
VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ 
BRNO UNIVERSITY OF TECHNOLOGY   

 
 

 
FAKULTA CHEMICKÁ 

ÚSTAV CHEMIE MATERIÁLŮ 
FACULTY OF CHEMISTRY 

INSTITUTE OF MATERIALS SCIENCE 
 
 
 
 
 
 
 
 

POKROČILÉ VRSTEVNATÉ KOMPOZITY 
PRO APLIKACE VE STOMATOLOGII 

 
ADVANCED LAYERED COMPOSITES FOR DENTAL APPLICATIONS 

 
 
 
 

AUTOREFERÁT DIZERTAČNÍ PRÁCE 
 
 
 
 
 
 
AUTOR PRÁCE    Ing. Zbyněk Šedivý 
AUTHOR 
 
VEDOUCÍ PRÁCE    prof. RNDr. Josef Jančář, CSc. 
SUPERVISOR 
 
BRNO 2013 
 



 2 

 
 

 
KLÍČOVÁ SLOVA 
 
vrstevnaté kompozity, mechanická odezva, homogenizace, částicové kompozity, 

vláknové kompozity, minimálně invazivní stomatologie, test na tříbodový ohyb 
 

 
KEYWORDS 
 
layered composites, mechanical response, homogenisation, particle filled 

composites, fiber reinforced composites, minimally invasive dentistry, three-point 
bending test 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 3 

 
 

Table of Contents 
 
 
 
 
1 INTRODUCTION ........................................................................................... 4 
 
2 EXPERIMENTAL ........................................................................................... 4 
 

2.1 MATERIALS ............................................................................................. 4 
 

2.2 METHODS ................................................................................................. 5 
2.2.1 Structural Analysis ................................................................................ 5 
2.2.2 Mechanical Analysis ............................................................................. 5 
2.2.3 Specimen schedule ................................................................................ 7 

 
3 RESULTS AND DISCUSSION ...................................................................... 8 
 

3.1 STRUCTURAL ANALYSIS OF LAYERED COMPOSITES AND 
THEIR COMPONENTS ...................................................................................... 8 

3.1.1 Thermogravimetric analysis .................................................................. 8 
3.1.2 Differential scanning calorimetry .......................................................... 8 
3.1.3 Scanning electron microscopy .............................................................. 9 
3.1.4 High speed camera monitoring ........................................................... 15 

 
3.2 MECHANICAL ANALYSIS .................................................................. 15 

3.2.1 DMTA tests ......................................................................................... 15 
3.2.2 Patterns of mechanical response on static three-point bending ........... 16 
3.2.3 Stiffness in the initial range of deformation ........................................ 18 
3.2.4 Correlation between experimental data and selected analytical model

 21 
3.2.5 Maximum stresses and stress distribution ........................................... 22 

 
4 CONCLUSIONS ............................................................................................ 26 
5 References ....................................................................................................... 27 
 

 
 



 4 

1  INTRODUCTION 
The presented work deals with layered composites used in dentistry. This type of 

composites provides new possibilities for clinical dentistry. It combines usually one 
or more layers of particle reinforced/filled composites with one or more layers of 
fiber/fabric reinforced composites. This concept offers exceptional esthetics 
important in dentistry along with high strength and stiffness and consequently it 
provides dentists with a clinically reliable, versatile and cost effective alternative to 
traditional dental metal alloys and ceramics. 

 
The major topics of presented work are: 
• to review the basic material and clinical aspects of layered composite, 
• to review strategies for multi - scale modelling of layered composite, 
• to investigate effects of microscale and mesoscale structural features of model, 

layered composite superstructures on stiffness and stress distribution. 
 
