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ABSTRACT 

During the last 50 years, a broad range of visible light curing resin based 

composites (VLC RBC) was developed for restorative applications in dentistry. 

Correspondingly, the technologies of light curing units (LCU) have changed from 

UV to visible blue light, and there from quartz tungsten halogen over plasma arc to 

LED LCUs increasing their light intensity significantly.  

In this thesis, the influence of the curing conditions in terms of irradiance, 

exposure time and irradiance distribution of LCU on reaction kinetics as well as 

corresponding mechanical and viscoelastic properties were investigated. 

Different experimental methods were used to determine time dependent degree of 

conversion (DC), depth of cure (DoC), hardness distribution and post-curing 

kinetics. Dynamic mechanical indentation technique was implemented on a dynamic 

mechanical analyzer to determine local viscoelastic properties on a scale of 100 to 

300 µm. 

To evaluate the data several quantitative approaches were applied. A novel DC-

function based on a time dependent reaction constant is presented to produce 

intrinsically final DC-values less than 100 % and better representation DC-data. The 

novel DC-function shows that the kinetics of the curing reaction is mainly 

determined by the reaction time constant which depends on the irradiance of the 

LCU. The DC reached 45 % after time corresponding to the reaction time constant. 

It was shown that the reaction rate depends on the square root of irradiance for the 

investigated composites.  

A new method to determine DoC in a user-independent and automatized manner 

was presented which can be applied to any depth dependent property of light curing 

composites. Due to the mathematical description, the properties at DoC have 

decreased to 88 % of their plateau values, and are thus not arbitrary.  

Furthermore, the irradiance distribution of the LCU is reflected in the distribution 

of mechanical properties. Longer exposure times increase the hardness level, but do 

not level out the imprinted patterns. This is in accordance with long term hardness 

measurements revealing that the kinetics of the post-curing has a logarithmic time 

dependency, and is also determined by the locally introduced irradiance. Samples 

irradiated with different exposure times produced hardness curves which could be 

shifted to a master curve on the logarithmic time axis allowing for long term 

predictions of the hardness, and indirectly the DC. 
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RESUME  

Reaction kinetics and resulting mechanical and viscoelastic properties of visible 

light curing resin based composites (VLC RBC) at various curing conditions are 

investigated. A novel degree of conversion (DC) function was determined, providing 

improved representation of DC-data. Further, this DC-function shows that the 

kinetics of the curing reaction is mainly determined by the reaction time constant 

which depends on the irradiance of the light curing units (LCU) under examination. 

The irradiance distribution of the LCU is reflected in the distribution of mechanical 

properties. Longer exposure times increase the hardness level, but do not level out 

the imprinted patterns. Samples irradiated with different exposure times produced 

hardness curves which could be shifted to a master curve allowing for long term 

predictions of the hardness, and indirectly the DC. A new method to determine 

depth of cure in a user-independent and automatized manner was presented which 

can be applied to any depth dependent property of light curing composites. 

 

FAZIT 

Diese Studie befasst sich mit der Reaktionskinetik und den resultierenden 

mechanischen und viskoelastischen Eigenschaften von lichthärtenden 

Dentalkompositen (VLC RBC) in Abhängigkeit der Belichtungsbedingungen. 

Während dieser Studie wurde eine neue Umsatzfunktion entwickelt, die zu einer 

Verbesserung der Darstellung der Umsatzdaten führt. Anhand dieser Funktion kann 

gezeigt werden, dass die Reaktionskinetik hauptsächlich durch die 

Reaktionszeitkonstante bestimmt wird, die vor allem von der Intensität der 

verwendeten Belichtungslampen abhängt. Die Intensitätsverteilung der 

Belichtungslampen spiegelt sich in der Verteilung der mechanischen Eigenschaften 

der Dentalkomposite wieder. Eine Verlängerung der Belichtungszeit führt dabei zu 

einer Steigerung der Härte, allerdings nicht zu einem Ausgleich der 

ungleichmäßigen Verteilung der mechanischen Eigenschaften. Die Belichtung von 

Proben mit unterschiedlichen langen Zeiten liefert Härteverläufe, die über die 

Verschiebung zu einer Masterkurve, die Vorhersage von Härteverläufen über einen 

längeren Zeitraum ermöglichen. Eine neue Methode wurde zur automatischen und 

benutzerunabhängigen Bestimmung der Aushärtetiefe entwickelt. Dies neue 

Methode kann auf verschiedene tiefenabhängige Eigenschaften von 

Dentalkompositen angewendet werden. 

