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Einleitung

1. Einleitung

Monolithische Y-TZP (mit Yttriumoxid tetragonal teilstabilisiertes Zirkonoxid) Keramiken
bekommen innerhalb der zeitgemadfBen Hochleistungskeramiken immer mehr Beachtung. Die
werkstoftkundliche Weiterentwicklung dieser Zirkonoxidkeramiken zielte auf die
Modifikationen der Mikrostruktur zur Verbesserung des dsthetischen Erscheinungsbildes
unter Beibehaltung der guten Materialeigenschaften ab. Mit der Verwendung von
monolithischen Keramiken wird zudem das Problem des Chippings der Verblendkeramik
umgangen, da die potentielle Schwachstelle des Verbundes Zirkonoxid zu Verblendkeramik
entfallt.

Es ist wichtig ein Material in Bezug auf seine werkstoffkundlichen Eigenschaften und auch in
Bezug auf seine Zuverléssigkeit zu charakterisieren. Um die Biegefestigkeit von
monolithischen Zirkonoxidmaterialien zu testen, hat sich in der Praxis der Biaxiale-, Drei-
Punkt-, und der Vier-Punkt-Biegeversuch etabliert. Auch die Art der Priifkérperherstellung
kann durch Alteration und Manipulation der Priifkérperoberfldche die Biegefestigkeit
beeinflussen. Um Aussagen iiber die Zuverldssigkeit eines Werkstoffes machen zu konnen,
wird die Weibullstatistik angewandt. Die zwei-parametrische Weibullverteilung besteht aus
dem Parameter des Weibullmoduls m und der charakteristischen Festigkeit s. Der
Weibullmodul erméglicht eine Interpretation der Zuverldssigkeit und der Strukturhomogenitit
eines getesteten Materials. Die charakteristische Festigkeit entspricht hierbei der 63.2% -
Versagenswahrscheinlichkeit eines Werkstoffes.

Der statistischen Analyse mit verschiedenen Mdéglichkeiten der Herangehensweise an einen
Datensatz kommt eine wichtige Funktion zu, um die vorliegenden Ergebnisse interpretieren
zu konnen. So konnen die verfiigbaren statistischen Hilfsmittel und Techniken, und nicht
zuletzt die personliche Erfahrung eines Statistikers einen Einfluss auf die Analyse der Daten
haben.

Das Ziel der vorliegenden Arbeiten war es sowohl Erkenntnisse {iber die Biegefestigkeit von
monolithischen Zirkonoxidmaterialien in verschiedenen Biegeversuchsaufbauten zu gewinnen
und zu tiberpriifen, welchen Einfluss die Priiftkorperherstellung auf die Biegefestigkeit hat.
Ein Teil der Daten sollte in einem verblindeten Design von zwei unabhéngigen Statistikern
analysiert werden. Es galt festzustellen, ob die statistische Herangehensweise einen Einfluss
auf die Interpretation der Daten hat und inwiefern die Schlussfolgerungen moglicherweise

differieren.
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2. Eigene Arbeit

Im Folgenden werden zwei Originalarbeiten in englischer Sprache prasentiert und diskutiert.
2.1. Originalarbeit:

Schatz, C.; Strickstrock, M.; Roos, M.; Edelhoff, D.; Eichberger, M.; Zylla, 1.-M.;
Stawarczyk, B. Influence of Specimen Preparation and Test Methods on the Flexural

Strength Results of Monolithic Zirconia Materials. Materials 2016, 9, 180.

Zusammenfassung

Ziel: Das Ziel dieser Arbeit war es, den Einfluss der Priitkorperherstellung und der
Priifmethode auf die Biegefestigkeit von monolithischen Zirkonoxidmaterialen zu iiberpriifen.
Material und Methode: Es wurden drei vorgesinterte monolithische Zirkonoxidmaterialen
Ceramill Zolid (C), Zenostar ZrTranslucent (Z), und DD Bio zx* (D) mit drei
unterschiedlichen Methoden der Biegepriifung getestet: Drei-Punkt-, Vier-Punkt-, und
Biaxiale-Biegepriifung. Zusétzlich wurden zwei unterschiedliche Methoden der
Priitkorperherstellung angewandt. Zum einen wurden die Priitkérper manuell und im
trockenen Zustand vor dem finalen Sintern mit SiC-Papier poliert. Bei der zweiten Methode
wurden diese maschinell mit Polierscheiben und unter Wasserkiihlung nach dem Sintern
poliert. Jede Untergruppe umfasste 40 Priiftkorper. Insgesamt wurden 720 Priifkorper
hergestellt. Die Oberflichenbeschaffenheit wurde mit Hilfe der Rasterelektronenmikroskopie
und der Profilometrie untersucht und der Anteil der monoklinen Phasenumwandlung wurde
unter Verwendung der Rontgendiffraktographie evaluiert. Die Daten wurden mit einer
dreifaktoriellen Varianzanalyse (ANOVA) unter Berlicksichtigung der drei Faktoren:
Zirkonoxidmaterial (ZM: C, Z, D), Priifkorperherstellung (SP: vorher, nachher) und
Biegefestigkeitspriifung (TM: Biaxiale-, Drei-Punkt-, Vier-Punkt-Biegefestigkeitspriifung)
analysiert. Eine einfaktorielle ANOVA wurde fiir die Biegefestigkeitspriifung und
Zirkonoxidmaterial-Faktoren mit der Kombination von zwei anderen Faktoren angewandt. Es
wurde mit einer zwei-parametrischen Weibullverteilungsannahme gearbeitet, um die
Zuverléssigkeit des Materials unter den vorliegenden Testbedingungen zu tiberpriifen.
Ergebnisse: Im Allgemeinen préasentierte die Vier-Punkt-Biegepriifung die niedrigsten
Biegefestigkeitswerte der Priifkorper. Die Biegefestigkeitswerte konnen in folgender
Rangordnung gruppiert werden: Vier-Punkt-Biegepriifung < Drei-Punkt-Biegepriifung <
Biaxiale-Biegepriifung. Die nach dem Sintern polierten Priifkdrper zeigten eine signifikant
hohere Biegefestigkeit als die vor dem Sintern polierten Priifkérper. Die Weibullmoduli

reichten von 5.1-16.5. Es konnte eine erhohte Oberflaichenrauhigkeit bei den vor dem Sintern
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polierten Priifkdrpern festgestellt werden. Die Poliermethoden fiihrten nicht zu der Bildung
einer starken monoklinen Oberfldchenschicht. Ein mafigeblicher Einfluss des
Zirkonoxidmaterials auf die Biegefestigkeitswerte konnte nicht beobachtet werden. Die Art
der Biegepriifung und die Art der Priiftkorperherstellung beeinflussten die vorliegenden

Werte.
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Abstract: The aim of this work was to evaluate the influence of specimen preparation and test
method on the flexural strength results of monolithic zirconia. Different monolithic zirconia materials
(Ceramill Zolid (Amann Girrbach, Koblach, Austria), Zenostar ZrTranslucent (Wieland Dental,
Pforzheim, Germany), and DD Bio zx? (Dental Direkt, Spenge, Germany)) were tested with three
different methods: 3-point, 4-point, and biaxial flexural strength. Additionally, different specimen
preparation methods were applied: either dry polishing before sintering or wet polishing after
sintering. Each subgroup included 40 specimens. The surface roughness was assessed using
scanning electron microscopy (SEM) and a profilometer whereas monoclinic phase transformation
was investigated with X-ray diffraction. The data were analyzed using a three-way Analysis of
Variance (ANOVA) with respect to the three factors: zirconia, specimen preparation, and test method.
One-way ANOVA was conducted for the test method and zirconia factors within the combination
of two other factors. A 2-parameter Weibull distribution assumption was applied to analyze the
reliability under different testing conditions. In general, values measured using the 4-point test
method presented the lowest flexural strength values. The flexural strength findings can be grouped
in the following order: 4-point < 3-point < biaxial. Specimens prepared after sintering showed
significantly higher flexural strength values than prepared before sintering. The Weibull moduli
ranged from 5.1 to 16.5. Specimens polished before sintering showed higher surface roughness
values than specimens polished after sintering. In contrast, no strong impact of the polishing
procedures on the monoclinic surface layer was observed. No impact of zirconia material on flexural
strength was found. The test method and the preparation method significantly influenced the flexural
strength values.

Keywords: monolithic zirconia; flexural strength; biaxial strength; 3-point flexural strength; 4-point
flexural strength; specimen preparation

1. Introduction

Y-TZP (Yttria partially stabilized tetragonal zirconia) Zirconia has become of interest in dentistry,
because of its high flexural strength [1] and its well-known transformation toughening ability [2].

Materials 2016, 9, 180; doi:10.3390/ma9030180 www.mdpi.com/journal/materials
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Conventional zirconia (3Y-TZP: Yttrium-cation-doped tetragonal zirconia polycrystals, typically
2-3 mol% Y,03) shows translucency on human dentin level and is therefore not suitable for monolithic
tooth restorations from the esthetic point of view [3].

Modifications of the microstructure and composition were conducted in recent years to accomplish
an adequate esthetic appearance for full anatomical zirconia restorations. For example, the Al,O3
percentage was reduced from 0.25 to 0.05 wt % and customized with a smaller grain size. In addition,
the ALO3 grains were positioned on the grain boundaries of the ZrO, grains. The survival time
of all-ceramic systems is strongly related to the flexural strengths of the restoration, which is the
result of the flexural strength of core and veneering material, and the bond strength between both
materials [4,5]. Although excellent strengths were reported for the zirconia core material, many
studies indicate fractures in the veneering ceramic [6,7]. To avoid this problem and to facilitate the
fabrication process, the demand for zirconia restorations in a monolithic design without veneering has
increased [8]. Different studies reported on a higher fracture resistance of monolithic zirconia crowns
compared to conventional veneered versions [8,9].

Many test methods have been introduced to measure the flexural strength of brittle ceramic
materials [10,11]. Among them biaxial, 3-point testing and 4-point testing have evolved to be the most
common. In 3-point testing a non-uniform stress field under the loading piston is created, whereas
in 4-point testing the stress field between the support rolls is uniform, which can lead to different
flexural strength findings. Variations in specimen sizes and testing-methods lead to different flaw
size populations and thus different strength measurements [11,12]. The problem with brittle ceramic
materials is that inherent material inhomogeneity can induce flaws such as micro-cracks or grain
pullouts throughout the volume or on the surface of a material. This can lead to catastrophic failure.
The Weibull distributional assumption with its parameters Weibull modulus m and characteristic strength
s tries to take the largest flaw population into account. Whereas s corresponds to the 63.2% failure
probability, a high Weibull modulus m is associated with a higher reliability of the material.

Regarding surface preparation methods, several studies showed that the preparation of the
specimen has an important influence on the obtained flexural strength data [13-18]. Therefore, the aim
of this study was to investigate the influence of specimen preparation and the test method on the
flexural strength and Weibull statistics of different monolithic zirconia materials. The underlying null
hypothesis was that zirconia materials, the specimen preparation methods, as well as the flexural
strength test methods do not influence the flexural strength values and the reliability of monolithic
zirconia materials.

2. Material and Methods

Three different pre-sintered zirconia materials for monolithic restorations were tested in this
study: Ceramill Zolid (C), Zenostar Zr (Z), and DD Bio zx2 (D) (Table 1).

Table 1. Summary of materials used in the present study, their manufacturer with LOT number,
chemical components, and grain size.

- Zirconia . o Grain Size (um?)
Abbreviations Materials Manufacturers  LOT Number  Chemical Components (%) Mean + SD [19]
Amann
. . ZrO, + HfO, + Y205 > 99;
C Ceramill Girrbach, 1111813 Y,05: 4.5-5.6; HfO, < 5; 0.088 + 0.004 2
Zolid Koblach, ALOs <05
Austria 223 s
7 tar 7, Wieland+Dental, ZrO, + HfO; + Y,053 > 99;
z et Pforzheim, 2012030627  4,5<Y,03 < 6; HO; <5; 0.092 + 0.003
u Germany AlyO3 + other oxides < 1
Dental Direkt, ZrO, + HfO, + Y,05 > 99;
D DD Bio zx? Spenge, 30712803 Al,03 <0.5; 0.124 + 0.006 ®
Germany other oxides < 1

b Different letters present significant differences between materials.
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Two different polishing methods were applied. Manually dry polishing before sintering and
machine wet polishing after sintering. The zirconia groups (C, Z, D/dry and wet polished) were tested
for biaxial, 3-point or 4-point flexural strength. Each group contained 40 specimens. In summary,
720 zirconia specimens were fabricated (Table 2).

Table 2. Division of specimens with abbreviation used. TM: test method, SP: specimen preparation,
ZM: zirconia material.

Total M ™ SpP Subgroup
biaxial dry-polished before sintering n =40
n =380 wet-polished after sintering n =40
N =720 CD,Z 3-point dry-polished before sintering n =40
- n =240 n =380 wet-polished after sintering n =40
4-point dry-polished before sintering n =40
n =380 wet-polished after sintering n =40

2.1. Specimen Preparation

All specimens were prepared in partially sintered state and in an enlarged size to compensate
sintering shrinkage. The specimen for biaxial flexural strength measurement required a disc shape
with a diameter of 16 mm. A CAM (computer aided manufacturing) machine (I-Mes 4030, Wieland
Dental + Technik, Pforzheim, Germany) was used to mill cylinders out of the zirconia blanks (Software:
Zenotec CAM 3.2 advanced V2.2017, Wieland Dental + Technik). A low speed (approximate 2.5 m/s)
diamond saw (Well Diamantdrahtségen, Mannheim, Germany; thread: type A 3-3) was used to cut the
cylinders into slices. The saw uses a fine 0.3 mm diamond thread with embedded diamonds (diameter
approximate 60 pm), the applied pressure was approximately 50 g. The specimens, for 3-point and
4-point flexural strength measurement were cut directly from the zirconia blanks with the diamond saw.

Manual polishing before sintering was done with SiC discs (Struers, Ballerup, Denmark).
The sequence was SiC P400, SiC P500, and SiC P1000. The grinding time was 5 s per specimen-side and
SiC disc. The load was applied by finger pressure and manual polishing was performed in small circles.