 

 
2  EXPERIMENTAL 

 
2.1 MATERIALS 

 
There were following materials selected for the preparation of the model test 

specimens: 
(This is not full description, commercial names are used, however, detailed 

composition must be briefly described –type of resin, filler loading, manufacturer´s 
declared properties) 
• BOSTON CB, manufacturer Arkona - Laboratorium Farmakologii 

Stomatologicznej, Lublin, Poland - crown and bridge composites (high-viscous 
light curing particle filled composited with silica particles and methacrylate 
based resin), 

• BOSTON FLOW, manufacturer Arkona - Laboratorium Farmakologii 
Stomatologicznej,, Lublin, Poland - flowable composites (low-viscous light 
curing particle filled composited with silica particles and methacrylate based 
resin), 

• light curing methacrylate based resin (50% BIS-GMA, 50% TEGMA), 
• DENTAPREG PFU, manufacturer ADM a.s. Brno, Czech Republic, 

unidirectional prepregs (S and E glass fibers, methacrylate based resin), 
• DENTAPREG SFM, manufacturer ADM a.s. Brno, Czech Republic, 

multidirectional prepregs (E glass fibers, methacrylate based resin). 
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2.2 METHODS 
 
 

2.2.1 Structural Analysis 
In order to characterize materials used in mechanical analysis several techniques 

of structural analysis were employed: 
 

2.2.1.1  Thermogravimetric analysis - TGA 
TGA was carried out in order to determine fibre / particle volume fraction in 

respective composites.  
 

2.2.1.2  Differential scanning calorimetry - DSC 
DSC was carried out in order to determine degree of conversion (DC) in cured 

matrices of particle filled composites as well as unidirectional prepreg, which were 
used in the layout of layered composites examined in mechanical tests.  

 
2.2.1.3  Scanning electron microscopy - SEM 
SEM observations were carried out in order to provide morphological analysis of 

microstructural features, which are of relevance to interpretation of micromechanical 
processes which influence macromechanical behavior of the specimens.  
 

2.2.1.4  High speed camera monitoring 
To record the visual effects elucidating mechanisms causing fracture under three-

point static bending, high speed digital camera monitoring was used.  
 
 
 
2.2.2 Mechanical Analysis 

 
2.2.2.1  Dynamical mechanical thermal analysis - DMTA 
DMTA was carried out in order to evaluate visco-elasticity of respective materials 

by determining storage modulus, loss modulus, and loss tangent.  
 
 
2.2.2.2  Static three point bending test 
Static three point bending tests was conducted in order to obtain comparative data 

of flexural properties of layered composites. The geometry of the test was relevant 
for clinical applications (width of the specimen) and ensured that shear during 
bending could be omitted (aspect ratio of the specimen equal 30).  
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The measurements were performed on specimen of beams of 20 mm (width) x 20 
mm (depth) x 70 mm (length) where span of the support was 60 mm.  

The test arrangement is illustrated schematically in Fig.1. 
 
2.2.2.3  Finite element analysis 
Finite element analysis was used as a complementary tool in this work. We have 

used the calculation protocol proposed by Jan Pěnčík [68] for ANSYS software 
package for fiber reinforced structures. The chosen model includes influence of 
large displacements, and rotation of the finite elements. 

 
 

Span L = 60 mm

Length  = 70 mm

Force P

30 mm

P/2

P/2

M= P ∙ L/4

Shear force diagram

Bending moment diagram

axis x

ax
is 

z

axis y

 
 
 

FIGURE 1: Three point flexure test together with shear force and bending 
moment diagrams 
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2.2.3 Specimen schedule 
Several types of beam layout were prepared according to the schedule in the 

TABLE 1: 
 
 

TABLE 1: Specimen schedule 
 
Type of the 
specimen 

Particulate composite 
(PFC) 

Fiber reinforced composite 
(FRC) 

Interlayer 

Components (mono-layered beams) 
F Low viscous PFC (FLOW) None None 
C High viscous PFC (CB) None None 
P None Unidirectional strip PFU None 
S None Multidirectional strip SFM None 

