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1 Zusammenfassung 
 

Zielsetzung 

Ziel der vorliegenden Studie war eine Untersuchung ob und in welchem Aus-

maß Lagerungs- und Belastungsbedingungen Einfluss auf das mechanische 

Verhalten von dentalen Kompositen haben. Diese Zusammenhänge, falls vor-

handen, sollten quantifiziert und gemessen werden. Die einzelnen Versuchsrei-

hen mit standardisierten Prüfkörpern wurden sowohl hinsichtlich der Art der La-

gerung unterschieden (trockene Lagerung und Lagerung in Wasser in einem 

Zeitraum von 24 Stunden bis 14 Tagen) als auch nach statischer und zyklischer 

Belastung. Des Weiteren wurde die Oberflächentopographie auf den frakturier-

ten Flächen der Proben metrologisch vermessen und anhand einer Auswahl 

relevanter 3D Parameter sowie fraktaler Geometrie ausgewertet. Dies sollte 

Rückschlüsse auf das Bruchverhalten unter verschiedenen Umgebungs- und 

Belastungsfaktoren aufzeigen. 

 

Material und Methode 

Zur Herstellung der Biegeprüfkörper (2 x 2 x 25 mm) wurde das Komposit 

GrandioSO (VOCO, Cuxhaven, Germany) verwendet. Nach trockener Lagerung 

bzw. Wasserlagerung für 24 Stunden wurden die Probestäbchen im 3-Punkt-

Biegeversuch mit zwei verschiedenen Belastungsraten (5 MPa/s und 0.05 

MPa/s) frakturiert. Bei einer weiteren Testgruppe wurde die zyklische Ermüdung 

(104 Zyklen, 0.5 Hz) nach 14 tägiger Wasserlagerung untersucht. Aus den Er-

gebnissen wurden Biegefestigkeit (flexural strength FS) und Ermüdungsbiege-

festigkeit (flexural fatigue strength FFS) berechnet. Die Oberflächentopographie 

wurde mittels eines optischen Profilometers berührungsfrei abgescannt. Aus 

den gewonnenen Daten konnte die 3-dimensionale Frakturoberfläche virtuell 

nachgebildet und durch errechnete Amplituden- und Hybridparameter analysiert 

werden. Als Amplitudenparameter dienten hierbei die mittlere arithmetische Hö-

he (Sa), die maximale Gipfelhöhe (Sp) und Taltiefe (Sv) sowie die Kurtosis (Steil-

heit / Spitzigkeit – Sku). Als Hybridparameter kamen der quadratische Mittelwert 

aller Steigungen (Sdq) und der arithmetische Mittelwert der Gipfelkrümmungen 

(Ssc) zur Anwendung. Die fraktale Dimension (D) wurde durch die Boxcounting-

Methode ermittelt. Die statistische Analyse wurde mittels ANOVA und 

S-N-K post hoc Vergleichstest (α = 0.05) ausgeführt. Zudem wurde die Oberflä-
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chenmorphologie optisch im Rasterelektronenmikroskop charakterisiert. 

 

Ergebnisse 

Bei trockener Lagerung der statisch belasteten Proben zeigten sich keine statis-

tisch relevanten Unterschiede in der Biegefestigkeit zwischen hohen (131.29 

MPa) und niedrigen (125.47 MPa) Belastungsraten. Die Lagerung in Wasser 

führte bereits nach 24 Stunden zu einer signifikanten Festigkeitsabnahme. Ins-

besondere bei den Ermüdungsproben führte die hydrolytische Degradation zu 

einer Herabsetzung der Festigkeit um 35 - 50% im Vergleich zu quasistatisch 

belasteten Biegeprüfkörpern. Eine Korrelation zwischen den Lagerungsbedin-

gungen und der Morphologie der Frakturoberflächen konnten festgestellt wer-

den. Bei Wasserlagerung wurden signifikant geringere Werte für die 3D- Hybrid- 

sowie Amplitudenparameter, mit Ausnahme der Kurtosis, gemessen, was einer 

geringeren Zerklüftung der Frakturoberfläche entspricht. Die Analyse der frakta-

len Dimension (D) zeigte sich gegenüber den verschiedenen Testbedingungen 

und daraus entstehenden Oberflächentopographien unempfindlich. Die elektro-

nenmikroskopische Analyse erlaubte bei geringer Vergrößerung eine gute Kor-

relation der Bilder mit den erhaltenen Oberflächenparametern. 

 

Schlussfolgerungen 

Die Lagerung der Frakturproben in Wasser hatte, vor allem durch den Effekt der 

hydrolytischen Degradation, nachteilige Auswirkungen auf die Materialfestigkeit, 

besonders nach Ermüdungsbelastung. Dieses Ergebnis konnte anhand der 3D 

Oberflächenparameter bestätigt werden, nicht jedoch in der fraktalen Analyse. 

Die Belastungsrate bei statischer Belastung spielte für den Festigkeitsverlust 

keine große Rolle, zyklische Belastung jedoch führte zu einer signifikanten Ab-

nahme der Festigkeit. Das Potential der Oberflächenmesstechnik ist hauptsäch-

lich interessant für die Charakterisierung von klinischen Brüchen.
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2 Summary 
 

Objectives 

The aim of this study was to investigate the influence of storage and loading 

conditions on the mechanical behavior of dental composites. Those correlations, 

if present, were quantified and analyzed. The different test series with standard-

ized specimens were distinguished regarding the way of storage (dry storage 

and water storage in a period of 24 hours to 14 days) as well as static and cyclic 

loading. The surface topography on the specimens' fractured surfaces was met-

rologically scanned and evaluated with a variety of relevant 3D parameters as 

well as fractal geometry. This allowed drawing conclusions concerning the frac-

ture behavior under different environmental and loading conditions. 