Machine polishing after sintering was performed with a water-cooled polishing machine (Struers
Abramin, Struers, Ballerup, Denmark). Up to six specimens were polished during a polishing cycle at
the same time. The polishing protocol consisted of coarse grinding with diamond pads of 40 pm and
20 pm for 6 min per each side (Pads: Code Granu 40 um, Code Graku 20 pm, Struers; speed: 150 rpm;
applied pressure: 20 N) and fine polishing with subsequent polishing solutions and a polishing
plate for 6 min per side (Plate: MD-Largo (Struers, Ballerup, Denmark); Solutions (which are purely
water-based diamond suspensions): Dia Pro Allegro/Largo (9 um) and Dia Pro Largo (3 um), Struers,
Ballerup, Denmark). High polishing was conducted for 30 s per side, again with a polishing plate and
polishing solution (Plate: MD-Chem (Struers, Ballerup, Denmark); Solution (colloidal silica suspension
for final polishing): OP-S, Struers, Ballerup, Denmark; speed 150 rpm; applied pressure 200 N).

The zirconia materials were sintered (density from 3 g/cm? presintered to 6 g/cm® fully
sintered) in a universal sintering oven (Nabertherm, Lilienthal/Bremen, Germany), according to
each manufacturer’s instructions (Table 3). The final dimensions DIN EN ISO 6872:2008 [20] were:
for biaxial flexural strength measurement 16 mm x 1.2 mm (+0.05 mm), for 3-point flexural strength
measurement 1.2 mm x 4 mm x 25 mm (+0.05 mm) and for 4-point flexural strength measurement
3mm x 4 mm x 45 mm (£+0.05 mm).
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Table 3. Sintering parameters of all tested zirconia materials used in this study.

Heat Rate  Holding Temperature Final Temperature  Holding Time Cooling Rate

M o) and Time (°C, h) €C) (b ©C/h)
C 480 - 1450 2 300
900; 0.5 h;
z 600 further with 200 °C/h 1450 2 600
D 480 900; 0.5 by 1450 2 600

further with 200 °C/h

2.2. Flexural Strength Testing

Biaxial, 3-point, and 4-point flexural strength testing (Figure 1) are based upon DIN EN ISO
6872:2008 [20]. An appropriate sample holder was used for each specimen group to place it in a
Universal Testing Machine (Zwick, Ulm, Germany) at a crosshead speed of 1 mm/min until failure.
The specimens were tested dry at room temperature and dimensions were measured with a digital
micrometer (Mitutoyo Deutschland, Neuss, Germany) to a precision of 0.01 mm.

—0—0—

Figure 1. Schematic set up of biaxial; 3-point; 4-point test method.

The sample holder for the biaxial flexural strength test comprised three tempered steel balls with
a diameter of 3.2 mm. The steel balls formed an equilateral triangle with an edge length of 10 mm and
the ball support circle was 120°. The center of the specimens, which were put upon the steel balls and
the center of the equilateral triangle were aligned coaxially. After the positioning the specimen’s center
was loaded from above with a plunger with a diameter of 1.4 mm until failure. The flexural strength
was calculated according to the formula o = —0.25 N(X-Y)/ d2 (o: flexural strength; N: fracture load;
coefficients X and Y with:

X = (1 +v)In[(r2/r3)]? + [(1-v)/2](r2/13)?

Y = (1 +v)[1 + In(r1/13)?] + (1 —v)(r1/13)?

Christine Sabrina Schatz
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where v: Poisson’s ratio (=0.25); r1: support (mean) contact diameter (mm); r2: (mean) loaded contact
diameter (mm); r3: diameter of the specimen (mm); and d: thickness of the specimen (mm).

For the 3-point flexural strength measurement the specimen was placed on two tempered steel
support rolls (diameter 1.6 mm). The distance between the two support rolls was 15 mm. Now a
plunger (diameter 1.6 mm) loaded the specimen until failure. The formula o = 3N1/ (2bd?) (o flexural
strength; N: fracture load; I: distance between supports (mm); b: width of the specimen (mm);
d: thickness of the specimen (mm)) was used to calculate 3-point flexural strength measurement.

The specimen for the 4-point flexural strength testing was placed on two tempered steel support
rolls (diameter 4.0 mm) with a distance of 40 mm between the exterior supports. The plunger apparatus,
consisting of two tempered steel rolls with a distance of 20 mm applied force until the specimens’
failure. The calculation formula was ¢ = 3N1/(4bd?) (o: flexural strength; N: fracture load; I: mid to
mid distance between exterior supports (mm); b: width of the specimen (mm); d: thickness of the
specimen (mm)).

2.3. Profilometry

A profilometer (MarSurf 400 SD26, Mahr, Gottingen, Germany) was used to detect surface
roughness (R,) after preparation procedure. Six measurements for two specimens for each zirconia,
test and polishing method were recorded (A. = 0.25 mm; L¢ = 1.750 mm; pressure 0.7 mN) and a mean
value was computed.

2.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (EVO MA 10, Zeiss, Oberkochen, Germany) was used to assess
the influence of specimen preparation on surface topography (15 kV, 150 mA, working distance of
10-12 mm). The specimens (1 = 3 per group) were ultrasonically cleaned (Sonorex RK 100H; Bandelin,
Berlin, Germany) and gold coated (Sputter Coater SC7640, Quorumtech, Newhaven, UK) before
SEM examination.

2.5. X-ray Diffraction (XRD)

X-ray diffraction analysis (D8 Advance, Bruker AXS, Karlsruhe, Germany; settings: Bragg-
Brentano Geometrie, Lynxeye-Dector in 1D-mode, nickel-k3-filter) was employed to identify surface
phase transformations. For each zirconia material, polishing and test method three specimens
underwent XRD. Diffraction data were collected with Cu-Ka rays from the 26 range between 25° and
40° with 40 kV, 40 mA and a step size of 0.02° and a scan time of 1.0 s/step, specimen rotation was
60 rpm. Under this condition of measurement the analyzed layer was 4.0-6.5 um. The relative amount
of monoclinic phase was calculated by means of the Garvie-Nicholson Equation modified through
Toraya [21] (Equation (1)) using the maximum intensities of the reflexes I;(101), Iy (Tll) ,und Iy (111).

L, (T11) + I, (111)

T (1 1
" Ly (T11) + Ly (111) + I; (101) (40
The volume fraction (Vp,) is:
1.311 x Xy
Vyy = o X Am )
" 140311 x Xy @

2.6. Statistical Analysis and Methods

The power analysis was calculated in R (R, R Development Core Team, The R Foundation for
Statistical Computing) using the data from our previous studies [22,23]. A sample size of 40 in each
group will have 99% power to detect the difference of 200 MPa between two different flexural strength
methods assuming that the common standard deviation is 178 MPa using the Students two sample
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t-test with the 0.017 two-sided significance level obtained after the Bonferroni correction (three tests
between three different flexural strength methods within one zirconia material).

Anderson-Darling goodness-of-fit estimates were computed and the best fitting distributional
assumption (normal or Weibull) was indicated by its smaller value. In addition, the assumption
of normality of the data was investigated by means of the Kolmogorov-Smirnov test. Descriptive
statistics mean, standard deviation (SD), and coefficient of variation (COV = SD/mean) together with
the 95% confidence intervals (95% CI) for the mean were computed. A three-way ANOVA for flexural
strength with respect to three factors: test method (TM: biaxial, 3-point, 4-point), specimen preparation
(SP: before, after sintering), and zirconia material (ZM: C, Z, D) was computed using SPSS Version 22.0
(IBM Deutschland GmbH, Ehningen, Germany). These results were amended by one-way ANOVAs
for test method and zirconia material factors within the combination of two other factors, separately.
The two-sample t-test with Welch adjustment for differing variances was used to identify the influence
of treatment within the combination of two other factors. In addition, the two-parameter Weibull
distributional assumption was used to compute Weibull parameters (modulus = m and characteristic
strength = s) with Least Squares and median rank plotting positions assumption [24,25]. Equal m,
s, SD, and mean Bartlett’s modified likelihood ratio tests together with the appropriate Bonferroni
post-hoc confidence interval were conducted with Minitab Version 14 (Minitab Ltd., Coventry, UK).
Associations between two continuous variables were characterized by the non-parametric Spearman’s
rho correlation. Results of statistical analysis with p-value smaller than 0.05, were considered to be
statistically significant.

3. Results

Table 4 depicts the Anderson-Darling goodness-of-fit estimates.

Table 4. Anderson-Darling goodness of fit estimates.

™ SP M Weibull Normal  Optimal Fit Optimal Fit Distribution
C 0.637 0.702 0.611 3-par Weibull
before z 0.793 0.821 0.726 Logistic
L. D 1.102 1.735 0.947 SEV
Biaxial
C 2.405 0.799 0.482 3-par Log normal
after V4 2.070 0.713 0.593 3-par Log normal
D 1.111 1.589 0.940 SEV
C 0.916 0.455 0.434 3-par Log normal
before V4 0.613 0.594 0.536 3-par Weibull
3-poi D 0.577 0.508 0.480 3-par Weibull
-point
C 1.101 0.568 0.512 Logistic
after z 2.053 0.942 0.669 3-par Log logistic
D 0.946 1412 0.835 3-par Weibull
C 1.024 0.488 0.472 3-par Log normal
before z 0.946 0.746 0.743 3-par Log normal
. D 0.755 0.496 0.496 normal
4-point
C 0.693 1.033 0.691 SEV
after V4 0.685 0.708 0.708 normal
D 0.625 0.698 0.625 Weibull

The Kolmogorov-Smirnov test showed that not all of the data were normally distributed (Table 5).
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Table 5. Descriptive statistics for flexural strength values of all measured groups. TM: test method;
SP: specimen preparation; ZM: zirconia material; SD: standard deviation; 95% CI: 95% confidence
interval; Min: minimum; Max: maximum; COV: coefficient of variation (%). If not otherwise indicated
all values are presented in MPa.

™ SP M SD 95% CI (SD) Mean 95% CI (Mean) COV %
ca/A g1 (64;102) 2 757 A (731;782) B 11
before  Zz3/B 1152 (91;144) 2 891 A (855;927) © 13
Biaxial D¥/B 1012 (80;126) 2 835 *A (803;866) © 12
ca/A 1152 (91;145) 2 1077 B (1040;1112) B 11
after  Z3a/A 1162 (92;146) @ 1126 B (1090;1162) B 10
DYB  212b (170;265) @ 1322 *B (1256;1388) B 16
ca/A 1102 (87;139) 2 752 A (718;787) B 15
before ~ Z3/A 1242 (98;156) 2 755 A (716;793) B 16
3-point D¥/A 972 (76;122) 2 743 A (712;773) B 13
Ca/AB  gga (68;108) 2 1118 B (1090;1144) B 8
after ~ z3/A 1562 (123;196) 2 1039 B (990;1087) AB 15
DbB 1732 (138;216) 2 1183 *B (1129;1237) B 15
ca/A 782 (61;99) 2 561 *A (536;585) A 14
before  Z?3/B 882 (69;110) 2 646 A (618;673) & 14
4-point Da/AB 1122 (88;141)* 637 A (602;672) A 18
ca/A 122 (97;153)2 8738 (834;911) A 14
after Za/A  206b (163;260) 2 9228 (858;987) A 22
DA 1822 (144;228) 2 947 B (890;1004) A 19

* not normally distributed; 2> significant differences for SD values; column ZM indicates significant difference
between ZM within TM and SP; column SD indicates significant difference between SP within TM and ZM;
column 95% CI (SD) indicates significant difference between TM within SP and ZM; ABC significant differences
for mean values; column ZM indicates significant difference between ZM within TM and SP; column mean
indicates significant difference between SP within TM and ZM; column 95% CI (mean) indicates significant
difference between TM within SP and ZM.

Additionally, the 2-parameter Weibull analysis was used to describe the flexural strength (Table 6).
The data are presented in Figure 2. The 3-way ANOVA observed the impact of specimen preparation
method on the Weibull modulus: Zirconia C specimen tested in 3-point flexural strength had a
significant higher Weibull modulus when polished after sintering (p < 0.001).
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Figure 2. Influence of specimen preparation test method and zirconia material using different flexural
strength testing methods.
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Table 6. Weibull statistics for flexural strength values of all measured groups. TM: test method; SP:
specimen preparation; ZM: zirconia material; m: Weibull modulus; 95% CI: 95% confidence interval; s:
characteristical strength. All values are presented in MPa.

™ SP ZM m 95%CI (m) s 95%CI (s)
ca/a 11.22 (8.7;,14.4) 2 7914 (768;814) A

before za/B 9.02 (6.9;11.6) @ 940 A (906;975) €

Biaxial Da/B 962 (7.1;13.1) 2 878 A (848;908) ©

ca/A 1242 (10.5;14.6) 2P 11208 (1090;1152) B
after AL 1282  (10.7,152)° 11708 (1139;1202) B

Da/B 732 (5.4,9.8) 2 1408 B (1346;1472) B
ca/A 852 (7.0;10.4) 2 795 A (764;827) A
before Za/A 732 (5.7,9.5) 2 804 A (768;841) B
3-point Da/a 932 (7.3;11.8) 2 7824 (755;811) B
Cb/AB 165°  (14.1;,19.1)° 1153 B (1129;1177) B
after Za/A 852 (7.1;10.2) b 1097 B (1055;1142) AB
Da/B 792 (6.0;10.4) 2 12558 (1204:1308) B
ca/A 9.12 (74;,11.1)° 5914 (570;614) B
before za/B 8.82 (7.0;11.0) @ 6814 (656;708) A
4-point D¥/B 712 (5.8,8.6)2 6794 (648;712) A
ca/a 842 (6.4;11.1) 9238 (888;959) A
after za/A 512 (3.9:6.7) 1002 B (940;1069) A
Da/A 572 (4.2;7.7)2 1023 B (965;1084) A

ab< significant differences for m-values; column ZM indicates significant difference between ZM within TM
and SP; column m indicates significant difference between SP within TM and ZM; column 95% CI(m) indicates
significant difference between TM within SP and ZM; ABC significant differences for s-values; column ZM
indicates significant difference between ZM within TM and SP; column s indicates significant difference between
SP within TM and ZM; column 95% CI (s) indicates significant difference between TM within SP and ZM.

3.1. Influence of Test Method

The 4-point flexural strength test method indicated the lowest flexural strength values in all
groups, regardless of which zirconia material was tested and which specimen preparation method
was used (p < 0.001). An exception showed Z zirconia material polished after sintering. In this
group 4-point and 3-point results were in the same range of values, but significantly lower than the
biaxial values.