Combinations (bi-layered beams) 
F1P Low viscous PFC (FLOW) Unidirectional strip PFU x 1 Direct contact 
C1P High viscous PFC (CB) Unidirectional strip PFU x 1 Direct contact 
C1PI High viscous PFC (CB) Unidirectional strip PFU x 1 BisGMA-TEGMA 
C2P High viscous PFC (CB) Unidirectional strip PFU x 2 Direct contact 
C3P High viscous PFC (CB) Unidirectional strip PFU x 3 Direct contact 
C4P High viscous PFC (CB) Unidirectional strip PFU x 4 Direct contact 
C1S High viscous PFC (CB) Multidirectional strip SFM x 1 Direct contact 
C2S High viscous PFC (CB) Multidirectional strip SFM x 2 Direct contact 
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3  RESULTS AND DISCUSSION 
 

3.1 STRUCTURAL ANALYSIS OF LAYERED COMPOSITES AND 
THEIR COMPONENTS 

 
3.1.1 Thermogravimetric analysis 
The results obtained from the TGA measurements are in good agreement with the 

manufacturer's data – see Figure 2. 
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FIGURE 2: Contents of inorganic material in components of layered composites 

 
 
 

3.1.2 Differential scanning calorimetry 
 

Output data testified that there were no transitions present during irradiation. 
Based on this fact it can be considered that all specimens were fully cured during 
preparation – see Fig.3. 
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P - specimen

F - specimen

C - specimen

 
 

FIG. 3: Heat flow of cured components of layered composites 
 

 
3.1.3 Scanning electron microscopy 
Scanning electron microscopy was used in order to analyse visual features of 

deformed specimens after being subject to the static three-point bending test. 
Following types of beams specimens were analysed: 
• F – specimen 
• C – specimen 
• P – specimen 
• S – specimen 
• C1P – specimen 
• C1S - specimen 

 
Significant visual features are shown in the following series of SEM pictures in 

different magnification.  
Beams of particulate composite of type F and C failed during static three-point 

test in the brittle fracture manner (see Figure 4). The fracture surfaces were smooth 
and in a larger magnification silica filler particles embedded in the resin became 
visible. There are no major differences between the micro-structure of F and C 
beams as their components are very similar. On the C specimen fracture surface 
defects of internal pores are visible. Their diameters vary around 10 µm and they are 
typical for nanofill and microhybrid composites. These flaws are originated during 
the manufacturing process [53]. 
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Specimen F (low viscous PFC) Specimen C (high viscous PFC)

200x 200x

1000 x 1000 x

5000 x5000 x

 
 

FIGURE 4: SEM of fractured particulate filled composites F and C 
 
 

P composite displays non-uniform dispersion distribution of fibres across the 
cross section of a single pre-impregnated strip (see Figure 5). Consequently resin 
rich domains in the PFU strip specimen are founded. When deformed in three-point 
bending, the failure of the specimen is caused by several types of events: 
• The fibers break due to growing tension in a range where they are not 

surrounded by the matrix. In the range where they are embedded in the matrix, 
the matrix bridges the fractured part and transmits the load to other part of the 
fibre or to adjacent fibres. This event reduces tension strength [67]. 
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• The fibers loss their stability (microbuckling) due to growing compression in a 
range where they are not surrounded by the matrix. In the range where they are 
embedded in the matrix, the matrix bridges the buckled part and transmits the 
load to other part of the fibre or to adjacent fibres.  This event reduces strength 
in compression [65]. 

• The matrix cracking due to raising tensile stresses. This event reduces stiffness 
of the beam. It also increases areas where fibers are not embedded in the 
matrix. 

• Fibre de-bonding (pull-out) occurs when bonding strength is exceeded due to 
local stress concentration [60]. The consequence is reduced stiffness of the 
beam. 

All types of events develop gradually and in parallel in the areas of local micro-
structural geometry discontinuities resulting in local stress concentration. As these 
micro-events propagate more individual fibres or bunches of fibres detach from the 
resin matrix the loss of stiffness becomes evident and finaly the beam losses its 
strength due to the buckling of fibres in the compressed part of the cross-section of 
the beam. Growth of the stress in the part of the cross-section which is still able to 
carry the load leads to the progress in detachment of the fibres and the matrix and 
finally the beam fails due to the disintegration of its micro-structure. 