 



3 

CONTENTS 

 

Abstract ..................................................................................................................... 1 

Content ...................................................................................................................... 3 

1 State of the Art ................................................................................................ 5 

1.1 Dental composites ........................................................................................... 5 

1.1.1 Composition of VLC RBCs ........................................................................ 5 

1.2 Photo-polymerization process......................................................................... 6 

1.2.1 Reaction kinetics of the overall polymerization process ............................ 6 

1.3 Methods to determine curing state and degree of conversion ........................ 6 

1.3.1 Infrared spectroscopy .................................................................................. 6 

1.3.2 Raman Spectroscopy .................................................................................. 7 

1.3.3 Differential scanning calorimetry ............................................................... 7 

1.3.4 Dielectric analysis ....................................................................................... 8 

1.4 Determination of viscoelastic properties of VLC RBCs using indentation 

methods ........................................................................................................... 8 

1.4.1 Instrumented indentation techniques .......................................................... 9 

1.4.2 Mechanical imaging and mapping ............................................................ 10 

1.5 Dynamic mechanical Analysis (DMA) ........................................................ 10 

2 Methodology and purpose of the work ......................................................... 12 

3 Discussion of the results ............................................................................... 14 

3.1 Characterization of dental light curing units ................................................ 14 

3.1.1 Light energy and spectral measurements [P-I and P-VI] ......................... 14 

3.1.2 Light distribution measurements [P-I] ...................................................... 14 

3.2 Kinetics of VLC RBCs ................................................................................. 15 

3.2.1 Modelling reaction kinetics of VLC RBCs [P-II] .................................... 15 

3.2.2 Evaluation of the DC and total energy concept [P-III]............................. 16 

3.3 Effects of curing condition on the properties of VLC RBCs ....................... 17 

3.3.1 Effects of the curing time and irradiance on the depth depending 

properties [P-IV] ....................................................................................... 17 



4 

3.3.2 Effects of irradiance distribution on the mechanical surface properties 

[P-V] ......................................................................................................... 19 

3.3.3 Development of a dynamic mechanical indentation method to determine 

local viscoelastic depth and surface properties of VLC RBCs [not 

published yet] ............................................................................................ 20 

3.4 Effects of the post-curing on hardness evolution of VLC RBCs ................. 22 

3.4.1 Surface hardness prediction by using a master curve post-curing concept 

[P-VI] ........................................................................................................ 22 

4 Conclusions ................................................................................................... 25 

5 Contribution to science and practice ............................................................. 27 

References ............................................................................................................... 28 

List of Figures ......................................................................................................... 33 

List of Tables .......................................................................................................... 33 

Abbreviations .......................................................................................................... 34 

Symbols .................................................................................................................. 35 

Greek Symbols ....................................................................................................... 37 

Chemical Symbols .................................................................................................. 37 

Publications, Posters and Presentations .................................................................. 38 

Curriculum Vitae .................................................................................................... 40 

 

 



5 

1 STATE OF THE ART 

1.1 Dental composites 

The visible light curing resin based dental composites (VLC RBC) are the mostly 

used material in the dentistry practice today. They are used e.g. as restoration, crown 

material, inlays or root canal posts [1]. The development of the dental material was 

started in the 1950s with self-curing materials [2]. From the middle of the 1960s to 

the middle 1970s the light curing composite initiation changed from UV-light curing 

to visible light curing, which is safer in the application due to ozone generation and 

radiation damages caused by UV-light [3,4]. The LED curing technology is state of 

the art of the light curing units today. Energy efficiency, easy handling and long 

lifetime are the main advantages of this technique. 

1.1.1 Composition of VLC RBCs 

The VLC RBCs consist of three main components, the monomer system, the 

initiator system and the fillers. The first part, the monomer system, is an organic 

system building the polymer matrix during the photo-polymerization process. The 

most common monomers are bisphenol A glycidyl methacrylate (Bis-GMA), 

ethoxylated bisphenol-A dimethacrylate (Bis-EMA), urethane dimethacrylate 

(UDMA) and triethylene glycol dimethacrylate (TEGDMA) [5–7]. The monomer 

matrix defines the different properties of the VLC RBCs in uncured and cured state 

by adjusting the viscosity, light transmission by refraction index or the volume 

contraction during polymerization.  