The biaxial strength test method provided the highest strength values. However, it was not
significantly different from the 3-point test within the wet polished groups and within the dry polished
zirconia C specimen (p > 0.05).

Regarding the Weibull modulus, 3-point testing showed a significantly higher Weibull modulus
for the wet polished zirconia C group than for 4-point testing and biaxial testing (p < 0.001). Specimens
tested in biaxial flexural strength presented a significantly higher Weibull modulus for wet polished
Zirconia Z than those tested in 4-point strength test methods (p < 0.001). Other groups showed no
influence of test method on the Weibull modulus (p > 0.05).

3.2. Influence of Specimen Preparation

The different polishing procedures greatly influenced the measured mean flexural strength
independently of which zirconia was tested and which test method was applied. After sintering the
wet polished specimen produced significantly higher flexural strength than specimens polished before
sintering (p < 0.001). Only one group showed the impact of the specimen preparation method on
the Weibull modulus. Zirconia C specimens tested in 3-point flexural strength (p < 0.001) provided a
higher Weibull modulus when polished after sintering.

3.3. Influence of Tested Zirconia Materials

No impact of zirconia material on flexural strength values was found for 3-point tested dry
polished specimen and 4-point tested wet polished specimen (p = 0.671).
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The biaxial test method showed considerably lower values for dry polished zirconia C material
than for material Z and D (p < 0.001). In contrast, wet polished Zirconia D presented noticeably higher
flexural strength values compared to C and Z (p = 0.034).

Within specimens polished after sintering and tested in 3-point flexural strength, material Z
showed significantly lower values than C and D (p = 0.046). Within specimens polished before
sintering and tested in 4-point flexural strength, material C indicated significantly lower values than Z
(p <0.001). D was not different to Z. It is difficult to discern patterns in the ZM effect, as they seem to
act differently for each TM and SP combination.

An impact of tested zirconia materials on Weibull modulus was observed only for specimens
prepared after sintering and tested in 3-point test. In this group, a significantly higher Weibull
modulus for C than for Z and D was observed (p < 0.001). All other groups were in the same Weibull
modulus range.

3.4. Surface Roughness (Profilometer) and Surface Topography (SEM)

Dry polished specimens showed higher surface roughness compared to wet polished specimens.

The surface roughness R, values for the dry polishing method range from 0.31 to 0.41 um and
for the wet polishing method from 0.011 to 0.014 um. An impact of zirconia materials (C, Z, D)

was not observed. SEM pictures confirmed the results of the profilometric measurement (Figure 3).

Roughness of the tested specimen was found to be associated with Weibull modulus (m) (Spearman’s
rho correlation = 0.199, p = 0.428).

C Y4 D

Figure 3. Scanning electron microscopy (SEM) pictures of dry and wet ground zirconia materials.

3.5. Characterization of Monoclinic Phase Transformation (X-ray Diffraction)

The volume fraction of the monoclinic phase at the surface was low (~2%) for all tested specimens
(Figure 4), no material was noticeable different.
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Figure 4. X-ray diffraction pattern example: Z, biaxial dry and wet.
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4. Discussion

To the knowledge of the authors, no data for monolithic zirconia are existent comparing the
different flexural strength test methods. For the discussion of our data we will also consider studies
with other ceramic materials.

The tested null hypothesis was that the flexural strength test methods would show no impact on
strength values. This has to be rejected. It could be clearly discriminated between biaxial and 4-point
tested groups, which presented the lowest flexural strength findings. In 4-point flexural strength
testing, a larger area of the material is involved in stress application. Thus, the probability of crack
initiation, reflected by lower flexural strength, is higher than for the 3-point test method [10]. In our
data, 4-point tested groups were in all but one group statistically different from 3-point tested groups.
This is in accordance with the data of a previous study, where veneering ceramics for zirconia have
been tested [26].

In another study with zirconia core materials, biaxial strength testing resulted in higher and
statistically different values compared to those, measured by 3-point flexural strength testing [27].
Except for one group, our data showed the highest mean biaxial flexural strength values, but we could
only observe a clear discrimination between 3-point and biaxial testing in two groups. The high values
in the biaxial test can be related to the negligible effect of undesirable edge failures [28,29]. Jin et al. [30]
used all of the three test methods on different ceramic types. Although no zirconia material was
included in this study, the authors also identified the lowest values for 4-point flexural strength
measurement and could not clearly differentiate between biaxial and 3-point testing. A ranking order
of the different flexural strength test methods can be described as the following: biaxial > 3-point >
4-point flexural strength measurement. Regarding the influence of the test method on the Weibull
modulus it was observed that only wet polished, 3-point tested zirconia C and wet polished, 4-point
tested zirconia Z had a higher Weibull modulus compared to other groups. Neither surface roughness
nor SEM pictures can explain these findings.

The second tested hypothesis was, that the specimen preparation methods do not influence the
flexural strength and the reliability of monolithic zirconia. The inherent reliability of the material can be
described with the Weibull modulus. A high Weibull modulus is associated with a statistically higher
reliability. It was found that specimen preparation after sintering showed significantly higher flexural
strength values whereas no general trend for the Weibull moduli was observed. The Weibull modulus
for 3-point tested Zirconia C polished after sintering was even higher, than for those polished before
sintering. Thus the first part of the second hypothesis could not be confirmed. Regarding the reliability,
the other part of the hypothesis is accepted within flexural strength test-groups and zirconia material.
In contrast to that, a statistically lower Weibull modulus was noticed in wet polished 4-point tested
groups for Zirconia C and Z. This indicates that polishing may induce flaws, but the probability of
critical flaw detection increases, when a larger volume of the material is involved in the testing method.
As failure is initiated by the largest flaw or element, this effect is also referred to as the weakest link
hypothesis [31]. The authors believe that surface scratches shown in the SEM pictures, functioned as
crack origin and led to significantly lower strength values of the 4-point tested specimen. The values
for Weibull moduli ranged between (5.1 and 16.5), which is in accordance with the values reported for
Y-TZP core materials tested in other studies [25,32]. In the present literature, contradictory findings are
reported for flexural strength of zirconia materials, dependent on different surface alteration methods
after the sintering process. Several authors described a decrease in flexural strength and Weibull
modulus of zirconia, when the surface underwent a grinding process [14,18,33,34]. On the other
hand, an increase in mean flexural strength and a decreased reliability was observed with the use of
fine-grained diamond burs [35] and with wet hand grinding [36] although in this study the Weibull
distribution was not discussed. When corund-blasting as a surface method is conducted, an increase
of strength is also reported associated with a reduction of the Weibull modulus [18]. The increase in
flexural strength can be explained with the phase transformation in zirconia materials. The amount
of the monoclinic phase was found to rise, when the surface was treated after sintering [18,37].

Christine Sabrina Schatz



Eigene Arbeit

Materials 2016, 9, 180 110f13

This well-known transformation toughening mechanism of zirconia materials can lead to compressive
surface stresses and thus elevate the flexural strength [38,39]. In contrast to that, in the present study
no higher fraction of monoclinic zirconia on the surface of wet polished specimen was found. Thus
the polishing procedure must have removed the layer of monoclinic zirconia. This effect was also
observed by Guazatto et al. [17]. The above discussion of possible origins of the flaws is supported
by Anderson-Darling (AD) goodness of fit estimates in Table 4. Smaller AD values indicate a better
fit of the data by the assumed distribution. The authors were unable to find a single distributional
assumption of flexural strength values fitting optimally for all test configurations. However, both
Weibull and normal assumptions provided reasonable and useful approximations to compare all test
groups. This conclusion is supported by a strong negative association between Weibull moduli (m)
and COV (rho = —0.972, p < 0.001). Weibull modulus estimates ranged from 5.1 to 16.5 whereas those
of COV from 0.077 to 0.223 indicating that both Weibull and normal assumptions were applicable to
all test groups.

The third hypothesis was that different zirconia materials do not influence flexural strength. This
has to be accepted, as a general trend as the zirconia materials could not be identified. It was observed
that the zirconia materials used in this study act differently dependent on flexural strength test and
treatment methods. Literature shows [19] that D contains a significantly larger grain size compared to
zirconia C and Z. However, no association between grain size and all tested parameters was found in
our study.

5. Conclusions

Within the limitations of the laboratory investigation, the following conclusions can be drawn:

(1) The 4-point flexural strength testing shows the lowest flexural strength data; biaxial test
method the highest.

(2) The specimen preparation method significantly impacts the flexural strength findings; surface
roughness was higher with dry polished specimens.

(3) Flexural strength values of tested zirconia materials range within the same values and no clear
effect of the zirconia material could be observed.
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Weibull Statistical Analyses of Flexural Strength Data of Zirconia Materials. Materials
2016, 9, 512.

Zusammenfassung

Ziel: Es wurde ein verblindeter Datensatz zwei unabhédngigen Statistikern prasentiert. Das
Ziel war es, in zwel parallel gefiihrten statistischen Analysen den optimalen statistischen
Ansatz der Analyse fiir in-vitro gemessene Biegefestigkeitsdaten von Zirkonoxidmaterialen
zu finden.

Material und Methode:

Der Datensatz bestand aus 240 Biegefestigkeitswerten, die mittels der Biaxialen-
Biegefestigkeitspriifung ermittelt wurden. Sie wurden in sechs Gruppen G1-G6 aufgeteilt,
wobei jede Gruppe durch den Faktor des Zirkonoxidmaterials (ZM mit drei Ebenen C =
Ceramill Zolid, Z= Zenostar ZrTranslucent und D = DD Bio zx*) und durch die Methode der
Priitkorperherstellung (SP mit zwei Ebenen vorher = Trockenpolitur der Priitkorper vor dem
Sintern, nachher = Nasspolitur der Priiftkérper nach dem Sintern) definiert wurde. Jede
Gruppe bestand aus 40 Priifkérpern. Der verblindete Datensatz wurde den Statistikern zur
Analyse iibergeben. Sie wurden aufgefordert zwei unabhingige Entwiirfe der
Manuskriptabschnitte ,,Ergebnisse®, ,,Zusammenfassung®, ,,Schlussfolgerung®, sowie
,Begriindung der Wahl der statistischen Methoden* vorzulegen. Nach Vergleich und
Diskussion der vorgelegten Manuskripte wurden die Daten entschliisselt. In der
anschlieenden Zusammenfassung der beiden unabhédngigen Entwiirfe sollten sowohl
identische Ergebnisse sowie Gegensétze und Vervollstindigungen beschrieben werden.
Ergebnisse: Beide Statistiker beschritten unterschiedliche Wege zur Analyse der Daten. Sie
kamen zu komplementédren Ergebnissen. Der Hauptunterschied bestand aus der
unterschiedlichen Verteilungsannahme (Weibull/Normal) und alternativen Fitting-Methoden

(LS/ML).
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Abstract: Zirconia as a restoration dental material are gaining attention because of their high
mechanical properties and good biocompatibility. Therefore, investigation of the flexural strength of
zirconia is of great interest. For this purpose, Weibull statistics for description of the material reliability
are frequently used. The aim of this work was to present a blinded data set to two independent
statisticians for two parallel statistical analyses in order to find an optimal statistical approach for
analysis of in-vitro measured flexural strength data of zirconia materials. A prospectively planned
independent blinded statistical analysis implementing three quality control actions “blinded data
set”, “independent statistical analyses” and “parallel manuscript writing” was designed. Statistical
analysis paths taken by both biostatisticians differed. They arrived at complementary results. The
major difference was caused by two alternative distributional assumptions (Weibull/Normal) and
alternative fitting methods (LS/ML). The parallel statistical analysis and manuscript writing approach
on a blinded data set greatly supported our choice of statistical methods for analysis of flexural
strength results of zirconia materials.

Keywords: flexural strength data; Weibull analysis; blinded statistical analysis; permutation tests

1. Introduction

Monolithic zirconia was introduced to avoid the risk of dental restoration failure due to
veneer-chipping fractures. To improve the esthetic appearance of zirconia restorations, attempts
were made to improve translucency. One way was to increase the sintering temperature leading to
microstructural changes in the material. As literature shows this method has a significant drawback.
Grain growth and a non-homogenous structure influences the flexural-strength negatively [1]. Hence
the Al,O3 percentage was reduced from 0.25 to 0.05 wt % and the smaller Al,O3 grains were positioned
on the boundaries of the zirconia grains, which also results in a higher translucency of the material.
At this moment, insufficient information is available about the flexural strength of second generation
zirconia. The reliability of these flexural strength findings gives further insight to the performance and
is an indicator of a zirconia material’s quality. For this purpose, Weibull statistics are used. However,
Weibull statistics can lead to minimal deviations depending on the estimation method [2]. The aim of
this work was to present the blinded data to two statisticians in order to see how and if the further
statistical investigation leads to a consensus view of the quality of the zirconia materials. The blinded
data set provided for the parallel statistical analysis contained 240 measurements from a previous
study [3] on biaxial flexural strength for three monolithic zirconia materials (ZM) Ceramill Zolid,
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Zenostar ZrTranslucent and DD Bio zx2 for which two different specimen preparation (SP) methods:
either dry polishing before sintering or wet polishing after sintering were applied.

1.1. Motivation for a Weibull Analysis

In dentistry, brittle materials are well characterized using Weibull statistics [4,5]. Ceramics,
especially the high-performance ceramics such as zirconia or alumina are standardly tested for the
reliability and homogeneity of the structure of the material by Weibull modulus (m).

For statistical analysis of flexural strength data [2,6-8] both the two-parameter Weibull (s, m)
and the two-parameter Normal (mean, sd?) distributional assumptions are frequently used. Weibull
modulus m describes the reliability of the measurements with higher values corresponding to better
reliability of the material. Normal mean corresponds to the characteristic strength (scale, s) of the
Weibull distribution. Weibull modulus (m) is approximately inverse proportional to the Normal
standard deviation (sd) (m = 1/sd). A reliable material with a high Weibull modulus (m) has low
values of standard deviation (sd) for Normal distributional assumption as sd = 1/m. When analyzing
data both differences of s (mean) and m (sd) estimates between the different groups for Weibull
(Normal) distributional assumption are of interest.