 

Materials and methods 

The resin composite GrandioSO (VOCO, Cuxhaven, Germany) was used to 

manufacture bending bars (2 x 2 x 25 mm). After dry storage or water storage 

for 24 hours, specimens were tested in three-point bending at two different load-

ing rates (5 MPa/s and 0.05 MPa/s). Cyclic fatigue testing (104 cycles, 0.5 Hz) 

was applied to another testing group after water storage for 14 days. The re-

sults were used to calculate flexural strength (FS) and flexural fatigue strength 

(FFS). The surface topology was scanned contactless using an optical pro-

filometer. From the collected data the 3-dimensional fracture surface was virtu-

ally replicated and analyzed by calculating amplitude and hybrid parameters. 

Amplitude parameters used here are the arithmetic mean height (Sa), maximum 

peak height (Sp) and maximum pit height (Sv) as well as kurtosis (steepness, 

pointedness Sku). For hybrid parameters the root mean square gradient (Sdq) 

and arithmetic mean summit curvature (Ssc) were applied. The parameter fractal 

dimension (D) was obtained using the box counting technique. Statistical analy-

sis was performed using ANOVA statistics and S-N-K post-hoc comparisons 

(α = 0.05). Moreover the surface morphology was optically characterized by 

scanning electron microscopy. 

 

Results 

For dry storage of the static loaded specimens no statistically relevant differ-

ences in flexural strength were observed between fast (131.29 MPa) and slow 
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(125.47 MPa) loading rates. Water storage led, already after 24 hours, to a sig-

nificant decrease in flexural strength. Especially for cyclic loaded specimens 

hydrolytic degradation led to a decrease of flexural strength of 35 - 50% in com-

parison to quasi-static loaded specimens. A correlation between storage condi-

tions and the morphology of the fracture surfaces was determined. For water 

storage, significantly lower values were measured for the 3D hybrid parameters 

as well as amplitude parameters, except kurtosis, which correspond to lower 

fissuring of the fracture surface. The analysis of the fractal dimension (D) was 

insensible to the different testing conditions and resulting surface topographies. 

No significant influence of this parameter was detected. For lower magnifica-

tions at scanning electron microscopy a good correlation between the pictures 

and the obtained surface parameters was found. 

 

Conclusions 

Water storage of fracture specimens had detrimental influence on the material 

strength, due to the effect of hydrolytic degradation, especially after fatigue 

loading. This result was well resembled by the 3D surface parameters, but not 

by the fractal analysis. The loading rate for static loading was not playing an 

important role for loss of flexural strength. Cyclic loading, however, led to a sig-

nificant reduction of strength. Surface metrology has an interesting potential 

mainly for characterization of clinical fractures. 
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3 Introduction and review of literature 
 

One of the main reasons for long-term failure of dental resin composites is res-

toration fracture [1, 2]. Contrasting with the lower fracture rates observed during 

the first years of service, the incidence of fractures increases steadily in time [3], 

as a consequence of material fatigue. This progressive reduction in strength, 

driven by slow crack growth from intrinsic or surface defects and enhanced by 

the hydrolytic effect of water in the oral environment [4, 5], concludes with the 

catastrophic failure of the restoration. Many attempts have been done in the 

past to predict their clinical performance, principally based on in-vitro testing of 

the materials flexural strength (FS) and fracture toughness (KIc). Nevertheless, 

the high stress and fast loading parameters used in these tests make them un-

representative of clinical conditions [6], where a rather low and repetitive stress 

rate is applied. Thus, materials with high initial FS may show an important de-

crease in strength when submitted to fatigue testing [7-9]. Flexural fatigue 

strength (FFS) methods, on the other hand, have shown to be more accurate 

predictors of the clinical behavior of resin composites [10], as good estimations 

of the fatigue resistance can be derived from the number of cycles needed to 

cause failure at different stress levels [11]. Subcritical growth of defects (i.e. 

cracks) occurs at these subcritical loads, allowing degradation processes as 

well as viscoelastic creep in the matrix to take place [12]. In addition to the in-

formation obtained from the strength tests, an exhaustive analysis of the frac-

tured surfaces might provide key information about the mechanisms and energy 

involved in the fracture process. Hence, a relationship between topographical 

features of the fractured surface and the material’s microstructure, mechanical 

properties and testing conditions (i.e. loading rate, environment, etc.) can be 

established [13]. Fractographic characteristics commonly observed in brittle ma-

terials, such as the fracture mirror, hackles and branching have been described 

in fractured dental composite bars [14], enabling determination of failure origins 

and the strength limits. Moreover, the topography of fractured surfaces has 

been extensively associated to mechanical properties of the fractured material 

[15-19]. 

Mandelbrot et al. were the first to disclose a fractured surface using fractal ge-

ometry. The complex and rough generated surface was described by the scaling 

relationship of the irregularities created by the exposed macro- and microstruc-
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ture, as they were “self-similar” (or more precisely, “self-affine”) to each other 

[20]. Thus, no differences were observed when the measurement scale was 

changed. Consequently, the surface could be numerically characterized by its 

fractal dimension, D, that would range between 2 - for smooth surfaces - and 3 - 

in case of high roughness [20]. This concept has proven to be extremely useful 

for quantitative assessment of fractured surfaces, as the increase in fractal di-

mension, D*, can be related to mechanical properties of the material [15]. In 

addition, fractal analysis has proven to be a suitable method for surfaces that 

are not optimal for conventional fractography [21]. In the dental material field, 

the most commonly used approach to calculate D* has been the slit island 

method (SIM) [17, 18, 22], besides its high methodological sensitivity [23, 24]. 

Nevertheless, good correlation of D* with fracture toughness results has been 

shown [17], offering good perspectives for the analysis of not standardized sur-

faces, as those of clinically fractured all-ceramic fixed prosthetics [18]. 

Beyond fractographic and fractal analyses, other useful data can be acquired 

from the surface metrology of the fractured specimens. The advances in tech-

nologies for measuring 3D surface topography allow extraction of more robust 

and reliable statistical information than the 2D profiles used in the past [25]. 