When considering failure of S beam (see Figure 5) it is necessary to take in 
account the structure of the lamina. Uncured multi-directional lamina has well 
defined outer geometry due to mechanical bond of braided yarns. This structural 
feature leads to different behavior  of the multi-directional lamina within the layred 
composite compared to uni-directional lamina. Outer geometry of uncured uni-
directional lamina changes when the strip is built in a layered composite. Individual 
fibers disperse across boundaries of the layers and make the transition between 
layers gradual.  

Gradual transition sustains larger shear load between layers compared to a steep 
transition. In steep transition between layers smaller area than in gradual transition 
resists the load. It is in accordance with experimental results published in [54]. 

The failure of the S beam is controlled by delamination of individual laminae due 
to the inter-layer shear stress which exceeds the adhesion between the layers. 
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Specimen P (unidirectional FRC) Specimen S (multidirectional FRC)

200x 200x

1000 x 1000 x

5000 x5000 x

 
 

FIGURE 5: SEM of fractured fibre reinforced composites P and S 
 
 
Layered beam C2P based on the combination of two uni-directional FRC layers 

(P) and high viscous particulate filled composite (C) exhibits fracture surfaces in the 
PFC layer (see Figure 6). Fibres in the lower layer preclude cracks propagation from 
the PFC layer. The normal stress parallel to longitudinal axis of the beam caused by 
bending in FRC layer leads gradually to debonding of individual fibres followed by 
tensile rupture. 
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C2P C2S

200x 200x

1000 x 1000 x
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FIGURE 6: SEM of fractured fibre reinforced composites P and S 
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It is apparent that the microstructure of all types of specimens exhibits large 

number of different inhomogeneities such as voids, fibers misalignment, 
imprefections in fibre-matrix interface caused by fabrication process. These 
microstructural features causes an appreciable scatter in parameters of mechanical  

Layered beam C2S combining layers made of two multidirectional FRC strips (S) 
and high viscous particulate filled composite (C) displays failure brittle fracture of 
PFC followed by de-bonding of the FRC layer adjacent to CB layer and finally 
delamination of individual laminae in the FRC layer. 
 

Output of finite elements analysis depicts the distribution of normal stress in the 
stage of initiation of FRC and PFC layers delamination – see Figure 7. 

 

Normal stress [Pa]

Delamination zone
(no stress present)

FRC layer
PFC layer - compressed part
PFC layer - tensed part

Multilayered beam (a symmetric half )

 
 
 

FIGURE 7: FEM analysis of normal stress distribution during initiation of 
delamination of the layers in bi-material beam 



 15 

 
 

3.1.4 High speed camera monitoring 
High speed camera recorded static three-point test of selected type of specimen in 

order to visualize deformation events in the specimen and relate them to the 
characteristic points of load - deflection curve. 

Figure 8 shows different modi of the failure of the specimen P (a) and the 
specimen C4P (b). 

P beam failed due to separation fibres from the matrix in the compressed part of 
the cross section followed by buckling. 

C4P beam failed due to separation fibres from the matrix in the tensed part of the 
cross section followed by gradually rupturing the individual fibres in tension.  

 

a b
 

FIGURE 8: Modi of failure of the specimens P (a) and C4P (b 
 
 
 
 
 
 
3.2 MECHANICAL ANALYSIS 

 
 

3.2.1 DMTA tests 
All types of beams investigated exhibited relatively large ability to store energy 

from the deformation (quotient of EST > 99.5% of EDMTA) i.e. prevailing mode of the 
response was elasticity - see Fig.9. 
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FIGURE 9: Quotient of EST [% of EDMTA] 

 
 

 
3.2.2 Patterns of mechanical response on static three-point bending 
Several characteristic values were derived from the data obtained during tests 

such as stiffness, modulus of elasticity and characteristic stresses in the cross-section 
of the specimen. 