The second part is the initiator system. The function of the VLC RBC initiator 

system is the conversion of light energy from the LCU into a radical state of the 

initiator molecules to start the photo-polymerization. The commonly used initiator 

systems are composed of camphorquinone (CQ) and ethyl 4-(dimethylamino) 

benzoate (DABE) [3]. For bleaching products, that need to be colorless, 

monoacylphosphine oxid (TPO) or 1-phenyl-1,2-propandedione (PPD) are used, 

[1,4,8]. 

The third part of the VLC RBCs is the filler system. The filler consists of an 

inorganic material - typically grinded glass or minerals [1,9–11]. The main function 

of fillers is the improvement of physical and mechanical properties of VLC RBCs, 

e.g. increasing stiffness, reducing shrinkage during polymerization or improving 

handling properties [12]. The properties are adjusted by variation the size from the 

micro- to the nanoscale (50 µm to 0.005 µm) and/or the amount of fillers (50 wt% 

up to 85 wt%) [1,9,10,13]. New developments such as pre-polymerized fillers (PPF) 

improve final properties such as the shrinkage bounding or the polishability [12]. 
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1.2 Photo-polymerization process 

The photo-polymerization process is a radical, chain-growth polymerization, 

which is divided in three processes: initiation, propagation and termination [11,14]. 

The initiation process is started by irradiation of light that transfers CQ to an exited 

energy state. In this excited state it can react with a DABE molecule to active amino 

alkyl radicals [3,15–17]. After the light activation, the initiator molecules form 

radicals (R
•
) and start the polymerization process with monomers. 

Start reaction:          )(DMAADMAA
startk

 

 (I) 

Growth reaction: )()()()( 1   DMADMAADMADMADMAA n

k

n

ucg

 

1.2.1 Reaction kinetics of the overall polymerization process 

The main topic of this work is the investigation how the viscoelastic properties 
are affected by the curing conditions. Also a more detailed view on the reaction 
kinetics, the degree of conversion (DC) and depth of cure (DoC) is presented. In the 
“steady state” initiation and termination are in equilibrium, the overall rate of 
reaction Rpol is Eq. (1) [18]: 

 𝑅𝑝𝑜𝑙(𝑡) =
𝑑[𝑀]

𝑑𝑡
= −

𝑘𝑝

𝑘𝑡
0.5 [𝑀](𝐼0𝑒−𝑐𝑥)0.5 (1) 

The time and depth depending DC(t,x) is determined by integration of Eq. (2): 

 𝐷𝐶(𝑡, 𝑥) = 1 −
[𝑀](𝑡,𝑥)

𝑀0
= 1 − 𝑒

−
𝑘𝑝

𝑘𝑡
0.5(𝐼0𝑒−𝑎𝑥)0.5𝑡

 (2) 

The DC is an important measure to characterize the curing behavior of VLC 
RBCs and can be determined by spectroscopic methods, such as FTIR and Raman 
spectroscopy, thermal analysis e.g. differential scanning calorimetry (DSC) or 
dielectric analysis (DEA) [14,19–22]. The DoC can be determined using mechanical 
methods (hardness tests, ISO 4049 scratch test or nanoindentation [23–26]. 

 

1.3 Methods to determine curing state and degree of conversion 

1.3.1 Infrared spectroscopy 

The attenuated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR) is used to trace the polymerization process of VLC RBCs [22,27,28]. 
Samples with defined thickness are placed above a crystal and the IR beam 
penetrates few microns as an evanescent wave [29], Fig. 1. 

During the polymerization, the molecular structure, and therefore the absorbance 
(Abs) of the specimen, change as the number of aliphatic C=C bounds decreases. 
The time dependent DCIR(t), can be calculated by the following equation: 
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 𝐷𝐶𝐼𝑅(𝑡) =

{
[[𝐴𝑏𝑠𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐](𝑡)

[𝐴𝑏𝑠𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐]
}

𝑝𝑜𝑙𝑦𝑚𝑒𝑟

{
[𝐴𝑏𝑠𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐]

[𝐴𝑏𝑠𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐]
}

𝑚𝑜𝑛𝑜𝑚𝑒𝑟

 (3)  

 

Fig. 1 Principle of ATR-spectroscopy [30] 

1.3.2 Raman Spectroscopy 

Raman spectroscopy is a complementary technique to IR-spectroscopy to 
determine the DC of VLC RBCs [26,31–35]. This method is based on the inelastic 
light scattering on molecules and the resulting shift in energy by delivered or 
absorbed energy of the photons (Stokes- and anti-Stokes scattering) [31,32]. 