Among them, scanning white light interferometry has proven to be an efficient 

non-contacting method for 3D profiling, being faster than confocal or near-field 

microscopes [26] and with very high resolution (sub-micrometric). Several spe-

cific areal parameters have been introduced or adapted to 3D features (S-

parameters) in order to comprehensively characterize the obtained scans. Ac-

cordingly, vertical deviations are described by amplitude parameters that sum-

marized information regarding mean heights, maximum/ minimum of peaks/ 

valleys, as well as their distribution. Spacing parameters, on the other side, give 

information about the peak density and texture strength [27, 28]. Finally, hybrid 

parameters use information of both, amplitude and spacing features, to define 

numerically more complex properties of the surface, such as its slope, the cur-

vature of the summits or the interfacial area [27, 29]. 

Mechanical characterization of dental materials has been mostly based on re-

sults coming from different loading set-ups. Still, substantial information from 

post-mortem analysis of the fractured surfaces has been overlooked in most 

studies. Therefore, the aim of the present work was to investigate the effect of 
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different storage conditions and loading rates on the mechanical behavior of 

dental composites by analyzing the surface of the fractured dental composites. 

Thus the specimens were distinguished by fast fracture (flexural strength FS 

and a fatigue loading (flexural fatigue strength FFS) approach as well as by dry 

or water storage in a period of 24 hours to 14 days. The surface of fractured 

dental composites was metrologically scanned and 3D topographical features 

as well as fractal dimension were analyzed regarding the fracture behavior. 

Scanning electron microscopy (SEM) examination was conducted in order to 

corroborate the obtained 3D profiles. 
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4 Material and methods 

 

4.1 Specimen preparation and storage 

73 bending bars (2 x 2 x 25 mm) from the nanohybrid resin composite       

GrandioSO (VOCO, Cuxhaven, Germany) were produced by inserting a       

previously weighted increment of the material into a tungsten carbide/ glass 

mold which is depicted in Figure 1. A detailed description of the composition of 

the resin composite can be found in Table 1 (Tab.1, Material and methods, 

Specimen preparation and storage, p. 9). 

 

 

 

 

 

 

 

 

 

 

Figure 1. Tungsten carbide/ glass mold for producing the resin composite spec-

imens. 



9 

 

 

Filler (89 wt%) 

 

 

Matrix 

 

Other components 

0.5 - 3 μm glass ceramic particles, 

20 - 40 nm SiO2 nanoparticles, 

Pigments (iron oxide, titanium dioxide) 

 

Bis-GMA, Bis-EMA, TEGDMA 

 

Camphoroquinone, BHT (stabilizer) 

Bis-GMA: Bisphenol-A-diglycidylmethacrylate 

Bis-EMA: Ethoxylated bisphenol-A-dimethacrylate 

TEGDMA: triethylene glycol dimethacrylate 

BHT: butylated hydroxytoluene 

Table 1. Composition of GrandioSO (Batch No 1314289) - Information supplied 

by the manufacturer. 

 

 

Light curing was performed with a halogen curing unit (Elipar Trilight, 3M ESPE, 

Germany) with an output intensity of 800 mW/cm2 at five overlapping spots     

(Ø 8 mm) on both upper and lower sides for 20 s per spot, according to the 

manufacturers’ recommendations and the ISO 4049 standard [30]. Figure 2 

shows the utilized light curing unit (Fig. 2, Material and methods, Specimen 

preparation and storage, p. 10). 
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Figure 2. Halogen curing unit Elipar Trilight, 3M ESPE, Germany; output intensi-

ty: 800 mW/cm2. 

 

After removal from the molds, the lower side of each bar was polished with  

SiC-paper down to 2500 grit, in order to reduce surface defects that could affect 

the strength values. Specimens were then randomly assigned to one of four 

groups and stored at 37 °C in dry or wet conditions, as presented in Table 3 

(Tab. 3, Results, p. 18). 
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4.2 Flexural Strength (FS) and Flexural Fatigue Strength (FFS) testing 

 

Figure 3. 3A shows the universal testing machine Z2.5 (Zwick, Germany) which 

was used for the investigation, in 3B the test preparation for the three-point 

bending of the composite specimen is presented. 

 

The initial flexural strength (FS) was measured in three-point bending using a 

universal testing machine (Z2.5, Zwick, Germany), shown in Figure 3A.  

 

Different loading rates were applied for groups 1 to 3, as listed in Table 3      

(Tab. 3, Results, p. 18). Specimens were tested in air, at room temperature or in 

distilled water at 37 °C. The recorded fracture load (F) was used to calculate FS 

(σ) according to [30]: 

 

𝜎 =
3𝐹𝑙

2𝑏ℎ2
           Eq. 1 

 

where l is the distance between the midpoint of the lower supports (20 mm), b is 

the width and h the height of the specimen. 

For the flexural fatigue strength (FFS), cyclic loading of the specimens at a fre-
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quency of 0.5 Hz for 104 cycles was applied. Stress ranged from 1 MPa and an 

individually calculated maximum stress at each cycle. Fatigue resistance was 

evaluated using the so-called “staircase” method [31, 32], where the stress 

maximum is increased or decreased at each new test by a fixed increment ac-

cording to the result of the previous one; if failure occurred, the next specimen 

is tested with decreased stress. The opposite is applied in case of survival. The 

first specimen was tested at a maximum stress level corresponding to the 50 % 

of the FS of group 3, as this group was stored under the same conditions. A 5 

MPa fixed stress increment (d) was used. The tests were conducted in distilled 

water at 37 ºC. Once all specimens were tested, the total amount of failures and 

non-failures was assessed and FFS was calculated using the least frequent 

event (i.e. failures or non-failures), using: 

 

FFS = 𝑋0 + 𝑑 (
∑ 𝑖𝑛𝑖

∑𝑛𝑖
± 0.5)         Eq. 2 

 

where X0 is the lowest stress level used among the tests; i corresponds to the 

stress level, with the lowest being equivalent to i = 0, the next to i = 1, and so on; 

and ni is the total number of events (failures or non-failures) at each stress lev-

el i. For analyses based on non-failures, the positive sign is used; otherwise the 

negative sign is used. 