Two forms of load-deflection diagrams were observed: 
• 1 - Smooth curve of the relation demonstrates continuous deformation without 

sharp changes within internal structure of the specimen. A single peak of the 
load – deflection curve is followed by a catastrophic reduction in load (stress) 
in one or more steps. The respective SEM images indicates the failure mode of 
this type of specimen. 

• 2 - The complex curve with multiple local extremes (peaks) demonstrate multi-
steps changes within internal structure. Multiple peaks are indicative of 
subcritical cracking [57] and they are accompanied by stress redistribution 
which leads to the next peak on the curve. Outputs of finite element analysis of 
the specimen F1P illustrates how the normal stress is redistributed during 
deformation when subcritical cracks propagate – see Figure 10 a,b. 

 
Only a part of the range of data was included in the stiffness analysis in 

specimens with complex load-deflection curve.  This range begins at the start of the 
curve and ends when the first peak occurs. When deriving characteristic (maximum) 
stresses the range of the curve where maximum load occurs is taken into 
consideration. 
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Vertical displacement [m]

Excluded elements due to cracks

Multilayered beam (a symmetric half )

PFC layer - tensed part
PFC layer - compressed part
FRC layer

 
 
 

FIGURE 10a: FEA of vertical displacements in specimen F1P during subcritical 
cracks propagation 

 
 

Normal stress [Pa]

Zones of normal stress 
redistribution

 
 
 

FIGURE 10b: FEA of normal stress distribution in specimen F1P during 
subcritical cracks propagation 
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3.2.3 Stiffness in the initial range of deformation 

 
3.2.3.1. Influence of filler content of PFC on stiffness 
When considering filler content of particulate filled composite in a layered beam 

it influences the resistance of the beam against deformation. Layered beam of the 
same sequence of layers but with higher filler content of PFC layer displays higher 
stiffness compared with that with lower filler content of PFC – see Figure 11.  

A filler content influences the stiffness in accordance with the principle of 
equivalent homogeneity. Both theories (effective medium theory and equivalent 
inclusion theory) lead to the same qualitative output: the higher content of the 
component with the higher value of certain parameter brings the higher effective 
value of the respective parameter of the final composite. Silica filler has higher 
modulus of elasticity than the resin and in accordance with the principle of 
equivalent homogeneity the higher content of silica filler brings higher stiffness to 
the final composite. This feature of the micorstructure PFC layer is demonstrated at 
macroscale in the higher stiffness of the layered composite. 
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FIGURE 11: Influence of filler content of PFC on stiffness 
 

 
3.2.3.2. Influence of the reinforcement on stiffness 
 
In a layered composite FRC, a layer can be seen as a reinforcing part of the 

superstructure. The microscale elastic properties of FRC lamina are well 
mathematically described and bending tests provided relevant data which can be 
considered as effective properties of FRC as well.  
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Due to the homogenization of FRC layer it is possible to treat FRC as a 
homogenous layer with effective elastic properties given obtained by calculations or 
by experiment. We use experimental data obtained from three – point tests in this 
work. In this respect the measure of the reinforcement is the volume content of  FRC 
layer in the specimen measured by the portion of FRC layer on the cross section area 
of the beam. We call this parameter in further text as a rate of the reinforcement and 
it is related to specific type of FRC .  

As seen on Figure 12 this parameter – the rate of the reinforcement - strongly 
influences the stiffness of the layered beam. Higher portion of FRC layer on the 
cross section area (rate of the reinforcement) brings higher stiffness of the beam. 
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FIGURE 12: Influence of the rate of the reinforcement on stiffness 
 
 
3.2.3.3. Influence of the interlayer on stiffness 
There was no impact of different interlayer designs (resin interlayer between FRC  

and PFC layers or no interlayer) in our test observed in our test – see Figure 13. It 
indicates that adhesion between layers does not necessarily influence the resistence 
of the beam against deformation which is in good agreement with the fact that the 
resin used for interlayer has lower modulus of elasticity than other constituents 
(2408 MPa ± 176).  