Application of Normal and Weibull distributional assumptions implies a different perception
of the underlying truth. First, the Normal distribution emerges when each observation is a sum of
a possibly large number of independent random fluctuations [9]. In contrast, the stochastic process
governing the Weibull distribution follows the “weakest link” concept [10-12]. Internal independent
flaws propagate under external stress and eventually a specimen breaks at the weakest place. This way
a single flaw dictates the strength of the whole system. Second, the support of the Normal distribution
comprises the whole real line. Consequently, it is not perfectly suitable for modelling positive flexural
strength observations. In this respect the Weibull distribution is more appropriate as it is defined on
the positive real line. The third argument in favour of the Weibull distribution is its shape flexibility.
Weibull distribution is capable of modelling symmetric as well as negatively and positively skewed
data. In contrast, the Normal distribution is only acceptable for symmetric data.

Although the probabilistic basis for application of the Weibull distribution for brittle materials
was quite strong its utilization in practice was hampered by a fairly cumbersome parameter
estimation [4,10]. Recently, much progress has been made with respect to the availability of the
Weibull distribution. There are flexible general-purpose statistical programs for estimation of the
two-parameter Weibull distribution applying either the maximum likelihood (ML) or the least squares
(LS) methodologies or both [6]. Many of them provide 95% confidence intervals for the Weibull
parameters, convenient probability plots and conduct tests for parameter differences between factor
levels. There is also a free available open source Excel-calculator facilitating an automatic LS estimation
of Weibull parameters together with the corresponding 95% CI (Appendix C in [13]). Aside of this
eminent progress there is still an uncertainty caused by a data analyst [14].

1.2. Motivation for a Prospectively Planned Independent/Parallel Blinded Statistical Analysis

A typical study passes through three work phases consisting of data generation, statistical analysis
and manuscript writing (Table 1, study phases a—c). Each phase can be afflicted by several sources
of uncertainty [14], which can be intentional or unconscious. Various problems in design, conduct,
analysis and reporting of research may lead to biases toward findings that can distort the perception of
the research progress [15].
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Table 1. Sources of Uncertainty.

Study Phase Uncertainty Source

Specimens/Subjects
Investigators
Data generation (a) Data collectors and managers
Precision of measuring devices
Outcome assessors

Sample size
Data analyst
Descriptive statistics
Assumption on the sampling distribution (model uncertainty)
Outliers (data uncertainty)
Choice of the statistical approach (frequentist or Bayesian)
If Bayesian, then prior elicitation (prior uncertainty)
Statistical data analysis (b) Transformation of variables
Parametric or non-parametric analysis
Tests/Confidence intervals
Choice of the estimation technique within the approach chosen
Interpretation of the results
Missing data handling
Subgroup analysis
Covariates selection

Choice of the findings to report on
Writing of the manuscript (c) Choice of the graphs to be shown
Manuscript writer

Several authors [14,16,17] warn that an objectivity of statistical data analysis (Table 1, study
phase b) is a clear misperception. The pretended objectivity of data analysts can be affected
adversely [17] by many factors. For example, a statistician’s bias is caused by differences in available
statistical tools, techniques, programs and personal experience. In the course of statistical data analysis
numerous semi-subjective decisions (Table 1, study phase b) have to be made that can have major
effects on the results of the study [14,16]. Such semi-subjective decisions include assumptions to be
made and models to be applicable [14], finally leading to the choice of a particular statistical method.
Subjectivity is also involved in performing the analysis and interpreting the results. Perception of the
data and the choice of the analysis can considerably vary across statisticians. A bias in direction of
preferred methods, prior theoretical expectations or some other preconceptions is possible and very
likely [14].

Usually, the size of the statistician’s bias cannot be estimated. Therefore, it is beneficial to use
methodology that suppresses, prevents or indicates it clearly. One possible resort is the use of the
blinded design [18-20]. Blinding is a research strategy that involves the deliberate withholding of
information from people who play a role in a study [16,21,22]. In principle, blinding of subjects,
investigators, outcome assessors, data managers, biostatisticians and manuscript writers or any
combination of them is possible [16,21-23]. The idea of blinding is a well-known scientific method
frequently used in many fields of research and notably in the context of clinical trials [18,19,23,24]. The
wide ranging applicability of the blinding technique guarantees its validity not only in in-vivo but also
in in-vitro studies. For example, it is extensively used in modern statistical analysis of particle physics
experiments [25], where measurements and conducted experiment are completely unknown to the
involved analysts.

Whereas single- and double-blinded study designs concentrate mainly on reduction of
uncertainties at the data generation step (Table 1, study phase a), by blinding the subjects only
and both subjects and investigators, respectively, the statistical data analysis phase (Table 1, study
phase b) has been perceived as an objective one, especially if the statistician is not involved in the
experimental process [18]. This belief, however, clearly disagrees with observation that both statistical
analysis and writing of the manuscript are potential sources of bias that persist even in double-blinded
trials [17].
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To counteract these problems a triple-blinded design has been suggested [23,24]. The
triple-blinded design—a double-blind trial that also maintains a blind data analysis—aims for reduction
of a potential bias introduced by the statistical data analysis [23,24] by keeping the involved analysts
in dark about the meaning of the treatment groups specification during data analysis. In such a case
the analyst is blinded to the meaning of the data. Ideally, data entry is done independently of the
analyst and codes for treatment group assignments are allocated randomly [16]. The “blinded data set”
approach aims for objective and straight decisions during the conduct of statistical analysis.

Unfortunately, an analysis of a blinded data set can be still insufficient for the bias reduction
induced by the statistician. Therefore, Polit [16] and Miller & Stewart [23] suggest different strategies
for broadening of the blinding technique within the statistical analysis phase (Table 1, study phase b).
They claim that a blinded data analysis is most efficiently achieved by an “independent statistical
analysis” when two independent data analysts are involved and both are blinded to the treatment
group status. In a scenario when two statisticians are analyzing the same data set, free communication
between them could promote convergence towards a consensus and important clues might be missed.
The respective final analyses might be distorted and the results biased. Hence, in order to fully profit
from a parallel data analysis, statisticians should analyze the data independently and provide their
stand-alone description of the outcomes. Keeping this in mind Getzsche [17] suggests application
of independent investigation not only within statistical data analysis phase (Table 1, study phase b)
but also during the process of manuscript writing (Table 1, study phase c). In particular, “Results”,
“Summary”, “Conclusion” and “Rationale for the choice of the statistical methods” sections should
be drafted in two independent versions [17] leading to a “parallel manuscript writing” approach.
Moreover, any additional analyses, performed after code breaking, should be identifiable as such.
Hence, any independent blinded statistical analysis which joins both “independent statistical analyses”
and “parallel manuscript writing” techniques and applies them to a “blinded data set” aims for
diminishing not only the outcome reporting bias but also the risk that the conclusion and treatment
recommendation are influenced by irrelevant factors [17].

Blinding of the data analyst has been identified as an easy way to minimize bias and to enhance
credibility of the results [16]. The blinded data strategy initiated by Getzsche [17] has been applied in
an increasing amount of studies. Depending on the field of research data analysts are blinded in as
much as 2.5%-15% of research projects [16]. In each case, a blinded design seeks to achieve a higher
standard of scientific rigor than a conventional non-blinded one.

Although over the years blinded analysis strategy has been steadily gaining in importance in
numerous fields of research, its application in the context of dental materials research is still lacking.
Therefore, we prospectively designed an independent blinded statistical analysis which could be
conveniently applied for dental material projects. The aim of this study was to investigate by means of
two independent prospectively planned blinded analyses if there is an agreement in Weibull statistics
of flexural strength data of different zirconia ceramics analyzed independently by two statisticians
using differing statistical approaches. We applied a random allocation of coding to tested groups in the
data set and kept the analysts in dark about their meaning. What is more, any communication between
statisticians during this time period was forbidden. Two independent drafts describing findings and
statistical methods were written before code breaking.

The first hypothesis for the dental material research states that monolithic zirconia specimen
preparation (SP) has no impact on the flexural strength. The second hypothesis states that all three
tested zirconia materials (ZM) show similar flexural strength results. Additionally, two hypotheses
with respect to two independent prospectively planned blinded Weibull statistical analyses were
formulated. First, there is an agreement in statistical analysis paths chosen by both biostatisticians
for Weibull analysis. Second, the three quality control actions: “blinded data set”, “independent
statistical analyses” and “parallel manuscript writing” conducted by two independent biostatisticians
(implemented within our prospectively planned parallel blinded statistical analysis) have no influence
on findings for flexural strength data.
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2. Material and Methods

2.1. Experimental Data Description

Data for blinded analysis were a subset of a larger data collection in [3]. Data provided to the
statisticians by the study supervisor A consisted of 240 biaxial flexural strength measurements divided
randomly into six groups G1-G6. Each group was defined by a factor zirconia material (ZM with
three levels C = Ceramill Zolid, Z = Zenostar ZrTranslucent and D = DD Bio zx2) and specimen
preparation (SP with two levels before = dry polishing before sintering, after = wet polishing after
sintering) and contained 40 specimens (Table 2). The specimen preparation process consisted of the
following steps. The specimens were cut out of zirconia cylinders with a low speed diamond saw
(Well, Diamantdrahtsidgen, Mannheim, Germany). Manual dry polishing was conducted with SiC
discs (Struers, Ballerup, Denmark) and machine wet polishing after sintering was executed with a
water-cooled polishing machine (Struers Abramin, Struers, Ballerup, Denmark). For the sintering
process a universal sintering oven (Nabertherm, Lilienthal/Bremen, Germany) was used. Only
one operator handled the specimens. The final dimension DIN EN ISO 6872:2008 [26] of all disc
shaped specimens was 16 mm x 1.2 mm (+0.05 mm). For biaxial flexural strength measurement, the
specimen were put on to a sample holder, which consisted of three tempered steel balls (diameter
3.2 mm) forming an equilateral triangle (edge length 10 mm and ball support circle 120°). The plunger
(diameter 1.4 mm) of the Universal Testing Machine (Zwick, Ulm, Germany) loaded the specimens
with a crosshead speed of 1 mm/min until failure.

Table 2. Data summary for Normal assumption. n: number of observations; ql: first quartile; q2:

third quartile.
Tested Groups ™M Sp n Min ql Mean Median q2 Max sd
G1 C before 40 575 719 757 765 804 884 79
G2 C after 40 890 997 1077 1050 1143 1340 113
G3 z before 40 551 842 891 878 966 1090 115
G4 z after 40 962 1030 1126 1100 1203 1370 114
G5 D before 40 615 764 835 869 908 969 102
G6 D after 40 915 1180 1322 1390 1490 1630 214

2.2. A prospectively Planned Independent Blinded Statistical Analysis

The independent blinded statistical analysis technique was devised prior to the data analysis.
Figure 1 depicts the details of our plan, which consisted of five stages. For sake of clarity of presentation,
the contributors in the sequel are identified by capital letters A, B, C and D. In the planning stage of
our study the contributor A was designated to be the supervisor of the project and had an unlimited
insight in all phases of the study.

In the first stage contributors A and B were responsible for conduction and execution of
experiments and recording of the measurements in an Excel file. In the second stage A randomly
assigned coding numbers to the tested groups, kept the key identifying the meaning of the factors in
the data set and was not allowed to reveal it to both statisticians” C and D until the statistical analysis of
the measurements was accomplished. In addition, contributor A checked graphically the plausibility
of recorded measurements and correctness of factors coding.

Beginning of the third stage was marked by the release of the blinded data set to statisticians
by contributor A. Both statisticians” C and D were not allowed to communicate and interact with
each other during this stage. In case of any questions they might, however, address the supervisor A
directly. They were given 3 weeks to accomplish statistical analysis of the data and to describe their
findings and statistical methods applied with all tables, graphs and references necessary to back up
their conclusions. During this time, they wrote two independent drafts of “Results”, “Summary”,
“Conclusion” and “Rationale for the choice of the statistical methods” sections. Apart of that the time
amount needed for accomplishing every step of the statistical analysis and draft writing was recorded.
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The statisticians were blinded to the meaning of data coding and their knowledge about the goal of
statistical analysis was limited to a short note provided by A accompanying the data set.

A&B

First Stage . R .
Conduction of experiments

and recording of the
measurements

A

Release of the blinded data

Second Stag

D
rd Stage . . - .

(3 weeks) Statistical analysis and Statistical analysis and
description of the results description of the results
and applied methods and applied methods

A&B&C&D

Fourth Stage .
Discussion of the results and

uncovering of the coding

A&B&C&D
Preparation of the manuscript:
final description of the results and
discussion

Figure 1. Plan of the independent blinded statistical analysis.

Only after all data had been analyzed and two independent drafts had been written the fourth
stage consisting of a meeting attended by all involved contributors (A, B, C, D) was scheduled. During
this meeting not only written exposition of the results provided independently by C and D and applied
statistical methods were compared with each other but also possible reasons for the discrepancies in
findings were discussed. The amount of time invested in analysis and draft writing was compared.
Eventually, A resolved the key for the meaning of the factor levels and the primary outcome in the data
making the results interpretable. In case of major differences in results the following procedure would
have been applied: statistical analysis paths would be compared and the reason for the differences
would be sought. In case of an error in one of the analyses the more accurate analysis would have
been reported.

In the fifth stage all authors (A, B, C, D) were involved in the process of report writing. It was
intended that in the final report the identical findings provided by both statisticians (C and D) would be
presented only once. In contrast the findings, which disagreed or complemented each other would be
described separately. No additional statistical analyses were permitted after the fourth stage. However,
an appropriate reformatting (adjustment) of graphs and tables was allowed. The data and the source
code used can be obtained under request from the authors.
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In the original final study report both statistical contributors wrote their own statistical methods
sections, two results sections and two separate discussions concluding by a conjoint discussion. For
the sake of compactness only a concise summary of the original final report is provided below.

2.3. Statistical Methods

Data were visualized in two different ways. Statistician C preferred boxplots whereas statistician
D favored histograms with superimposed density functions. As far as the distributional assumption is
concerned statistician D considered only the Weibull distribution. In contrast, statistician C computed
adjusted Anderson-Darling (AD) goodness-of-fit estimates and probability plots in order to clarify the
true sampling distribution [11]. Finally, statistician C concentrated on the two-parameter Weibull and
the Normal distributions.

