, and parallel for 4-PB) might have exposed the surface
of the specimens to different defect orientations, considering
that the powder of this material is uniaxially pressed before
sintering. This was not the case for e.max ZirCAD since both
specimen geometries were cut out of B40L blocks. For e.max
CAD different block sizes were used for the two different spec-
imen geometries, and the fit to the Weibull behavior indicates
comparable defect distributions in both block sizes.

A very good agreement between biaxial strength results
using discs and plates is seen for Vitablocs Mark II, Enamic,
Empress CAD and Celtra Duo (Fig. 5). For the other tested mate-
rials the 90% confidence intervals nearly overlapped. A note
of caution: although the data points and confidence interval
ranges in Fig. 5 aid in the quick comparison of strength values
obtained for discs vs. plates, differences in Vg and Segr via Egs.
(6) and (7), as shown in Tables 3 and 4 (mainly due to differ-
ences in o, m and specimen geometry), demand an analysis
of the size effect, as conducted above for the materials tested
under 4-PB and B3B (see Eq. (3)). Following this procedure, the
strength of discs were equivalent to the strength of plates, for
all materials (not shown).

Those materials that showed a higher variation in strength
values from disc to plate in the B3B test have a very fine
microstructure in common (~2 um crystal size for e.max CAD,
and crystallites and grains<lpm for Suprinity and e.max
ZirCAD). High modulus materials tend to have a very nar-
row defect size distribution with defect size approaching the
length scale of the microstructure. That makes them more

Characteristic Strength, o, (MPa)

Fig. 5 - Weibull modulus m vs. characteristic biaxial
strength for disc (circle) and plate (square) geometries
tested using the B3B test according to material.

susceptible to the introduction of artificial defect populations,
such as surface scratches from finishing and polishing pro-
cedures, which will in turn act as fracture initiation sites and
increase the scatter of strength values [18]. Fractography could
help to characterize the type of fracture mode [17]. For such
materials, a higher number of test specimens is advised as
well as a very strict specimen preparation procedures.

Both test geometries, the B3B-test as well as the 4-point
bending test have been designed to be used with specimens
that deflect only very little during the test. As indicated above,
the deflection leads to a reduction of the support radius (or—in
a bending test of the support span). A neglection of this fact,
as is usually done during the evaluation of the test, leads to
a systematic overestimation of strength. The magnitude of
deflection during a bending test is governed by the applied
force at fracture and Young’s modulus of the material. The
figure of merit to characterize deflection is thus ME=o¢/E,
fracture strength over Young’s modulus. The higher o¢/E, the
higher is the deflection at fracture for a given ratio speci-
men thickness over support radius (B3B-test) or span length
(4PB). Following ideas developed previously [3,20], this system-
atic error was evaluated for the materials and tests used in
this study. Regarding ME, we make distinction between three
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Fig. 6 — Weibull plots of e.max ZirCAD, e-max CAD and
Vitablocs Mark II comparing the strength distribution for
specimens tested under biaxial (B3B discs and plates) and
uniaxial (4-PB) bending. Note the lower characteristic
strength measured using the 4-PB configuration.

groups of materials with ME~1 x 1073 to 2 x 10~3 (Vitablocs
Mark II, Empress CAD), ME~5 x 103 to 6 x 10~3 (e.max Zir-
CAD, emax CAD, Suprinity, Celtra Duo and Enamic) and
ME ~ 24 x 103 (Lava Ultimate), respectively. For the first group
the overestimation of strength is neglectable for B3B-tests and
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Fig. 7 - Plot Strength vs. Effective Surface (S.g) for e.max
ZirCAD, e-max CAD and Vitablocs Mark II. Note how for
e.max ZirCAD and e.max CAD the B3B results coincide
(overlapping with 90% C.1.) with the extrapolation of the
Weibull theory based on the 4-PB data.

4-point bending test. For the second group the overestimation
is in the order of 2.5-3% for the B3B-tests and 0.5-1% for the
4-point bending test, while it is approximately 5% for both test
types for group three (Lava Ultimate). This indicates that also
with respect to the test precision the biaxial test geometries
are suitable for testing dental materials such as dental com-
posites. Since this error is a systematic overestimation, it will
not corrupt the interpretation of the scatter of strength. A fair
comparison of materials will be possible.
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5. Conclusions

Outside of the academic sphere, dentists are bombarded with
data in advertising brochures for new products reporting
results from diverse mechanical tests, prone to misleading
interpretations. Many make use of miniaturized fixtures for
uniaxial bending disregarding the high testing sensitivity;
some employ the biaxial test solution for specimens with
geometries other than discs disregarding the validity of the
numerical solution. Clearly, it is time for better standardiza-
tion when testing mechanical properties of dental materials.
We demonstrated here the possibility of using plates under
biaxial flexure in conjunction with the B3B test in order to
facilitate the testing of materials supplied as small CAD/CAM
blocks. Both B3B test geometries, rectangular plates and round
discs have shown to be equally suitable and yield similar
strength values for the same support radius. It becomes clear
from our results that the size effect and the test configuration
render very different nominal strength values when testing
brittle materials such as dental restoratives. A proper analysis
is therefore mandatory on the basis of the Weibull theory for
brittle fracture.
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