There was neither negative influence observed because the thickness of the 
interlayer was ~ 0.01 mm (based on SEM image analysis) and the volume content of 
the resin in the beam could be neglected.   

However, this result should be considered in the context of a fiber architecture of 
FRC. When the longitudinal shear strength between the layers controls the overall 
mode of failure than the presence of interlayer may positively contribute to the 
stiffness of the beam. 
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FIGURE 13: Influence of the interlayer on stiffness 

 
 

3.2.3.4. Influence of different architecture of FRC on stiffness 
The impact of the FRC architecture may be evaluated in case the beams of the 

same volume content of different FRC are compared. It is apparent that the same 
volume content of unidirectional strip in a layered beam brings larger stiffness 
compared to same content of fibers in the multidirectional strip due to the more 
effective orientation of fibres in the strip – see Figure 14. This is in agreement with 
expectations because the effective modulus of homogenized unidirectional strip is 
higher than that of multidirectional strip (see the values of modulus at volume 
content = 1.0 at Figure 14).  

The layout of fibers (micro-scale feature) influences the effective stiffness of FRC 
lamina (meso-scale feature) according to the well-known rules of lamina. On the 
macro-scale of the layered beam the architecture of fibers is reflected indirectly as 
one of the factors contributing to the effective stiffness of the FRC layer. 
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FIGURE 14: Influence of FRC architecture on stiffness 
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3.2.4 Correlation between experimental data and selected analytical model 
 
The analytical model is based on the Rule of mixture for homogenization of the 

material in the beam. In a layered composites firm bond between individual layers 
and uniform strain is expected and consequently the Voigt version of the Rule of 
mixture was used. 

Outputs of the analytical estimation of the effective modulus by the Rule of 
mixture were compared with experimental data obtained from static three-point tests 
and DMTA of three point bending as well. Graph in Figure 15 shows the 
compliance of the values gained in both types of experiments (DMTA and static 
three point bending) and analytical model. 

Based on this comparison it can be stated that Rule of mixture is a robust 
analytical method to estimate effective resistance to deformation of the layered 
composites of our interest.  

The difference between Efmax and EDmax indicates the extension of micro-defects 
which propagate during the loading and influence the resistance of the specimen to 
flexure and non-linear elasticity of layered composites as well.  
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FIGURE 15: Comparison of different stiffness moduli 
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3.2.5 Maximum stresses and stress distribution 
 
The distribution of the normal stress in bi-material beams follows the scheme on the 
Figure 16. 
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FIGURE 16: Normal stress distribution in a bi-layer beam 
 
Normal stresses (parallel to longitudinal axis x) in the characteristic points of the 

cross section are as follows: 
• Stress σT at point T - the farthest point away from neutral axis in the tension 

part of the cross section 
• Stress σBFRC at point Bfrc - the point on the material borderline - FRC site 
• Stress σBPFC at point Bpfc - the point on the material borderline - PFC site 
• Stress σC at point C - the farthest point away from neutral axis in the 

compression part of the cross section 
• Longitudinal shear stress  τB =   σFRC – σPFC 

 
 

 
3.2.5.1. Influence of the filler content of PFC on normal stress 
As shown in Figure 17, there is an influence of filler content of PFC on the 

longitudinal shear stress τB. Larger longitudinal shear between layers exhibits the 
beam with higher filler content of PFC. 

Based on the concept of homogeneization the effective strength of the PFC is a 
function of the content of a component with higher strength i.e. the filler. It is then 
apparent that the PFC with higher filler content should have higher strength 
compared to the PFC with lower filler content. This assumption is in accordance 
with our experimental results. 
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FIGURE 17: Influence of the filler content of PFC on normal stress distribution 

 
The difference between the stresses on the borders of the layer indicates the 

difference of individual PFCs to carry the load. The normal stresses on the border on 
the site of the FRC are very close in both specimen (188 ± 36 MPa for F1P and 202 
± 79 for C1P) the respective stresses on the site of PFC are very different (70 ± 14 
for F1P and 115 ± 21). This conclusion correlates with different values of maximum 
compression for both specimens. Larger difference between the strength of adjacent 
layers creates larger longitudinal shear stress. The relative position of the border of 
the layer and the neutral axis is the second factor, which influences the value of 
longitudinal shear on the layers border. 