Estimation techniques applied by both statisticians differed as well. Statistician C fitted the
parameters of the Weibull and Normal distributions by both Least Squares (LS) and Maximum
Likelihood (ML) techniques [6,13]. For LS fit the median rank (Benard) default assumption in Minitab
was used [6]. The corresponding 95% confidence intervals (95% CI) were computed. In contrast,
statistician D provided Weibull parameters LS estimates according to the suggestions in [13] for
n = 40. Statistician D applied two competing methods: regression of XonY together with median ranks
(XonY/median) and regression of YonX with hazen ranks (YonX/hazen). 95% CI were calculated for
all estimates according to the procedure suggested in [13] (termed Menon 95% CI).

Statistician C tested Weibull parameters for differences with permutation tests programmed
in R [27]. A permutation test generates a reference distribution under the null hypothesis (Hy, no
difference between groups) by randomly rearranging group labels and computing the value of the test
statistic for a lot of such rearrangements. The reference distribution represents values that are plausible
under Hy. The value of the test statistic actually observed is compared to the reference distribution
and p-values are calculated as the fraction of cases in the reference distribution that show a value at
least as extreme as the one actually observed. In this study R = 10,000 permutations were performed
and the test statistic was the difference of estimated Weibull parameters between different groups
(mj — mj and s; — s;). It is zero under Hy (parameters are the same) and larger differences provide more
evidence against Hy. The test for m was always done first since the test for s requires homogeneity in
m and was only performed if no significant difference in m was found. In order to compare Weibull
parameters among more than two groups a global test was developed. The mean absolute differences
between Weibull parameters estimated in all groups under comparison were used as test statistic
(mean|m; — m;| and meanls; — ;). If significant differences were found in the global test, pairwise
comparisons between all groups were performed, including correction for multiple comparisons.
Under Hj the probability of at least one significant result in multiple comparisons (family-wise error
rate, FWER) will be larger than the nominal type I error rate « (typically « = 5%). A simple method
to control FWER is the Bonferroni-Holm [28] method in which the smallest p-value is multiplied by
the number of individual tests (k), the second smallest by k-1 and so on (with the restrictions that the
initial order of p-values is kept and all p-values < 1), and evaluated at the initial level «:

ordered p-values: p; < p2 < ... < px
a4 = maxj<; [(k4 + 1) pjli
where [x]; =min(x,1)andi=1,2, .., k

adjusted p-values: p;

Such Bonferroni-Holm adjusted p-values are reported when multiple comparisons are performed.

In contrast, statistician C conducted equal shape (standard deviation) and equal scale (mean)
Bartlett’s modified likelihood ratio tests together with the appropriate Bonferroni post-hoc confidence
interval [6,8] with Minitab Version 14 [29]. The impact of SP and ZM factors was evaluated by a general
test looking for differences in parameters between all six tested G groups. Results of statistical analyses
with p < 0.05 were interpreted as statistically significant.
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3. Results

Figure 2 shows the distributions of the biaxial flexural strength observations in each tested group.

Probability plots for Weibull and Normal assumptions are depicted in Figure 3.
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Figure 2. Boxplots for the biaxial flexural strength in each tested group G and ZM/SP levels.
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Figure 3. Probability plots for biaxial flexural strength in each tested group G for Weibull LS (A) and
Normal LS (B).

The Anderson-Darling goodness-of-fit estimates for the two-parameter Weibull and Normal
distributions showed that the Weibull assumption was better than the Normal one for all groups with
exception of C/after and Z/after (see [3] Table 4). Although Anderson-Darling estimates for Weibull
and Normal distributions differed between LS and ML fitting methodologies, their suggestions for the
better fit were consistent. While probability plots in Figure 3 indicated discrepancies from straight
lines it was impossible to find any alternative uniformly optimal fitting sampling distribution in all
tested groups.

Generally, biaxial flexural strength observations appeared to be larger in groups G2, G4 and G6
within SP = “after” condition. Variance of strength values was small in G1, at a medium level in G2 to
G5, and large in G6 (Table 2, Figure 2).

The descriptive statistics for the Weibull distribution are shown in Table 3. As the Weibull
parameters estimates obtained by the XonY/median and Benard LS approaches were comparable
to the YonX/hazen one, only the later results are reported. For completeness the ML estimates
are provided.

Results obtained by Weibull and Normal estimation methods were comparable. Generally, larger
mean biaxial flexural strength values resulted in larger estimates for s and lower variance of the biaxial
flexural strength in larger estimates for m. Estimates for s were e.g., higher in the groups with rather
large outcomes (G2, G4, G6). The large variance in G6 resulted in small m, the low variance in G1 in a
rather large m. Generally, G2 and G4 appeared to be very similar, characterized by large s and m. G3
and G5, in contrast, were characterized by both small s and m. Taking 95% CI into account, differences
in s compared to m were more prominent. In particular, s appeared to be much higher in groups G2,
G4 and G6 (with after SP).

There were differences in Weibull estimates obtained by the ML and LS (YonX/hazen) approaches
(Table 3). Their relevance is visualized in histograms with superimposed Weibull and Normal density
functions in Figure 4.
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Table 3. Point and interval estimates of the Weibull parameters modulus (m) and scale (s) based on ML
or YonX/hazen, respectively.

Tested Groups M SP Method m 95% CI (m) s 95% CI (s)

ML 114 [8.9,14.6] 791 [768, 814]

Gl ¢ before y X/hazen 114 [8.2,15.9] 791 [768, 814]
ML 96 [7.6,12.0] 1129 [1090, 1168]
G2 ¢ after YonX/hazen 114 [82,159] 1126 [1093, 1159]

ML 9.4 [73,11.9] 939 [906, 972]

G3 z before  y  X/hazen 89 [6.4,12.4] 942 [907, 977)
ML 103 [8.1,13.0] 1178 [1141, 1217]
G4 z after YonX/hazen  11.8 [85,16.3] 1176 [1143, 1210]

ML 109 [83,14.1] 877 [851, 904]

G5 D before v X/hazen 9.5 [6:8,13.2] 880 849, 911]
ML 7.9 [6.1,10.3] 1409 [1352, 1468]
Go b after YonX/hazen 7.0 [5.0,9.7] 1414 [1348, 1484]
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Figure 4. Histogram of biaxial flexural strength with superimposed densities: Weibull estimated by
ML (blue) and YonX/hazen (red) and Normal (black). Factor G and levels of ZM/SP are indicated on
top of each plot.

Permutation tests were applied to test for Hy that there are no differences between Weibull
parameters in the groups of interest. Tests for differences in s were only made if no differences in m
were found, since they rely on homogeneity in m. As the results of the permutation tests applied to
XonY/median and YonX/hazen estimates were comparable, only the latter are reported in Table 4.
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Table 4. Permutation tests for differences in Weibull parameters estimated by YonX/hazen.
(a) Differences between two levels of SP within each level of ZM. Test statistic: m; — m; and s; — sj;
(b) Global test for differences between the three levels of ZM within each level of SP. Test statistic:
mean|m; — m;| and meanls; — s;l; (c) Pairwise tests to B for differences between three levels
of ZM within each level of SP. Test statistic: m; — m; and s; — sj. p-values were adjusted by the
Bonferroni-Holm method.

C . Condition Test Statistic p-Values
omparlson
m s m S
before-after (G1-G2) C 0.014 —3349 0.9830 <0.0001
(a) before-after (G3-G4) Z —2.831 —234.4 0.0370 NA
before-after (G5-G6) D 2.494 —534.7 <0.0001 NA
®) C-Z-D (G1-G3-G5) before 1.664 100.4 0.2010 <0.0001
C-Z-D (G2-G4-G6) after 3.186 1924 <0.0001 NA
C-Z (G1-G3) before 2.496 —150.6 NA <0.0001
C-D (G1-G5) before 1.948 —88.8 NA <0.0001
© Z-D (G3-G5) before —0.547 61.8 NA 0.0080
C-Z (G2-G4) after —0.350 —50.2 0.8210 0.0840
C-D (G2-G6) after 4.428 —288.7 <0.0001 NA
Z-D (G4-G6) after 4.778 —238.5 <0.0001 NA

With respect to the impact of SP significant differences were found for zirconia Z between G3 and
G4 (p = 0.037) as well as for zirconia D between G5 and G6 (p < 0.0001) (Table 4a). As there was no
evidence against homogeneity in m for zirconia C, s was analyzed and found to differ significantly
(p < 0.0001).

In order to analyze the effect of ZM comparisons of groups with constant SP were made
(Table 4b). Significant differences in m were found between groups G2-G4-G6 (C-Z-D/after) (p < 0.0001).
Accordingly, s was only tested for G1-G3-G5 (C-Z-D/before) and found to differ significantly
(p < 0.0001).

As the global test for m was significant for G2-G4-G6 (C-Z-D/after), all pairwise comparisons
G2-G4, G2-G6, G4-G6 were computed (Table 4c). Significant differences after Bonferroni-Holm
correction for multiple testing were found for G2-G6 and G4-G6. The non-significant G2-G4 comparison
for m (p = 0.821) was tested for differences in s and did also not reach significance (p = 0.084). Pairwise
comparisons for s were also made in the groups G1-G3-G5 (C-Z-D/before), as the global test for s
was significant. All of the possible pairwise tests were significant after Bonferroni-Holm correction
(Table 4c).

Alternatively, the general analysis comparing all six tested G groups found that for Weibull (LS)
modulus mé6 < (m2, m4) but (m1, m3, m5, m6) and (m1, m3, m5, m2, m4) (p = 0.006) and characteristic
strength s1 < (s3, s5) < (52, s4) < s6 (p < 0.001). In contrast, for Weibull (ML) modulus no differences
between moduli in all six factor levels were found (m1, m3, m5, m2, m4, m6) (p = 0.409) and the
findings for the characteristic strength agreed with those for LS fitting technique leading to s1 < (s3, s5)
< (s2, s4) < s6 with p < 0.001.

The results of the tests for LS and ML fitting techniques conducted under Normal sampling
distribution assumption agreed perfectly well leading to sd6 > (sd1, sd3, sd5, sd2, sd4) (p < 0.001) and
meanl < (mean3, mean5) < (mean2, mean4) < mean6 (p < 0.001).

4. Discussion

Strictly speaking the Weibull distributional assumption is only a special case of a more general
approach to strength distributions [5]. Weibull assumption is preferred in practice due to its flexibility.
It provides nice fits to strength data [5,6]. It has also strong probabilistic foundations for strength
measurements. Although the Weibull distribution is more appropriate to analyze strength data of
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brittle materials than the Normal one [5], the Normal one is frequently used due to its convenience
and availability in general-purpose statistical programs. It is difficult to discern the appropriateness
and implications of Weibull and Normal assumptions in practice, notably, for small sample sizes [5].

As a rule of thumb at least 30 measurements in each tested group are necessary to be able to
recognize the true sampling distribution at all [11]. Estimation of the scale (s) of the two-parameter
Weibull distribution and mean of the Normal one requires fewer observations than the estimation of
modulus (m) and sd, respectively [9]. Although Nohut [7] shows that for sample sizes below 150 per
group no clear discrimination between Weibull and Normal sampling distributions is possible.

Abernethy [11] suggested a conservative approach to Weibull analysis. He recommended
application of a two-parameter Weibull distribution as a working assumption irrespective of curvature
in the probability plots. Given the respectable number of 40 observations in each group statistician
C investigated the true underlying sampling distribution and found that no uniformly optimal
fitting distribution could be suggested. The two-parameter Weibull distributional assumption was in
4 out of 6 tested groups better than the Normal one for the data at hand. Therefore, we considered
both Weibull and Normal distributional sampling distributions for data analysis. We think that the
dilemma of discerning Weibull and Normal distributions will stay an unsolved problem. As neither
Weibull nor Normal distributional assumptions fit the data in all tested groups perfectly well, the
truth seems to lie somewhere in between. In this respect our approach is an extension of the
Abernethy’s [11] conservative approach to two different distributional assumptions. The use of
two different distributional assumptions protects us from being over-optimistic.

Our analysis indicated a strong evidence for the relevance of both ZM and SP on the biaxial
flexural strength values. Generally, SP compared to ZM had more impact on mean biaxial flexural
strength and estimated scale s than ZM. Wet polishing after sintering appears to generally increase s.
Within this group, C and Z zirconia materials were not distinguishable and D reduced modulus m.
However, a clear pattern for m was not observed and it seems to be influenced by the combination
of ZM and SP. In particular, the combination in the group G6 (D/after) results in small m and a high
variance in biaxial flexural strength. Assuming large values for both s and m would be beneficial, the
combination in groups G2 (C/after) and G4 (Z/after) performed best.

After unblinding the project, we realized that the treatment of the specimens preparation in
clusters might actually led to problems for group G6 (D/after). We were unable to identify the
real cause. However, probability plots (Figure 3) and histograms (Figure 4) clearly indicate that the
distribution in G6 (D/after) is bi- rather than uni-modal suggesting that possibly a cluster of specimens
in this group had different properties. Interestingly, this cluster led to higher sd (lower m) estimates in
G6 (D/after) provoking our recommendation not to use this technique in practice.

Moreover, the following additional potential uncertainties for Table 1a have been identified in the
main experiment [3]: material (manufacturer, lot number), sintering temperature inaccuracy (unequal
temperature inside the oven, too early opening of the oven’s door), measurement error (micrometer
screw precision), positioning within the testing device (splinters), measurement error of the testing
machine for biaxial flexural strength measurements. Due to the oven or the polishing machine capacity
specimens were frequently handled in clusters. If an inaccuracy occurred then all of the specimens in a
cluster were possibly affected by it.

We obtained discordant decisions from the global Weibull test depending on the estimation
method. LS indicated that there is a difference in moduli between the six tested groups. In contrast,
ML found no evidence for any differences. One possible approach to dissolve this discrepancy would
be to look closer at the relevance of the differences. According to Nelson [9] the sample size of
40 observations in each tested group implies that if the true modulus equals 10, then with probability
99.5% the modulus estimates should be found in interval (6.2, 16.0). Interestingly, modulus estimates
in Table 3 can actually be found in this interval. This argument suggests that there are no genuine
differences in moduli between the six tested G groups supporting the Weibull/ML finding. A second
argument trying to dissolve the LS/ML discrepancy would be to apply a more stringent significance
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level 0.005 instead of the inappropriately high but common 0.05 one as suggested by Johnson [30].
Johnson’s suggestion aims for increasing reproducibility of the reported findings in the scientific
literature. Application of a lower « = 0.005 level for testing would imply an agreement of the global
conclusions from LS/ML estimation techniques for the Weibull distributional assumption: there would
be no evidence for differences in moduli between the six groups and the characteristic strengths would
be ordered G1 < (G3, G5) < (G2, G4) < G6. For the Normal assumption the ordering of the means
would agree with that for Weibull characteristic strengths. However, the standard deviation in G6
would be larger than standard deviations in all other tested groups. In this respect Weibull and Normal
findings would still disagree.