 

The standard deviation (SD) was calculated using: 

 

SD = 1.62𝑑 (
∑𝑛𝑖 ∑ 𝑖

2𝑛𝑖−(∑ 𝑖𝑛𝑖)
2

(∑𝑛𝑖)
2 + 0.029)       Eq. 3 
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4.3 Analysis of the fractured surfaces 

Profilometric assessment of the fractured surfaces 

 

 

Figure 4. The high-resolution optical profilometer CT 100 (CyberTechnologies, 

Germany) with a 6000 μm confocal white light spot sensor for scanning the sur-

face of the specimen and creating a virtual image of the fracture surface. 

 

A high-resolution optical profilometer (CT 100, CyberTechnologies, Germany) 

equipped with a 6000 μm confocal white light spot sensor (CHR-6000, Cyber-

Technologies), with a vertical resolution of 0.02 μm, was used for the 3D analy-

sis of each specimen’s both fractured surfaces. It is depicted in Figure 4. 

 

The broken bars were fixed upright in a holder with the fractured surface facing 

straight up the sensor. The reflection of the white light spot on the scanned area 

was collected by the spectrometer and processed using the software Scan CT 

(v8.4, CyberTechnologies) to generate 3D virtual images of the surface topo-

graphy. Imperfections due to steep surface characteristics or inappropriate light 

reflections were eliminated using a fill data filter (maximum interpolation area of 

1000 pixels). Artifacts emerging from extreme low values were removed by   

applying a low cut-off filter with individual cut-off values for each measurement. 
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In order to determine the optimal scanning resolution, a pilot test on three ran-

domly selected specimens of group 2 was conducted. Their complete surfaces 

were scanned at 4 different step-sizes x-y (20 μm, 10 μm, 5 μm and 1 μm). The 

obtained true surface (S) was used to calculate the increase in surface area 

(Δs), over the projected surface (S0 = b × h) [13, 33]: 

 

∆𝑠 =
𝑆

𝑆0
×  100          Eq. 4 

 

The 5 μm step-size scanning resolution was selected, as it showed an accepta-

ble reproducibility among the tested specimens and did not have significant dif-

ferences with the results obtained with the 1 μm resolution. Subsequently, the 

complete surface of all specimens in the four groups was scanned, although 

only the half of the surface that underwent tensile stress (i.e. the bottom part of 

the bar in the bending test) was used for the analysis. This was decided in order 

to avoid bias in the results coming from the compression curl. The obtained da-

ta was used to calculate Δs, as well as the different 3D surface parameters de-

scribed in Table 2A and 2B (Tab. 2A and 2B, Material and methods, Analysis of 

the fractured surfaces, p. 15).  
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Amplitude Parameters Definition 

Arithmetic mean 

height 
Sa (µm) 

Arithmetic mean of the absolute value of 

the height within the sampling area [27]: 

  = 
1

 
 ∫| (   )|𝑑 𝑑 

 

 

Maximum peak 

height 
Sp (µm) 

Highest peak height from the mean plane 

in the sample surface. 

Maximum pit height Sv (µm) 
Maximum valley depth (or largest pit) from 

the mean plane in the sample surface. 

Kurtosis 

 

Sku 

 
 

Measure of the sharpness of the surface 

height distribution and the spikiness of the 

sample area [27]: 

   =
1

  
  [

1

 
∬  (   )𝑑 𝑑 

 

] 

Table 2A. 3D amplitude surface parameters. 

 

 

Hybrid Parameters Definition 

Root mean square 

gradient 
Sdq  

Measure of the slopes comprising the sur-

face, evaluated over all directions [29]: 

   

= √
1

 
∫ ∫ (

  (   )

  
)
2

+ (
  (   )

  
)
2

𝑑 𝑑 

  

0

  

0

 

Arithmetic mean 

summit curvature 
Ssc (1/mm) 

Mean summit curvature for the various 

peak structures, as described for the 

summit density (Sds) [29]: 

   =
1

 
∬ (

 2 (   )

  2
) + (

 2 (   )

  2
)𝑑 𝑑 

𝑆   𝑖 
−    

 

In the equations (table 2A and 2B): A = sampling area xy; Sq = root mean 

square roughness; Sds = number of summits per unit area. For a detailed de-

scription of these parameters, please refer to references [27-30]. 

Table 2B. 3D hybrid surface parameters. 
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The fractal dimension (D) was calculated using the box counting method incor-

porated in the software (Scan CT v8.4). Briefly, height profiles from a slice 

through the surface were used to generate x-y curves, which were then com-

pletely covered with square boxes. This was repeated using different box sizes. 

D was calculated from the slope of a log- log plot of the number of boxes need-

ed at each box size [13, 34]. The fractal dimension increment D* was calculated 

as the difference between the obtained fractal dimension D and the topological 

dimension of the surface (i.e. D* = D – 2) [20]. 

 

Statistical analysis 

 

Results of the FS, FFS and surface parameters were statistically analyzed with 

a one-way analysis of variance (ANOVA). The Student-Newman-Keuls test was 

used for pairwise comparisons (α = 0.05). These analyses were performed with 

the SPSS Statistics 21.0 software (IBM, Chicago, IL, USA). 