 
 
3.2.5.2. Influence of the FRC reinforcement on normal stress 
When analysing the influence of the reinforcement on normal stress and its 

distribution we use the same approach as for stiffness. It is based on the concept of 
multi-scale modeling where the properties on micro-scale are homogenized and used 
as an input on meso-scale. Due to the homogenization of FRC layer it is possible to 
treat FRC as a homogenous layer. In this respect the measure of the reinforcement is  
the volume content of  FRC layer in the specimen measured by the portion of FRC 
layer on the cross section area of the beam. 

The rate of reinforcement has a key impact on the way the stress is distributed 
across the beam cross section. Figure 18 compares values of respective stresses in 
individual types of layered beams. 
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FIGURE 18: Comparison of the characteristic normal stresses in beams with a 

different rate of the reinforcement 
 

 
Based on the calculated data it is suggested that the volume content of the FRC 

layer influences normal stress and its distribution in several ways: 
• FRC layer increases the maximum stresses compared to PFC mono-layer 

specimen. It is because FRC has larger strength in tension compared to PFC as 
indicated in the failure behavior of mono-layer specimen during three point 
bending tests.  

• There was no relation between the volume content of FRC and maximum 
stresses observed. It is suggested that there is a certain range of effective 
volume content and out of this range the reinforcing effect of FRC drops down 
This feature is well known in reinforced concrete. 

• The presence of FRC layer and its area in the beam cross section shifts the 
position of the neutral axis according to the equations of ideal cross section. 

• The volume content of FRC layer influences the relative position of the border 
of the layers and the neutral axis as well. Larger volume content means large 
area of cross-section occupied by the layer. Providing the FRC layer is placed 
from the very bottom of the specimen with raising volume content of the FRC 
the layer’s border goes closer to the neutral axis. With a certain volume content 
the neutral axis may lay in the area of the cross section occupied by FRC layer 
.The relative position of the layer’s border and the neutral axis determines the 
value of longitudinal shear between layers, which influences delamination of 
the layers.  
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3.2.5.3. Influence of the interlayer on normal stress 
Figure 19 provides a comparison of stresses in layered beams with and without 

interlayer. It is evident that there is no influence of interlayer on stresses displayed. 
This statement does not exclude the hypothesis that the interlayer increases the 

adhesion between layers. But this eventually increase does not apply to the strength 
or to stress distribution during the test of given protocol and specimen’s geometry. It 
is in a good agreement with the proposed failure mechanism where delamination of 
the layer does not activate the final failure in layer beams. 
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FIGURE 19: : Influence of interlayer on normal stress 

 
3.2.5.4. Influence of different architecture of FRC on normal stress  
Two types of the beams were chosen in order to study the influence of 

architecture of FRC on normal stress. Both have neutral axis in about the same 
position so the influence of different geometry of layers can be neglected. Based on 
Figure 20 it is evident that the fiber architecture in the layers strongly influences 
normal stresses in the beam. 
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FIGURE 20: Influence of interlayer on normal stress 
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4  CONCLUSIONS  

 
The contents of fibres in FRC ascertained by TGA were in a good agreement with 

the data supplied by their manufacturers. The content of particles in PFC were in a 
good agreement with the values typical for low and high viscous dental PFCs. The 
data from the manufacturer were not available. 

The filler content of the PFC layer influences the stiffness and the maximum 
stresses of layered composites according to the principles of homogeneization of 
effective properties.  