Perhaps it is a misperception that the results of a statistical analysis have to be unique. We
suggested two independent blinded statistical analyses by two statisticians who were unaware of the
factor level’s assignment and the meaning of the primary outcome. Our primary goal was not to obtain
identical results but rather to get a better picture of the underlying truth. Therefore, we deliberately
decided not to apply any rigid pre-specified guidelines for statistical analysis, any detailed analysis
plan including rigorously predefined objectives and any inflexible specifications of the statistical
methods for the primary endpoint prior to the study.

Gotzsche [17] apprehends data analysis as a highly subjective process vulnerable to bias and
suggests that actually two manuscripts should be written and both manuscripts must be completed
and approved by the authors before the code is broken. We rather aimed for a single final report
containing the identical results with additional sections describing explicitly possible discrepancies.
We found that it is easier for a reader to concentrate on the main findings and grasp the differences.

It was the first time we applied “independent statistical analyses” and “parallel manuscript
writing” to a “blinded data set”. The “blinding of the data set” was very unfamiliar to both study
supervisor A, as well as to the statisticians C, D. Usually, A would supply a statistician with unlimited
information about the measurements and the experiment properties prior to the statistical analysis.
On the other hand, both statisticians would ask for as much background information as possible about
the meaning of the variables and the expected effects prior to the data analysis in order to correctly
understand the data and to provide optimal statistical analysis for the project at hand. “Blinding of
the data set” technique was clearly in conflict with our daily statistical consultation experience. Our
experiment forced us, however, into an unusual situation and possibly inspired a more impartial
statistical analysis.

The “independent statistical analyses” had definitely a considerable influence on both statisticians.
They provided a more watchful analysis, tended to spontaneous self-verification and an increased
alertness by the simple fact that the results would be verified and critically discussed by an independent
statistician. We experienced that “independent statistical analysis” is a very powerful tool to ensure
good statistical analysis. It is even stronger than a simple correctness check of the reasoning path
provided by a statistician. It was a very inspiring experience. It led to a deeper and more thorough
analysis. To our surprise both independently working statisticians went through two differing analysis
paths for data visualization, estimation and testing and arrived at complementary results.

The “parallel manuscript writing” technique was also new for us. It forced both statisticians to
be clear about their final conclusions, to tie themselves down to one explicit ultimate interpretation
and to present concisely their findings in tables and figures. Both independently written manuscripts
could be conveniently merged into one final report at the fifth stage of our study (Figure 1).

Given two parallel drafts the final writing of the report concentrated on collation of both abstract,
results and discussion sections, notation unification and consolidation of tables and figures. We had to
shorten the exposition and to counteract repetitions. For a similar future study, it would be beneficial
to agree on the notation beforehand. Furthermore, it would be advantageous to put a limit on the
length of paragraphs written independently by biostatisticians.

One possible limitation of a blinded statistical analysis is its inefficiency [17]. There is extra
work needed to conduct statistical analysis twice and to produce two independent drafts. Miller
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& Stewart [23] point out that a requirement for the biostatistician to remain blinded adds a level of
complexity to the study implementation. When planning the amount of time for data analysis we
followed suggestions by Pocock [18,31] who stressed that one should allow enough time for analyzing
the measurements as good-quality statistical analysis cannot be achieved overnight so that an adequate
provision of time for the analysis and interpretation of trial data should be recognized when planning a
study. Therefore, we warranted both data analysts 3 weeks for the data analysis and their independent
writing of “Results”, “Summary”, “Conclusions” and “Rationale for the choice of statistical methods”
sections. In fact, each of the statisticians spent at least 25 h for analysis and draft writing. We feel that
the time interval of 3 weeks provided an appropriate amount of time for a deepened statistical analysis.
We admit that the expenditure of time was much increased as compared with a common non-parallel
statistical analysis. In our case, however, such an effort was justified.

The statistical analysis paths took by the statisticians differed. Statistician D preferred the
permutation tests approach for Weibull statistics. This innovative idea is motivated by the fact
that permutation tests are non-parametric, allow for any arbitrary test statistic and do not make any
assumptions about the distribution of this test statistic under the null hypothesis (Hg, no difference
between groups). It can be programmed in R and is independent from sophisticated statistical
software [6,11,12]. One deficiency of the approach was that the permutation tests for post-hoc tests in
Table 4c had to be programmed separately and the application of the Bonferroni-Holm correction for
the pairwise tests (Table 4c) was necessary. Interestingly, statistician D arrived at different conclusions
mainly by not applying any global analysis. Separate comparisons in each factor level suffered from
several drawbacks such as multiple comparisons, difficult interpretation and complicated design. An
ANOVA framework including both factors would be better suited for the specific problem. However,
normally distributed variables with equal variances would be required. Methods form transformation
of Weibull distributed into normally distributed variables are available and could be a promising
alternative [32].

The analysis path suggested by statistician C considered both Weibull and Normal distributions
using the graphical and statistical facilities available in Minitab. It applied global likelihood ratio tests
together with integrated post-hoc confidence intervals. No additional programming was required.
Finally, this approach was considered for the analysis of the larger data set with a greater number of
tested groups in [3].

Table 5 contains the final workflow for a pragmatic statistical analysis of flexural strength
data developed in our study and successfully applied in [3]. It consists of seven steps starting
with visualization of the measurements (Step 1), choice of at least one reasonable distributional
assumption (Step 2), estimation of the parameters of a distribution (Step 3), check of the goodness-of-fit
(Step 4) and estimation of 95%CI (Step 5). In order to understand which tested groups are better
than others in terms of location and spread we have to apply appropriate statistical tests (Step 6).
These tests require a specification of a single distribution applicable to all tested groups. In practice,
however, it is quite impossible to find a single distributional assumption fitting all groups equally
well. Therefore, we extended Abernethy’s [11] conservative approach to two different reasonable
distributional assumptions (Weibull and Normal in our case) as a working hypothesis (Step 2). As
a consequence, we have to compare the results obtained under differing distributional assumptions
(Step 7).
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Table 5. A recommended statistical analysis workflow for flexural strength measurements. If not
otherwise indicated [29] can be used (path: Stat/Reliability-Survival/Distribution Analysis (Right
Censoring)/Parametric Distribution Analysis/).

Step Decision/Action

Data visualization in each tested group (see Figures 2 and 4):

Check data visually by histograms, scatterplots and/or boxplots.

Are there any outlying observations? If yes, check if they are possibly typing errors and
correct them.

Are histograms approximately symmetric in each tested group?

If no, you may try to transform the measurements.

Step 1

Distributional assumption for measurements (see Section 1.1):

Do you think that each measurement consists of a possibly large number of independent
random fluctuations? If yes, go for a Normality assumption directly (for approximately
symmetrical histograms) or after a (logarithmic) transformation of measurements.

Do you believe in the “weakest link” process generating your data? If yes, go for a Weibull
assumption.

If both assumptions seem to be reasonable use both Normal and Weibull distributional
assumptions for your working hypothesis.

Step 2

Descriptive statistics: Estimation of parameters in each tested group:
Under Normality assumption: compute mean and standard deviation (sd).
Step 3 Under Weibull assumption: compute the characteristic strength (s) and modulus (m).
See the open source Excel-calculator (Appendix C in [13]).
Remember: (s “=" mean) and (m “=" 1/sd) (see Section 1.1)

Check the goodness-of-fit in each tested group:
Compute the goodness-of-fit estimates.
Step 4 Generate probability plots (see Figure 3) and check if they are linear.
In case of approximate linearity the assumed distribution fits the data well.
In case of clear non-linearity interpret the results with caution.

Estimation of 95%CI for parameters in each tested group:

Under Normality assumption: 95% CI (mean) and 95% CI (sd).

Under Weibull assumption: 95% CI (s) and 95% CI (m). See the open source
Excel-calculator (Appendix C in [13]).

Step 5

Are there any differences between tested groups?

Normal mean: Apply an Analysis of Variance (ANOVA).

Normal sd: Apply a Levene-Test.

Weibull s and m: Apply the Bartlett’s modified likelihood ratio tests.

Check the results:

Critically check if the results obtained in Step 6 agree with the graphs generated in Step 1.
Step 7 If you applied both the Normal and the Weibull assumptions critically check if the results

obtained in Step 6 are comparable.

Remember: (s “=" mean) and (m “=" 1/sd) (See Section 1.1).

Step 6

We did not intend to cover the whole range of possible statistical approaches for the analysis of
the strength data. We admit that the true range of the varying inter-personal statistical approaches is
not well reflected by just two participating statisticians. For example, some researchers might opt for
an equivalent volume approach within the Weibull analysis [5,10]. Others might consider a log-normal
distributional assumption for the data analysis instead of Weibull or Normal ones. They would argue
that the log-normal distribution may be a useful alternative for stabilizing and reducing variance as
well as giving a sensible linearization of probability plots. An ordinary ANOVA applied to lognormal
data may be robust enough to answer the questions in a very rapid and straightforward manner.

Despite these possible shortcomings, our blinded approach was a very helpful tool at the stage
of finding a practicable statistical method for the final data analysis in [3]. It complements the
recommendations by Hannigan and Lynch [33] and should definitely be taken into consideration.
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5. Conclusions

Within the limitations of this investigation it can be concluded that:

e  Zirconia specimen preparation method has an impact on characteristic strength (s) and mean of
the biaxial flexural strength but in majority of tested groups practically no relevant impact on
modulus (m) and standard deviation (sd) of the results.

e All three tested zirconia materials showed different characteristics strengths and mean flexural
strength results. Group G6 (D/after) showed higher spread leading to smaller modulus and
increased sd estimates.

e The “blinded data set”, “independent statistical analyses” and “parallel manuscript writing”
techniques had an influence on the findings for strength data. The impact of “independent
statistical analyses” was most pronounced.

e Statistical analysis paths taken by both independently working biostatisticians differed.

e The major difference in the findings was caused by two alternative distributional assumptions
(Weibull/Normal) and alternative estimation methods (LS/ML).
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Diskussion

3. Diskussion

Im Folgenden werden die zwei vorgelegten Artikel einzeln diskutiert.

3.1. Einfluss der Priifkorperherstellung und der Priifmethode auf die Biegefestigkeit von
monolithischen Zirkonoxidmaterialien

Soweit den Autoren bekannt ist, existierten zum Zeitpunkt dieser Studie keine Daten in der
Literatur, die monolithische Zirkonoxid-Keramiken mit unterschiedlichen Biegepriifmethoden
testen und miteinander vergleichen. Um unsere Daten diskutieren zu kénnen, wird im
Folgenden auch auf Studien mit anderen keramischen Materialen Bezug genommen.

Die in dieser Studie aufgestellte Nullhypothese beinhaltet, dass die angewendeten
Biegepriifungen die Biegefestigkeitsresultate nicht beeinflussen wiirden. Es konnte jedoch ein
deutlicher Unterschied zwischen den mit der Biaxialen-Biegepriifung und den mit der Vier-
Punkt-Biegepriifung getesteten Gruppen festgestellt werden, wobei die Vier-Punkt-
Biegepriifung die niedrigsten Biegefestigkeitswerte zeigte. Bei dieser Biegepriifung wird ein
groflerer Volumenanteil des Materials einer Spannung ausgesetzt. Die Wahrscheinlichkeit
einer Rissentstehung wird somit, verglichen mit der Drei-Punkt-Biegepriifung hoher, was sich
auch in niedrigeren Biegefestigkeitswerten wiederspiegeln kann [10]. In unseren Daten waren
die Gruppen der Vier-Punkt-Biegepriifung in allen bis auf eine statistisch unterschiedlich von
denjenigen Gruppen, die mit der Drei-Punkt-Biegepriifung getestet wurden. Diese
Beobachtung ist in Ubereinstimmung mit den Daten einer frijheren Studie, in der Veneer-
Keramiken fiir Zirkonoxid untersucht wurden [26].

In einer anderen Studie mit Zirkonoxid-Kernmaterialien prasentierte die Biaxiale-
Biegepriifung hohere und statistisch abgrenzbare Biegefestigkeitswerte als die Drei-Punkt-
Biegepriifung [27]. In allen bis auf eine Gruppe zeigten auch unsere Daten die grof3te mittlere
Biegefestigkeit in den biaxialen Gruppen. Eine klare Unterscheidung zwischen Drei-Punkt-
Biegepriifung und Biaxialer-Biegepriifung konnte jedoch nur in zwei Gruppen getroffen
werden. Die hoheren Werte der biaxialen Priifmethode konnen auf den vernachlidssigbaren
Effekt von unerwiinschten Fehlern oder Unebenheiten an den Kanten der Priifkorper
zuriickzufiihren sein [28,29]. In einer weiteren Studie untersuchten Jin ef al. [30] den Einfluss
aller drei Priifmethoden an unterschiedlichen Keramikarten. Obwohl in dieser Studie kein
Zirkonoxidmaterial getestet wurde, identifizierten die Autoren die kleinsten
Biegefestigkeitswerte mit der Vier-Punkt-Biegepriifung und konnten ebenfalls keine klare
Unterscheidung zwischen der Biaxialen- und der Drei-Punkt-Biegepriifung vorfinden. Eine
Rangordnung iiber die Biegefestigkeitswerte in unserer Studie kann wie folgt etabliert

werden: Biaxiale-Biegepriifung > Drei-Punkt-Biegepriifung > Vier-Punkt-Biegepriifung.
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Betrachtet man den Einfluss der Biegepriifung auf den Weibullmodul so wurde festgestellt,
dass nur maschinell nach dem Sintern poliertes, mit der Drei-Punkt-Biegepriifung getestetes
Zirkonoxid C und ebenfalls nach dem Sintern poliertes, mit der Biaxialen-Biegepriifung
getestetes Zirkonoxid Z einen hoheren Weibullmodul aufwies. Weder die Untersuchung der
Oberflachenrauhigkeit noch die Rasterelektronenmikroskopaufnahmen kénnen diese
Beobachtungen erklaren.