 

Scanning electron microscopy (SEM) 

 

Representative fractured surfaces of two specimens per group were selected 

and gold sputtered (Sputter Coater SCD 050, Balzers, Germany) for further 

evaluation under SEM (Leitz ISI-SR-50, Akashi, Japan). Images were taken at 

20 kV at different magnifications and were analyzed with an image processing 

software (DISS 5, Point Electronic, Germany). Figure 5 (Fig. 5, Material and 

methods, Scanning electron microscopy, p. 17) shows the setup of the SEM. 
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Figure 5. Scanning electron microscopy Leitz ISI-SR-50 (Akashi, Japan) where 

the fracture surfaces of the gold sputtered specimens were analyzed. 
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5 Results 

 

 Storage Loading 

regime 

Loading rate FS/ FFS 

[MPa] (SD) 

Group 1 (n = 15) 

Group 2 (n = 15) 

Group 3 (n = 15) 

Group 4 (n = 28) 

Dry (24 h) 

Dry (24 h) 

H2O (24 h) 

H2O (14 d) 

Static 

Static 

Static 

Cyclic  

(Staircase) 

5 MPa/s 

0.05 MPa/s 

0.05 MPa/s 

0.5 Hz-104 

cycles 

131.29 (26.47) a 

125.65 (13.53) a 

101.72 (15.45) 

65.71 (6.34) 

Means followed by the same superscript letter indicate no statistical difference 

(α = 0.05). 

Table 3. Experimental conditions, mean flexural strength (FS) and mean 

flexural fatigue strength (FFS). 

 

Results for the FS and FFS test are presented in Table 3. No significant differ-

ences were observed between the two static loading rates (groups 1 vs. 2), but 

a significant decrease in FS occured after 24 h water storage (group 3). FFS 

determination was based on failures (n=12) and showed a statistically signifi-

cant drop in flexural strength when compared to groups 1 and 2 (about 50 %), 

but also with group 3 (35 %), which was stored in a wet environment as well. 

Figure 6 (Fig. 6, Results, p. 19) shows an example of a 3D profilometric scan of 

a fast fractured (Group 1) specimen.  
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Figure 6. Profilometric scan of a 3D surface topography of a fast fractured 

(Group 1) composite specimen. 

 

 

Surface parameters as well as the fractal dimension are calculated based on 

such 3D metrological information. Increased surface areas (Δs) were measured 

for all fractured surfaces (Tab. 4, Results, p. 20). This is an indication that a cer-

tain degree of roughness was created during the fracture process, although no 

differences were observed among the different loading conditions. 
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Group 1 

(dry; 5 MPa/s) 

Group 2 

(dry; 0.05 

MPa/s) 

Group 3 

(H2O; 0.05 

MPa/s) 

Group 4 

(H2O; 0.5 Hz - 

104 cycles) 

Δs [%] 
116.04 

(12.65) 

113.26 

(11.02) 
109.89 (8.27) 110.92 (9.46) 

Sa [µm] 1.25 (0.38) a 1.23 (0.23) a 0.90 (0.27) 0.61 (0.06) 

Sp [µm] 12.56 (6.02) 10.10 (2.47) 7.31 (2.27) b 6.90 (2.51) b 

Sv [µm] 10.35 (5.44) c 8.37 (2.52) c 6.94 (2.69) d 5.78 (1.46) d 

Sku 4.82 (1.01) 4.64 (1.04) 4.10 (0.57) 4.16 (0.81) 

Sdq 0.26 (0.07) e 0.27 (0.07) e 0.21 (0.04) f 0.19 (0.03) f 

Ssc 

[1/mm] 

105.96 

(29.12) g 

117.26 

(27.59) g 
96.94 (18.00) h 89.54 (19.91) h 

D 2.071 (0.038) 2.062 (0.034) 2.069 (0.037) 2.121 (0.076) 

Means in a row followed by the same superscript letter are not statistically dif-

ferent (α = 0.05).  

Table 4. Mean (SD) values for the 3D surface parameters and the fractal di-

mension. 

 

 

To characterize this increment in surface, the areal parameters were used    

(Tab. 4). The mean height of the surfaces (Sa) was significantly higher for 

groups stored in dry conditions than after 24 hours in water. These groups had 

also statistically higher Sp and Sv values, confirming larger amplitude features. 

Although no statistical difference was observed for these three parameters be-

tween the loading rates, group 1 had a larger SD for Sp and Sv, which points out 

that some specimens had higher peaks and deeper valleys than the mean 

samples of group 2. After fatigue testing, the mean height of the surface was 

significantly lower than all static loaded groups, although no differences in Sp 

and Sv were observed when compared to group 3. Concerning kurtosis, the four 

groups showed centrally distributed surfaces, as Sku values were higher than 3 

(considered a normal or Gaussian distribution). Higher Sku values are also de-

scribed for spiky surfaces, meaning more sharp peaks or deep valleys. Although 

no statistical differences among the four groups were observed, group 1 had the 
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highest Sku, followed by group 2, with water storage groups at a lower level. Re-

sults for the hybrid parameters are also presented in Table 4 (Tab. 4, Results, p. 

20). The root mean square slope of the surfaces (Sdq) was significantly higher 

for the first two groups than for the last two ones, indicating higher gradients 

and therefore more peaky surfaces for the dry storage condition. The loading 

rate did not affect this parameter. The same trend was observed for Ssc, which 

gives an estimation of the mean summit curvature of the sampled surface. The 

statistically higher values of groups 1 and 2 describe a surface with more pointy 

peaks than those of groups 3 and 4. Using the inverse of Ssc (i.e. 1/Ssc) the 

mean summit radius was calculated, submitting largest summit radii for group 4. 

This is a clear indication of more flat and round surface characteristics of these 

specimens. Results for the fractal dimension (D) are presented in Ta-

ble 4 (Tab. 4, Results, p. 20). No statistical differences were observed among 

the four groups. Although group 4 had a slightly higher mean D*, it also pre-

sented higher standard deviation and was therefore not significantly different 

from the static loaded groups.  