The volume content of the FRC layer (the rate of the reinforcement) influences 
the stiffness of layered composites. Voigt version of Rule of mixture is in a good 
agreement with experimental data. Normal stress is influenced by volume content of 
FRC too. It influences the position of the neutral axis as well as the relative position 
of the layer’s border and the neutral axis.  The maximum stress growth with the 
volume content of the FRC layer in the certain range, out of this range the 
reinforcing becomes non-effective. 

There was no influence of interlayer on overall stiffness nor normal stress and its 
distribution shown because in the test protocol applied the delamination of the layers 
does not activate the final failure. 

The internal architecture of the FRC layer influences the mechanical response of 
the layered beams both in stiffness and normal stress. Both effects are in accordance 
with the concept of effective homogeneization. 

Multi-scale modeling is found as a usefull approach to predict and calculate 
modulus of elasticity and normal stresses of layered composites. Micro-scale is in 
this respect represented by constituents of PFCs and FRCs, FRC a PFC layer is 
treated as a meso-scale feature while the whole beam is a macro-scale 
superstructure. 

Following clinical recommendation results from this study: 
There is a preferable combination of uni-directional FRC with PFC with higher 

filler content (CB) and multi-directional FRC and PFC with lower filler content 
(FLOW). 

In this study we focused on how  structural features on micro- and meso-scale of 
constituents influence mechanical response of layered composites  used in dentistry. 
The results confirmed that the internal structure of constituents has an predictable 
impact on mechanical response.  

Layered composites represent a concept in which by using several layouts on 
different scales new required properties of final superstructure may be obtained. 

However, further work is required in order to bring predictable results to dental 
practice.  Clinical testing of different treatment protocols using layered composites 
would be beneficial in this respect. 
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ABSTRAKT 
 
Disertační práce se věnuje mechanické odezvě pokročilých vrstevnatých 

kompozitů pro stomatologické aplikace. Modelová kompozitní struktura je složena 
z vrstev s částicových a vlákny vyztužených kompozitů. Hlavní důraz byl kladen na 
zkoumání vlivu strukturálních charakteristik na mikro a mezo úrovni na deformační 
chování a porušení během statického tříbodového ohybu. Strukturální 
charakteristiky na mikro a mezo úrovni zahrnovaly orientaci vláken, objemový 
obsah vláken a částic, adhezi mezi vrstvami a skladbu vrstev. Je prezentován 
testovací protokol vhodný pro získání spolehlivých dat o vztahu mezi strukturou a 
vlastnostmi modelových vrstevnatých kompozitů, která jsou relevantní pro klinické 
aplikace těchto materiálů. Experimentálně zjištěné závislosti tuhosti a parametrů 
porušení na struktuře jsou podrobeny interpretaci s využitím existujících 
teoretických modelů. Data získaná z testů DMTA a ze statického tříbodového ohybu 
byla využita k analýze vlivu strukturálních charakteristik na tuhost a rozdělení 
napětí v průběhu statické deformace. Na základě těchto analýz jsou navržena 
základní pravidla pro klinické použití vrstevnatých kompozitů ve stomatologických 
aplikacích jako jsou minimálně invazivní můstky nebo stabilizační dlahy. 

 
 
 
 
 
 
ABSTRACT 
 
The PhD thesis deals with mechanical response of advanced layered composites 

for dental applications. Model composite superstructure is composed of fiber 
reinforced and particulate filled composite layers. The main concern was to 
investigate influence of microscale and mesoscale structural features on deformation 
behavior and ftracture during static three point bending test. The microscale and 
mesoscale structural features covered fiber orientation, fiber and particle volume 
fractions, interlayer adhesion and layering sequence. Testing protocol suitable to 
obtain reliable experimental data on structure-property relationship for model test 
specimen relevant for clinical applications is presented. An attempt is made to 
interpret experimentaly established structure-stiffness and structure-fracture 
relationships using existing models.  Data gained out of static and DMTA three 
point bending were used to analyze an influence of structural features on stiffness 
and stress distribution. Based on these analyses,  basic rules for clinical applications 
in dentistry such as minimally invasive bridges and stabilising devices (splints) of 
layered composites are proposed. 
 