Die zweite aufgestellte Hypothese beinhaltete, dass die Art der Priifkdrperherstellung weder
die Biegefestigkeit, noch die Zuverlédssigkeit des Gefiiges von den getesteten
Zirkonoxidmaterialien beeinflussen wiirde. Die Zuverldssigkeit eines Gefliges wird mit dem
Weibullmodul beschrieben, dabei steht ein hoher Weibullmodul fiir eine statistisch gesehen
hohere Zuverldssigkeit. Signifikant hohere Werte der Biegefestigkeit zeigten die Priifkorper,
welche nach dem Sintern poliert wurden, wohingegen kein genereller Trend der Werte fiir die
Weibullmoduli beobachtet werden konnte. Der Weibullmodul nahm fiir das in der Drei-
Punkt-Biegepriifung getestete und nach dem Sintern polierte Zirkonoxidmaterial C sogar
hohere Werte an im Vergleich zu den vor dem Sintern polierten Materialien. Somit kann der
erste Teil der aufgestellten Hypothese nicht bestédtigt werden. Der zweite Teil der Hypothese
kann generell innerhalb der Biegefestigkeitspriifgruppen und Zirkonoxidmaterialgruppen
akzeptiert werden. Bei genauer Betrachtung kann ein statistisch gesehen, jedoch nicht
signifikant, kleinerer Weibullmodul bei den nach dem Sintern polierten und in der Vier-
Punkt-Biegepriifung getesteten Gruppen der Zirkonoxidmaterialen C und Z festgestellt
werden. Das ldsst die Vermutung zu, dass das maschinelle Polieren nach dem Sintern Fehler
im Gefiige induzieren konnte. Dahingegen ist die Wahrscheinlichkeit einen kritischen
Gefligefehler aufzudecken natiirlich grof3er, wenn ein groferer Anteil des zu testenden
Materials unter Spannung gesetzt wird. Als kritischer Gefiigefehler wird der Fehler oder das
Element eines Materials bezeichnet, welcher zum Versagen des Materials fiihren kann. Dieser
Effekt wird auch als ,,Weakest-Link* Hypothese bezeichnet [31]. Die in den
Rasterelektronenmikroskop-Aufnahmen zu sehenden Oberflachenkratzer der Priifkorper
lassen vermuten, dass diese als Entstehungsort von Rissen agiert haben konnten. Die
Weibullmoduli bewegten sich zwischen 5.1 und 16.5, was sich mit den in der Literatur
auffindbaren Werten fiir Y-TZP Keramiken deckt [25,32]. Die Biegefestigkeit von
Zirkonoxidmaterialen wird in der Literatur unterschiedlich angegeben, je nachdem welche
Methode zur Oberflichenverdnderung oder Oberflaichenbehandlung durchgefiihrt wurde.
Verschiedene Autoren beschreiben eine Abnahme der Biegefestigkeit und des Weibullmoduls

von Zirkonoxidmaterialien, wenn die Oberfldche einem Schleifprozess unterworfen wurde
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[14,18,33,34]. Es wird jedoch auch eine Zunahme im Mittelwert der Biegefestigkeit und eine
Abnahme der Zuverldssigkeit des Materials beobachtet, wenn feinkdrnige Diamantbohrer fiir
den Schleifprozess verwendet werden [35] und wenn die Priifkorper manuell unter
Wasserkiihlung bearbeitet werden [36], wobei in der letztgenannten Studie jedoch keine
Angaben liber den Weibullmodul gemacht werden. Eine Zunahme der Biegefestigkeit und
eine Abnahme des Weibullmoduls wird beobachtet, wenn die Oberflache der Priitkérper mit
Korund sandgestrahlt wurde [18]. Diese Zunahme der Biegefestigkeit kann durch die bei
Zirkonoxidmaterial auftretende Phasentransformation an der Oberflache des Materials erklart
werden. Man beobachtet einen erhdhten Anteil an monokliner Phase, wenn Priifkdrper nach
dem Sintern einer Oberflichenbearbeitung unterzogen wurden [18,37]. Dieser Mechanismus
wird auch als ,,Transformation Toughening* bezeichnet. Er beschreibt ein
Phasenumwandlungs- und Verstiarkungsverhalten von Zirkonoxidmaterialen, welches zu
komprimierenden Oberflichenspannungen fiihrt und so die Biegefestigkeit des Materials
positiv beeinflusst [38,39]. Die nach dem Sintern polierten Priitkérper wiesen jedoch in dieser
Studie keinen erhohten Anteil an monokliner Phase auf. Der Poliervorgang kann
moglicherweise diese monokline Oberflaichenschicht beeinflusst haben, indem sie wéhrend
des Polierprozesses abgetragen wurde. Guazatto et al. [17] haben ebenfalls diesen Effekt
beobachtet. Die oben gefiihrte Diskussion mdglicher Ursprungsorte von Fehlern im Material
wird auch von dem Anderson-Darling-Anpassungstest (AD) unterstiitzt (Tabelle 4). Kleine
AD Werte zeigen eine bessere Ubereinstimmung der vorliegenden Daten mit einer
Verteilungsannahme.

Es konnte jedoch keine optimale Verteilungsannahme der Biegefestigkeitswerte festgestellt
werden, die eine perfekte Passung bei allen Testgruppen aufwies. Jedoch zeigen sowohl die
Weibull-, als auch die Normalverteilungsannahme eine angemessene und niitzliche
Annidherung, um alle Testgruppen miteinander vergleichen zu konnen. Dies wird zudem
durch eine starke negative Assoziation zwischen dem Weibullmodul und COV (rho =-0.972,
p <0.001) bestiarkt. Weibullmodul-Annahmen rangierten von 5.1 bis 16.5, wohingegen die der
COV von 0.007-0.223 nahelegen, dass sowohl die Weibull-, als auch die
Normalverteilungsannahme auf alle Testgruppen anwendbar sind.

Die dritte Hypothese bestand aus der Annahme, dass die getesteten Zirkonoxidmaterialen
keine Unterschiede beziiglich ihrer Biegefestigkeit aufweisen. Diese Hypothese kann bestdtigt
werden, da kein besonderer Unterschied zwischen den Materialien festgestellt werden konnte.
Es wurde beobachtet, dass sich die Zirkonoxidmaterialen unterschiedlich verhalten, abhingig

von der Art der Biegefestigkeitpriifmethode und der Poliermethode.
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Wie die Literatur zeigt [19], besitzt das Zirkonoxidmaterial D eine signifikant groBBere
KorngroBe als die Materialen C und Z. Es wurde jedoch kein Zusammenhang zwischen

Korngrofe und den getesteten Parametern in unserer Studie festgestellt.

3.2 Zwei unabhingige, prospektiv geplante und verblindete statistische Weibullanalysen
der Biegefestigkeitsdaten von Zirkonoxidmaterialien.

Streng genommen ist die Weibullverteilungsannahme nur ein besonderer Fall einer
allgemeineren Herangehensweise zur statistischen Anndherung an Festigkeitsverteilungen
[31]. Die Weibullverteilung wird in der praktischen Anwendung jedoch vor allem wegen ihrer
Flexibilitit bevorzugt. Sie bietet eine gute statistische Passung an Festigkeitsdaten [31,22]
und gibt der wahrscheinlich zugrunde liegenden Verteilung von Biegefestigkeitsdaten eine
solide Basis. Obwohl die Weibullverteilung fiir die Analyse von Festigkeitsdaten von sproden
Werkstoffen angemessener ist als die Annahme einer Normalverteilung [31], wird die
Normalverteilung zur Dateninterpretation sehr gerne aufgrund ihrer leichten Anwendbarkeit
und Verfiigbarkeit in den gingigen statistischen Standardprogrammen herangezogen. Es ist
schwierig die Addquanz und die Implikation einer Weibull- und Normalverteilungsannahme
in der Praxis zu unterscheiden. Dies gilt insbesondere fiir kleine Stichprobengrof3en [31]. Eine
Faustregel besagt, dass mindestens 30 Messwerte fiir jede getestete Gruppe vorliegen miissen,
um die wahre Stichprobenverteilung erkennen zu konnen [45]. Die Schitzung des
Weibullparameters s der zwei-parametrischen Weibullverteilung und des Mittelwerts der
Normalverteilungsannahme bendtigt weniger Beobachtungen als die Schitzung des
Weibullmoduls m und sd [44]. Nohut [43] fordert eine Stichprobengrof3e von mindestens 150
pro Gruppe, da sonst keine Unterscheidung zwischen einer Normalverteilungs- oder
Weibullverteilungsannahme mdoglich sei. Abernethy [45] unterbreitet einen vorsichtigen
Ansatz zur Weibullanalyse. Er schlidgt die Anwendung der zwei-parametrischen
Weibullverteilung als Arbeitshypothese vor, ungeachtet wie sich die Kurvatur in den
Probability Plots verhilt. Durch die hier vorliegende solide Anzahl von 40 moglichen
Beobachtungen in jeder Gruppe, analysierte der Statistiker C die wahre zugrunde liegende
Stichprobenverteilung. Er stellte fest, dass keine optimal auf alle Gruppen anwendbare
statistische Passung vorgeschlagen werden konnte. Die zwei-parametrische Weibullverteilung
lieferte in vier von sechs Gruppen des vorliegenden Datensatzes die bessere statistische
Passung als die Annahme einer Normalverteilung der Daten, deshalb wurden beide
Verteilungsannahmen in der Analyse beriicksichtigt. Die Entscheidung fiir die verschiedenen

Verteilungsannahmen bleibt ein ungelostes Problem. Da weder die Normalverteilungs- noch
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die Weibullverteilungsannahme das vorliegende Datenset perfekt beschreibt, liegt die
Wahrheit vermutlich zwischen beiden Annahmen. Dies beriicksichtigend ist der hier
prasentierte Ansatz fiir zwei verschiedene Verteilungsannahmen eine Weiterfithrung zu
Abernethy’s [45] konservativer Herangehensweise. Das Zugrundelegen von zwei
Verteilungsannahmen ermoglicht eine realistische und nicht tiberoptimistische Interpretation
der Daten. In unserer durchgefiihrten Analyse beeinflussen sowohl ZM als auch SP die
Biaxialen-Biegefestigkeitswerte. Hierbei hatte SP im Vergleich zu ZM einen groferen
Einfluss auf die mittlere Biegefestigkeit und den geschétzten Parameter s als ZM. Vor allem
die Poliermethode nach dem Sintern der Priitkorper scheint den Parameter s zu erhdhen.
Innerhalb dieser Gruppe konnten die Zirkonoxidmaterialien C und Z nicht unterschieden
werden, aullerdem verkleinerte das Material D den Weibullmodul m. Es konnte kein klares
Muster fiir den Weibullmodul m festgestellt werden. Es scheint eine gegenseitige
Beeinflussung von ZM und SP vorzuliegen. Die Kombination Gruppe G6 (D/nachher) zeigt
einen kleinen Wert fiir m und eine grofle Varianz der Biegefestigkeitswerte. Das Vorliegen
von hohen s und m Werten hat eine positive Auswirkung fiir die Bewertung eines
Werkstoffes, demnach schnitten die Kombinationen von ZM und SP in den Gruppen G2
(C/nachher) und G4 (Z/nachher) am besten ab.

Nach der Entschliisselung der Daten liegt die Vermutung nahe, dass die Handhabung der
Priitkorper in Gruppenclustern bei der Priifkorperherstellung zu den oben genannten
Abweichungen in der Gruppe G6 (D/nachher) gefiihrt haben konnte. Es war uns nicht
moglich den ausschlaggebenden alleinigen Faktor zu finden. Die Probability Plots (Bild 3)
und die Histogramme (Bild 4) lassen eher auf eine bimodale anstatt auf eine unimodale
Verteilung der Daten schlieBen, was darauf hinweist, dass dieses Cluster andere
Eigenschaften aufweist. Interessanterweise hatte dieses Cluster eine héhere sd (niedrigere m)
Schitzung, was diese Vorgehensweise fiir zukiinftige Studien iiberdenken ldsst. Folgende
Unsicherheiten konnen die Herstellung der Priifkérper der Hauptstudie [41] beeinflusst haben:
das Material (Hersteller, Lot Nummer), Abweichungen der Sintertemperatur (nicht
gleichmiBige Temperatur innerhalb des Ofens, zu frithes Offnen der Ofentiir), Messfehler
(Prazision der Mikrometerschraube), Positionierung der Priifkorper in der Testmaschine,
Messfehler an der Testmaschine. Aufgrund der Kapazitit des Sinterofens und der
Poliermaschine, war es nicht moglich alle Priifkorper in einem Durchgang zu behandeln,
deshalb wurden die Priitkorper oft in Clustern gehandhabt. Wenn eine Ungenauigkeit

aufgetreten ist, so waren wahrscheinlich alle Priiftkorper eines Clusters davon betroffen.
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Die unterschiedlichen Schitzmethoden des globalen Weibulltests fiihrten zu voneinander
abweichenden Entscheidungen. Die Schitzmethode der LS wies auf einen Unterschied der
Moduli zwischen den sechs getesteten Gruppen hin, wohingegen ML keinen Beweis fiir
Unterschiede der Gruppen fand. Nach Nelson [44] impliziert eine Stichprobengréf3e von 40 in
jeder getesteten Gruppe, dass wenn der wahre Wert des Moduls 10 wire, die Schitzwerte des
Moduls mit einer Wahrscheinlichkeit von 99.5% in dem Intervall von (6.2, 16.0) gefunden
werden konnen. Es ldsst sich aus Tabelle 3 feststellen, dass die Schdtzungen des Moduls m
genau in diesem Bereich gefunden werden konnen. Dies ldsst vermuten, dass keine wahren
Unterschiede der Weibullmoduli der sechs getesteten Gruppen vorliegen, wie es auch die
Schatzmethode Weibull/ML vorschlédgt. Eine weitere Moglichkeit die LS/ML Diskrepanz
aufzukldren, besteht in der Verwendung eines harteren Signifikanzniveaus von 0.005. Auch
Johnson [62] fordert eine Anpassung des geldufigen, aber unangemessen hohen
Signifikanzniveaus von 0.05 auf 0.005. Johnson’s Vorschlag zielt auf die Reproduzierbarkeit
von in der Literatur auffindbaren Ergebnissen ab. Die Anwendung eines niedrigeren o = 0.005
Niveaus wiirde zu einer Ubereinstimmung der globalen Schlussfolgerungen der LS/ML
Schitzmethoden fiir die Weibullverteilungsannahme fiihren. Es gébe keinen Beweis fiir
Unterschiede der Moduli zwischen den sechs Gruppen und die charakteristische Festigkeit
konnte wie folgt angeordnet werden G1 < (G3, G5) < (G2, G4) < G6. Fiir die
Normalverteilungsannahme wiirde die Rangordnung der Mittelwerte der Rangordnung der
charakteristischen Weibullfestigkeit entsprechen. Jedoch wire die Standardabweichung in der
Gruppe G6 grofler als in den anderen getesteten Gruppen. Unter dieser Berticksichtigung
wiirden die Weibull- und Normalverteilungsergebnisse sich immer noch unterscheiden.
Vielleicht ist es eine falsche Wahrnehmung, dass die Ergebnisse einer statistischen Analyse
eindeutig sein miissen. Deshalb fiihrten wir zwei unabhidngige und verblindete statistische
Analysen durch, wobei die Statistiker keine Kenntnis iiber die Zuordnung der Faktorenebenen
und die Bedeutung des Hauptergebnisses hatten. Dabei galt nicht etwa das Ziel identische
Ergebnisse von beiden Statistikern zu erhalten, sondern die zugrunde liegende, wahre
Darstellung der Daten préziser beschreiben zu konnen. Deshalb wurden auch keine starren
Richtlinien fiir die statistische Analyse im Vorfeld aufgestellt. Es wurde auf einen
detaillierten Analyseplan, einschlieBlich starr und eindeutig definierter Ziele, und jegliche
unflexible Spezifikationen der statistischen Analysemethoden verzichtet.