 

Figure 7 (Fig. 7, Results, p. 22) shows representative pictures of the profilome-

trically scanned fracture surfaces of the four groups. The pictures are reflecting 

the obtained values listed in Table 4 (Tab. 4, Results, p. 20). The dry stored 

groups 1 and 2 (Fig. 7A and 7B) show higher peaks and deeper valleys than the 

wet stored specimens of group 3 and 4 (Fig. 7C and 7D). The surface of group 

1 (Fig. 7A) in comparison to group 2 (Fig. 7B) shows even higher amplitude fea-

tures. The profilometric scans of group 3 (Fig. 7C) and group 4 (Fig. 7D) re-

semble, which indicates the statistical indifference of the values Sp and Sv. 

Sdq and Ssc are represented in the scans of the dry stored specimens (Fig. 7A 

and 7B) as a spiky surface. The inverse of Ssc, which assumes its highest value 

for group 4, is depicted by the flat and round characteristics of the peaks in Fig-

ure 7D. Not visible in the profilometric scans are variations in Sku and D due to 

statistical indifference. 
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Figure 7. Profilometric scans of the fractured surfaces. Group 1 (A) shows the 

highest, pointed peaks and deepest valleys. For group 2 (B) these characteris-

tics are present too, but less distinct. The scans of the wet stored specimens of 

group 3 (C) and 4 (D) are similar and show a smoother surface with lower, more 

rounded peaks. 

 

 

Representative SEM images of the fractured specimens are presented in     

Figure 8 (Fig. 8, Results, p. 23). Surface aspects of the different groups corre-

sponded well with the results of the areal parameters, with groups 1 and 2 

showing higher roughness. 

Peaks and valleys have inhomogeneous dimensions and are unevenly distrib-

uted, especially after fast loading (Fig. 8A), whereas the dimensions of the frac-

ture waves are more constant and uniformly distributed in groups 3 (Fig. 8C) 

and 4 (Fig. 8D). The presence of break-off edges accounts for the higher spiki-

ness measured by the Ssc parameters in the first two groups, while a flat and 

round texture dominates in the cyclic loaded specimens (Fig. 8D). 

 

A B 

C D 
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Figure 8. SEM images of the fractured surfaces. Group 1 (A) had a rough sur-

face and marked break-off edges (arrows). These features were less apparent 

in fracture surfaces of group 2 (B) and were even more reduced in group 3 (C), 

where a smoother surface was also observed. Specimens after fatigue loading 

(D) showed a more uniform distribution of peaks and valleys which tend to be 

very homogenous and flat. 
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Figure 9. High magnification SEM of fractured surfaces of groups 1 (A) and 4 

(B). No apparent differences could be observed at this magnification, with both 

surfaces having similar morphological and microstructural appearances.  

 

However, these differences are not distinguishable at higher magnifications  

(Fig. 9), with the surface of group 1 (Fig. 9A) having a very similar aspect with 

the one of group 4 (Fig. 9B). 
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6 Discussion 

 

One of the goals of the introduction of ceramic nanoparticles in the formulation 

of resin composites was to increase the filler content and thereby the mechani-

cal properties, without affecting the viscosity [35, 36]. The main propagation 

path in microhybrid, as well as in nanofilled composites, has been demonstrated 

to be interparticle crack growth through the resin matrix [37, 38]. 

As approaching the filler particles, the crack is deflected, which locally lowers 

the crack-tip stress intensity factor and increases the energy needed to continue 

the fracture process [39]. 

Additionally, enhanced toughening has been observed due to crack-tip bridging 

in homogenously nanofilled composites [38]. Therefore, higher filler contents 

are expected to increase the crack resistance, leading to improved fracture 

toughness. The nanohybrid composite used in the present study has up to      

89 wt % of fillers, which is only possible by the incorporation of individually si-

lanised nanoparticles between the micro sized fillers [40]. 

Nevertheless, no significantly higher mechanical properties have been de-

scribed for this nanohybrid when compared to composites with lower filler con-

tents [12, 35]. The FS value obtained here for group 1 (Tab. 3, Results, p. 18) 

was lower than the value stated by the manufacturer [40], although it is in the 

same range as FS values of this material found in literature [12, 35, 36, 41] at 

similar loading rates (0.5-0.75 mm/min). Contrary to the storage conditions in 

these studies, here specimens of this group were kept in dry conditions prior to 

testing, in order to isolate the effect of water from the loading rate. Although a 

dependence of strength on the stressing rate was expected due to slow crack 

growth [42], no significant differences in FS were observed with group 2, loaded 

at a much lower rate (0.05 MPa/s, i.e. about 0.01 mm/min). Water storage, on 

the other hand, had a detrimental effect on the composite, causing a significant 

drop of FS in group 3 (also tested at 0.05 MPa/s). Humid environments have 

shown to play two contradictory roles in the aging process of resin composites; 

on one side, the plasticizing effect of water on the resin matrix can initially en-

hance mechanical properties [43] by blunting the tip of growing cracks and by 

relaxing internal stresses [5, 9].  

On the other side, after a long exposure, water causes chemical degradation of 
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the polymer and attacks the resin-filler interface [5, 7], facilitating crack propa-

gation [11]. It is interesting, however, that this significant deterioration of FS for 

group 3 was observed after only 24 h of water storage, while studies with similar 

storage conditions, but higher loading rates, obtained FS values similar to those 

of groups 1 and 2 [35, 41]. Apparently, slow crack growth was favored in group 

3 by the lower loading rate and the weaker aged matrix, minimizing the shield-

ing effect of nano- and microfillers. 

This detrimental effect was even more severe after fatigue loading (group 4). 

The observed strength deterioration of about 50 % is in accordance with values 

published for the same material in the literature [7, 12, 35, 41] and highlights the 

catastrophic effect of combining cyclic loading and water aging on the material’s 

properties. The resin matrix represents the weak link, being especially vulnera-

ble to repetitive loading [11] and facilitating propagation of the cracks. In addi-

tion, the reinforcing effect of particles by crack deflection and bridging is dimi-

nished by the interfacial debonding of the fillers from the matrix, as a conse-

quence of the hydrolytic degradation of the silane coupling [44]. 