Gotzsche [50] nimmt eine Datenanalyse als einen sehr subjektiven Prozess war, der anfillig
fiir Voreingenommenbheit ist. Er schligt vor, dass zwei fertige statistische Manuskripte

verfasst werden sollten, bevor eine Entschliisselung der verblindeten Daten erfolgt. Hier wird
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ein singuldrer Endreport préasentiert, der die identischen Ergebnisse enthilt und mégliche
Unterschiede einzeln diskutiert. Dies soll Gemeinsamkeiten und Diskrepanzen besser
darstellen. Es war das erste Mal fiir Statistiker C und D, dass eine ,,unabhédngige statistische
Analyse* und eine ,,parallele Manuskripterstellung® auf ein ,,Verblinden des Datensatzes*
angewendet wurde. Vor allem das ,,Verblinden des Datensatzes* war eine ungewohnte
Technik fiir den Betreuer A und die Statistiker C und D. Die iibliche Herangehensweise an die
Datenanalyse besteht darin, dass der Statistiker vor der Analyse umfassende Kenntnis liber
die prasentierten Messwerte und Grundlagen des durchgefiihrten Experiments hat, um die
bestmogliche Analyse fiir ein Projekt zu gewihrleisten. Das ,,Verblinden des Datensatzes*
brachte Statistiker C und D in eine ungewohnte Situation und fiihrte moglicherweise zu einer
objektiveren Analyse.

Die ,,unabhingige statistische Analyse* hatte einen Einfluss auf beide Statistiker. Das Wissen
iiber eine anschliefende Diskussion und die Beurteilung der erzielten Ergebnisse von einem
unabhingigen Statistiker, flihrte zu einer sehr genauen und aufmerksamen Analyse der Daten
mit spontaner Eigeniiberpriifung der involvierten Statistiker. Die ,,unabhéngige statistische
Analyse* kann zu einem wirkungsvollen Werkzeug fiir eine fundierte und umfassende
statistische Analyse werden, die eine solitire Uberpriifung der Beweisfithrung iiberbietet.
Erstaunlicherweise schlugen die Statistiker C und D unterschiedliche Wege sowohl fiir
Visualisierung der Daten als auch fiir die Schétz- und Testmethoden ein. Sie erreichten jedoch
komplementire Ergebnisse.

Die ,,parallele Manuskripterstellung* war ebenfalls kein Standardprocedere. Sie zwang jedoch
beide Statistiker ihre finalen Schlussfolgerungen klar darzulegen, sich fiir eine explizite
Interpretation der Daten zu entscheiden und diese pragnant in Tabellen und Abbildungen zu
zeigen. Um in der fiinften Phase der Studie (Abbildung 1) ein Zusammenfiihren beider
Manuskripte in einen Endreport zu ermoglichen, mussten an den einzelnen
Manuskriptbestandteilen Kiirzungen vorgenommen werden. Fiir eine dhnliche zukiinftige
Studie wird empfohlen, vorab eine Vereinheitlichung der Bezeichnungen und die Lénge der
unabhingig angefertigten Abschnitte zu besprechen, um das Zusammenfiihren der
Manuskripte zu vereinfachen.

Eine mdgliche Einschriankung einer verblindeten statistischen Analyse ist ihre immanente
Ineffizienz [50]. Es nimmt viel Zeit in Anspruch zwei Statistiker mit einer Analyse zu
betrauen und zwei unabhingige Manuskripte vorzustellen.

Miller & Stewart [56] betonen, dass die Anforderung an den Statistiker mit einem

verschliisselten Datensatz zu arbeiten, der Studiendurchfithrung eine groflere Komplexitét
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gibt. Um die benétigte Zeit zur Datenanalyse zu planen, wurden die Empfehlungen von
Pocock [51,63] beriicksichtigt. Er forderte genug Zeit fiir die Messdatenanalyse, da eine gute
statistische Analyse nicht im Schnellverfahren erreicht werden kann. Bei der Studienplanung
sollte eben dieser Zeitfaktor positiv beriicksichtig werden. Deshalb wurden in diesem
Studiendesign beiden Statistikern drei Wochen Zeit fiir die Analyse der Daten und das
Schreiben der unabhingigen Manuskripte gegeben, was fiir eine tiefgehende statistische
Analyse ausreichend Zeit bedeuten sollte. Tatsédchlich brauchte jeder der Statistiker
mindestens 25 Stunden Zeit flir die Analyse und die Fertigstellung des Entwurfs. Die
Bereitstellung von drei Wochen Zeit erscheint viel im Vergleich zu einer normalen, nicht
parallel gefiihrten statistischen Analyse. Es erschien jedoch in diesem Fall durchaus
gerechtfertigt.

Beide Statistiker schlugen unterschiedliche Wege zu Analyse des Datensatzes ein. Der
Statistiker D bevorzugte den Ansatz der Permutationstests fiir die Weibullstatistik.

Diese innovative Idee wird durch den Ansatz unterstiitzt, dass Permutationstests nicht
parametrisch sind, jede beliebige Testgrofle zulassen und unter der Nullhypothesenannahme
keine Vermutung tliber die Verteilung dieser Testgrofe anstellen (Hy, keine Unterschiede
zwischen den Gruppen). R kann zur Programmierung verwendet werden und die
Unabhéngigkeit von spezifischer statistischer Software wird ermoglicht [22,45,46]. Ein
Defizit dieses Ansatzes war, dass die Permutationstests fiir Post-hoc-Tests in Tabelle 4¢
separat programmiert werden mussten und die Anwendung der Bonferroni-Holm Korrektur
fiir die Paartests (Tabelle 4c) notwendig wurde. Interessanterweise kam Statistiker D zu
anderen Schlussfolgerungen, hauptsédchlich aus dem Fehlen der Anwendung einer globalen
Analyse. Einzelne Vergleiche in jeder Faktorebene waren nachteilig, da sie zu
Mehrfachvergleichen, schwieriger Interpretation und kompliziertem Design flihrten. Das
Stiitzen auf eine ANOVA Analyse unter Beriicksichtigung beider Faktoren wére fiir das
spezifische Problem besser geeignet gewesen, jedoch wéren hierzu normalverteilte Variablen
mit gleichen Varianzen notig. Es gibt Methoden zur Umwandlung von weibullverteilten zu
normalverteilten Variablen und diese konnen eine Alternative darstellen [64].

Der eingeschlagene Weg der Analyse von Statistiker C umfasste sowohl die Weibull- als auch
die Normalverteilung unter Verwendung der grafischen und statistischen Moglichkeiten in
Minitab. Verwendet wurden globale Likelihood Ratio Tests zusammen mit integrierten Post-
Hoc Konfidenzintervallen. Keine weitere Programmierung war nétig. Letztendlich wurde
dieser Ansatz auch fiir die Analyse eines grofleren Datensatzes von

Biegefestigkeitsmesswerten verwendet [41].
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Tabelle 5 illustriert den finalen Arbeitsablauf fiir eine I6sungsorientierte statistische Analyse
von Biegefestigkeitsdaten, er wurde in dieser Studie entwickelt und auch erfolgreich in einer
weiteren Studie angewandt [41]. Der Workflow besteht aus sieben Schritten beginnend mit
der Visualisierung der Messwerte (Schritt 1), Auswahl von mindestens einer angemessenen
Verteilungsannahme (Schritt 2), Schiatzung der Parameter einer Verteilung (Schritt 3),
Uberpriifung der Goodness-of-Fit (Schritt 4) und Schitzung des 95%CI (Schritt 5). Um zu
verstehen, welche Gruppen als besser abschneidend als andere bezeichnet werden konnen,
miissen hinsichtlich der Lageparamter und Streuung angemessene statistische Tests
verwendet werden (Schritt 6). Diese Tests verlangen die Festlegung auf eine
Verteilungsannahme, welche auf alle Testgruppen iibertragen werden kann. In der Praxis ist
es jedoch fast unmdglich eine einzige, auf alle Gruppen gleich gut anwendbare
Verteilungsannahme zu finden. Die entwickelte Arbeitshypothese bestand aus der
Ausweitung von Abernethy’s [45] vorsichtiger Herangehensweise auf zwei unterschiedliche,
verniinftige Verteilungsannahmen (Weibull und Normalverteilung in diesem Fall) (Schritt 2).
Als Konsequenz miissen im letzten Schritt die Ergebnisse der verschiedenen
Verteilungsannahmen verglichen werden (Schritt 7).

In dieser Studie wurde nicht darauf abgezielt, die ganze Bandbreite von moglichen
statistischen Herangehensweisen fiir die Analyse von Festigkeitsmesswerten abzufragen.
Natiirlich kdnnen nur zwei teilnehmende Statistiker nicht den vollen Bereich von
verschiedenen, untersucherabhidngigen Analysen aufzeigen. Zum Bespiel wiirden einige
Wissenschatftler die gleichwertige volumenbasierte Betrachtung innerhalb der Weibullanalyse
bevorzugen [12,31]. Andere wiirden eine Log-Normal Verteilungsannahme beriicksichtigen,
argumentierend, dass eine Log-Normal Verteilung eine gute Alternative fiir die Stabilisierung
und Reduzierung der Streuung ist und zudem eine sinnvolle Linearisierung der Probability
Plots ermoglicht. Eine normale ANOVA, angewandt auf Log-Normal Daten, wire solide
genug, um offene Fragen schnell und unkompliziert zu beantworten.

Gegeniiber den oben genannten Unzuldnglichkeiten stellte der Ansatz der Durchfiihrung einer
verblindeten Analyse eine praktikable statistische Vorgehensweise flir die Analyse des finalen
Datensatzes [41] dar. Er erginzt die Empfehlungen von Hannigan und Lynch [65] und sollte

definitiv beriicksichtigt werden.
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In Kombination beider durchgefiihrter Studien konnten weiterfiihrende Erkenntnisse in dem
Verhalten von Zirkonoxidmaterialien der zweiten Generation in unterschiedlichen
Biegefestigkeitsversuchen und unterschiedlicher Herstellungsweise der Priifkdrper, sowie die
Plausibilitdt moglicher Interpretationsansitze von statistischen Daten ermittelt werden. Der
Biaxiale-Biegeversuch zeigte die hochsten Biegefestigkeitsdaten, der Vier-Punkt-
Biegeversuch die niedrigsten. Die Oberflichenbearbeitung beinflusste die
Biegefestigkeitsdaten, wohingegen der Weibullmodul nicht relevant beeinflusst wurde. Die
Bearbeitung der Zirkonoxidpriifkorpern nach dem Sintern fiihrte zu einer Alteration der
Oberflachenbeschaffenheit, jedoch war kein erhohter monokliner Phasenanteil nachweisbar.
Die dem Material inhdrente Eigenschaft zur Phasenumwandlung besteht immer, deshalb
sollten vorliegende Biegefestigkeitswerte mit weiteren Untersuchungsmethoden wie
Rontgendiffraktographie, Profilometrie oder Rasterelektronenmikroskopie ergénzt werden,
um einen Hinweis auf mdgliche Diskrepanzen zu erhalten. Die Biegefestigkeitsdaten der
Zirkonoxidmaterialien bewegten sich innerhalb derselben Grenzen und kein singuldrer Effekt
eines Zirkonoxidmaterials konnte beobachtet werden. Diese Untersuchung enthélt einen
Uberblick iiber das Verhalten im Biegefestigkeitsversuch von Zirkonoxidmaterialien der
zweiten Generation. Derzeit wird bereits an Werkstoffen der dritten Generation gearbeitet. Es
erscheint als interessantes Ziel Materialien der dritten Generation mit denen der zweiten
Generation zu vergleichen. Was die statistische Interpretation der Daten betrifft, liefert der
Ansatz des ,,verblindeten Datensatzes®, der ,,unabhingigen statistischen Anlayse und des
,parallelen Manuskriptschreibens‘ von zwei unabhédngigen Statistikern eine wertvolle
Bereicherung der statistischen Analyse. Wie man aus der vorliegenden Untersuchung folgern
kann, unterschieden sich beide Herangehensweisen der Statistiker voneinander. Die
ausschlaggebende Differenz war der Unterschied von verschiedenen Verteilungsannahmen
(Normal- oder Weibullverteilungsannahme) und die Anwendung anderer Schdtzmethoden
(LS/ML). In der Conclusio des parallelen Ansatzes der statistischen Analyse wird ein bereits
erprobter Arbeitsablauf fiir die Analysierung von Biegefestigkeitsdaten weiterer Studien

vorgeschlagen.
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