In order to have a more comprehensive understanding of the above discussed 

fracture mechanisms, a topographical evaluation was performed in this study. 

The first dilemma when using surface metrology is to select the adequate pa-

rameters among the large available pool. Considerations regarding specificity of 

the parameter, sensitivity to scale range and sampling conditions (i.e. interval 

and area) must be carefully studied [45]. Here, the selected parameters suc-

ceeded in the intended description and differentiation of the fractured surfaces, 

although not all of them showed the expected sensitivity. For instance, all spe-

cimens showed increased surface areas (Δs) (Tab. 4, Results, p. 20), confir-

ming higher complexity in the generated surfaces, though no statistical differ-

ences among them were observed. This was not surprising, since surfaces with 

relatively small but rough features can result in the same Δs as surfaces show-

ing large but smooth planes [13]. Therefore, areal amplitude parameters were 

used to determine the higher and spiky 3D profiles observed after dry storage. 

These results correlated well with the higher FS values measured for these 

groups. 

The greater stored elastic energy in group 1 was able to create rougher and 

highly branched composite surfaces [11, 14], contrasting with the smoother ap-
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pearance of those submitted to cyclic fatigue loading [4]. In the latter, slow crack 

growth through the resin matrix accounted for reduced peaks and valleys and 

the homogeneous distribution observed in the SEM images (Fig. 8D, Results, 

p. 23). The effect of water on the crack propagation mechanism was also evi-

denced by areal parameters. Significantly higher Sa, Sp and Sv values were ob-

served for dry storage (group 2) compared to wet storage (group 3) (Tab. 4, Re-

sults, p. 20), which correlates well with the results for FS obtained for these 

groups (Table 3, Results, p. 18). Another interesting outcome of the 3D metro-

logical analysis was delivered by the Ssc parameter (Tab. 4, Results, p. 20). Wa-

ter stored specimens showed increased summit radii (i.e. lower Ssc values) and 

round endings, which have been related with higher degrees of plastic defor-

mation [29]. This was expected for wet stored groups, due to the plasticizing 

effect of water [43]. The effect was more visible after fatigue loading (compare 

Fig. 7C with 7D, Results, p. 22 and Fig. 8C with 8D, Results, p.23), owing to the 

viscoelastic behavior of the resin matrix during the cyclic loading [46]. As well as 

the amplitude parameters, Ssc was also insensitive to an alteration of the load-

ing rate, although lower values were expected for specimens of group 2. It 

seems that the 0.05 MPa/s loading regime applied was still not slow enough for 

causing a viscoelastic behavior of the resin matrix. 

Fractal dimension results (Tab. 4, Results, p. 20) did not reveal statistical differ-

ences among the groups. In contrast with the 3D surface parameters, fractal 

characterization has the advantage to be a scale independent property [47], 

although it has shown to be very sensitive to the applied method and sampling 

conditions [23, 24, 34]. One of the major problems with fractured surfaces is 

their self-affine rather than self-similar nature [23]. The properties of self-affine 

objects change at a different rate with scale depending on the measured plane, 

which results in different D* for the horizontal and vertical profiles [34]. This 

could be a reason for the lack of correlation between D* and the mechanical 

properties observed in this study, since the box counting method analyzed hori-

zontal cuts, assuming self-similarity in the fractured surfaces. Still, this is a con-

troversial topic, as other investigations have been able to observe fractal be-

havior using horizontal techniques [15, 17, 22]. Fractal methodologies are pro-

bably highly dependent upon the material under investigation [21], which may 

explain the discrepancies observed in literature. To the best of our knowledge, 
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only one study has assessed fractal dimension on fractured dental resin com-

posites; using different poly(dimethacrylates) Barszczewska-Rybarek and Kra-

sowska observed fractal characteristics for the polymer networks and correlated 

them with some structural and mechanical properties [19]. Nevertheless, no 

glass fillers were introduced in these experimental resins, which certainly influ-

enced the generated fracture surfaces. Some works on dental ceramics have 

found a positive relation between fractal dimension and mechanical properties 

such as fracture toughness [17, 18]. Notwithstanding it has been claimed that 

this relations could be hardly usefully interpreted or reproduced, due to the vari-

ability among testing methods and the uncertainty about the real fractal nature 

of the surfaces [48]. 

The accuracy of the 3D metrological analysis of the surfaces is ultimately de-

pendent upon the limitations of the scanning device and the sampling conditions. 

Besides the higher resolution, the optical method used here is more sensitive to 

the surface properties than tactile measurements used in the past, due to the 

higher incidence of artifacts and imperfections from reflections. Moreover, dif-

fraction and superimposition of intensity functions of neighboring pixels can in-

troduce bias in the data [49]. Therefore, careful application of filters and data 

interpolation procedures is needed in order to obtain reliable measurements. In 

addition, the lateral resolution has to be adapted to the analyzed topographical 

features. Here no important differences in the areal parameters were observed 

between the 1 μm and the 5 μm step-size scanning in the pilot test, probably 

due to the larger size of the surface features. This was confirmed with the SEM 

analysis (Fig. 8, Results, p. 23 and Fig. 9, Results, p. 24), as a higher magnifi-

cation of the surfaces did not add more information to the profiles, whose differ-

ent topographies could be better observed at a lower magnification. 

Finally, the usefulness of the collected data depends on a correct interpretation 

of the parameters and their eventual relation to the mechanical properties. With-

in the limitations of the present work, an interesting correlation was found for 

most parameters. Therefore, application of 3D surface metrology to fractured 

surfaces is a promising tool for determining the mechanism of e.g. clinically 

failed restorations, where the use of conventional fractography faces certain 

limitations. 
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7 Conclusion 

 

Based on the results of this study, the presence of water environments appears 

to be the most detrimental condition for strength in dental composites. This ef-

fect was already reflected after 24 hours of wet storage in a degradation of sta-

bility. Additionally it is enhanced by fatigue loading due to the effect of slow 

crack growth through the resin matrix.  

The stressing rate does not play a determinant role on strength degradation, at 

least for the range tested here. For results as expected the loading rate of the 

slow fractured specimens must be chosen lower to show the viscoelastic be-

havior of the resin matrix. Significant for the fatigue fractured specimens was a 

decrease in flexural strength between 35 - 50% compared to the statically load-

ed bending bars. 

3D surface metrology is an effective tool for differentiating failure mechanisms, 

as most areal parameters used here correlated well with the mechanical results. 

The amplitude parameters Sa, Sp and Sv as well as the hybrid parameters Sdq 

and Ssc showed significant values concerning storage conditions whereas the 

kurtosis and the fractal dimension appeared without statistical differences. 

Post mortem analysis of failed restorations should benefit from this tool in the 

future. 
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9 List of abbreviations 

 

FS   flexural strength 

FFS    flexural fatigue strength 

SD    standard deviation 

Δs  increase in surface area 

Sa  arithmetic mean height 

Sp  maximum peak height 

Sv  maximum pit height 

Sku  kurtosis 

Sdq  root mean square gradient 

Ssc  arithmetic mean summit curvature 

D  fractal dimension 

D*  fractal dimension increment  

SEM    scanning electron microscopy 
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10 Register of illustrations 

 

All illustrations were recorded by the author 

 

Figure 1: page 8.  

Tungsten carbide/ glass mold for producing the resin composite specimens 

 

Figure 2: page 10.  

Halogen curing unit Elipar Trilight, 3M ESPE, Germany 

 

Figure 3: page 11.  

3A: universal testing machine Z2.5 (Zwick, Germany) 

3B: test preparation for the three-point bending of the composite specimen 

 

Figure 4: page 13. 

High-resolution optical profilometer CT 100 (CyberTechnologies, Germany) with  

6000 μm confocal white light spot sensor for scanning the surface and creating 

a virtual image of the fracture surface 

 

Figure 5: page 17. 

Scanning electron microscopy Leitz ISI-SR-50 (Akashi, Japan) 

 

Figure 6: page 19. 

Profilometric scan of a 3D surface topography of a fast fractured (Group 1) 

composite specimen 

 

Figure 7: page 22. 

Profilometric scans of the fractured surfaces 

A: Group 1: highest peaks and deepest valleys, spiky surface 

B: Group 2: rough surface but not as distinct as for group 1 

C: Group 3: smoother surface with lower, more rounded peaks 

D: Group 4: similar to group 3 
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Figure 8: page 23. 

SEM images of the fractured surfaces 

A: Group 1: rough surface and marked break-off edges (arrows) 

B: Group 2: less roughness apparent in fracture surfaces  

C: Group 3: more reduced roughness of fracture surface 

D: Group 4: more uniform distribution of peaks and valleys which tend to be 

very homogenous and flat 

 

Figure 9: page 24.  

High magnification SEM of fractured surfaces 

A: Group 1 

B: Group 2 

No apparent differences at this magnification; both surfaces have similar mor-

phological and microstructural appearances 

  



39 

 

11 List of tables 

 

Table 1: page 9. 

Composition of GrandioSO 

 

Table 2A: page 15. 

3D amplitude surface parameters 

 

Table 2B: page 15. 

3D hybrid surface parameters 

 

Table 3: page 18. 

Experimental conditions, mean flexural strength (FS) and mean flexural fatigue 

strength (FFS) 

 

Table 4: page 20. 

Mean (SD) values for the 3D surface parameters and the fractal dimension 

  



40 

 

12 Acknowledgement 

 

I would particularly like to thank my doctoral supervisor and mentor, Prof. Dr. 

Ulrich Lohbauer. He always stood by my side with his comprehensive expertise 

for motivating and advisory conversations. 

 

I thank Prof. Dr. Anselm Petschelt, director of dental clinic 1, for fundamental 

guidance and the possibility to author this thesis in his clinic. 

 

I am grateful to Mr Michael Wendler for valueable feedback, suggestions and 

thought-provoking impulses. 

 

The friendly, structural support of Dr Renan Belli really motivated me. 

 

I kindly thank the experienced laboratory staff, Mrs Martina Schachtner,         

Mrs Gudrun Amberger, Mrs Grit Stein and Mr Michael Riedl for their friendly 

commitment and assistance on all issues. 

 

I thank the Voco Company for the kind donation of the material used in this 

study. 

 

My special sincere thanks go to my family for encouragement, support and tol-

erance during my entire studies and especially during the preparation of this 

thesis. 

  



41 

 

13 Danksagung 

 

Besonders bedanken möchte ich mich bei meinem Doktorvater und Mentor, 

Herrn Prof. Dr. Ulrich Lohbauer. Er stand mir jederzeit mit seiner umfassenden 

wissenschaftlichen Expertise für motivierende und beratende Gespräche zur 

Seite. 

 

Ich danke Herrn Prof. Dr. Anselm Petschelt, Direktor der Zahnklinik 1, für grund-

legende Wegweisung und die Möglichkeit diese Arbeit in seiner Klinik zu erstel-

len. 

 

Herrn Michael Wendler danke ich für wertvolles Feedback, Anregungen und 

Denkanstöße. 

 

Die freundliche, strukturelle Unterstützung von Herrn Dr. Renan Belli hat mich 

sehr motiviert. 

 

Ich danke herzlich dem erfahrenen Laborpersonal, Frau Martina Schachtner,         

Frau Gudrun Amberger, Frau Grit Stein und Herrn Michael Riedl für ihren 

freundlichen Einsatz und Hilfe in allen Fragen. 

 

Ganz herzlich danke ich meiner Familie für Aufmunterung, Unterstützung und 

Verständnis während meines gesamten Studiums und besonders während der 

Erstellung dieser Arbeit. 