 

Fig. 2 Comparison of anti-Stokes and Stokes peak intensities with respect to the 

Rayleigh peak intensity [31] 

Fluorescence caused by ingredients of the VLC RBCs can overlap with the 
Raman scattered light [20,35]. Furthermore, laser light absorption increases the 
sample temperature and may cause thermal degradation [36].  

1.3.3 Differential scanning calorimetry 

The differential scanning calorimetry (DSC) allows for determining the heat flow 
𝑄̇ between sample and environment being proportional to the reaction rate [37–39]. 
The time dependent DCDSC(t) can be defined by evaluating the peak of curing 
enthalpy in the following way, Eq. (4): 
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 𝐷𝐶𝐷𝑆𝐶(𝑡) =
∫ 𝑄̇

𝑡

𝑡𝑠𝑡𝑎𝑟𝑡
𝑝𝑒𝑎𝑘 (𝑡′)𝑑𝑡′

∫ 𝑄̇
𝑡

𝑒𝑛𝑑
𝑝𝑒𝑎𝑘

𝑡𝑠𝑡𝑎𝑟𝑡
𝑝𝑒𝑎𝑘 (𝑡′)𝑑𝑡′

=
∫ 𝑄̇

𝑡

𝑡𝑠𝑡𝑎𝑟𝑡
𝑝𝑒𝑎𝑘 (𝑡′)𝑑𝑡′

𝑄𝑐𝑢𝑟𝑖𝑛𝑔
 (4) 

with the heat flow 𝑄(𝑡)̇  and curing heat Qcuring [40] given by the nominator 
integral. Additionally, post-curing processes caused by trapped radicals in the cured 
resin can be characterized by the post-reaction enthalpy [41,42]. 

1.3.4 Dielectric analysis 

The dielectric analysis (DEA) [43] allows for the monitoring the change of 
dielectric properties of VLC RBCs during the curing process [44,45]. The high data 
acquisition rate at high frequencies allows real-time monitoring of fast curing 
processes of VLC RBCs as well as a long-time observation [45,46]. With ongoing 
curing of a VLC RBC the network density increases, and as a result, the ion 
viscosity ion

(t) increases too, because of the restricted ion mobility. The assumption 
𝑖𝑜𝑛(𝑡)~𝐷𝐶(𝑡) allows for the calculation of DCDEA(t), Eq. (5): 

 𝐷𝐶𝐷𝐸𝐴(𝑡) =
𝑖𝑜𝑛(𝑡)−0

𝑖𝑜𝑛

∞
𝑖𝑜𝑛−0

𝑖𝑜𝑛
 (5) 

with the initial ion viscosity 
0
𝑖𝑜𝑛 and the final ion viscosity 


𝑖𝑜𝑛. 

 

1.4 Determination of viscoelastic properties of VLC RBCs using 

indentation methods 

Indentation methods such as hardness testing or nanoindentation allow for the 
determination of local mechanical properties, Table 1, and as a consequence the 
influences of curing conditions e.g. irradiance or exposure time on the properties of 
the VLC RBCs. In dental material science, indentation methods are used to compare 
hardness with other properties such as DC, DoC or to map the surface hardness 
distribution for mechanical imaging [23,47–49]. 

Table 1 Indentation methods and measured variables of mechanical methods to 

determine the mechanical and viscoelastic properties of VLC RBCs 

Method measurable quantities spatial 

resolution 

Hardness tester Hardness, depth of cure  local 

Atomic force 

microscopy 

Stiffness, surface roughness local 

Nanoindenter Stiffness, hardness, depth of cure local 
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1.4.1 Instrumented indentation techniques 

Instrumented hardness tester, nanoindenter and atomic force microscopy (AFM) 
determine force-indentation vs. depths curves providing significantly more material 
information such as hardness, plastic deformation energy, creep and relaxation 
properties and Young’s modulus. The determination of the elastic modulus is based 
on the work of Oliver and Pharr [50]. The loading curve is followed by an unloading 
curve, whereas the linear section of the unloading curve is used to determine 
Young’s modulus. The slope of the linear section is called “stiffness” and is a 
measure for the elasticity of a material with the contact area of the indenter A. 

 𝑆 =
𝑑𝑃

𝑑ℎ
=

2

√𝜋
𝐸 ∙ √𝐴  (6) 

The determined elastic modulus depends on moduli and Poisson’s ratios of both 
tip (Et, t) and sample (Es, s). 

 
1

𝐸
=

1−𝑣𝑠²

𝐸𝑠
+

1−𝑣𝑡
²

𝐸𝑡
 (7) 

1.4.1.1 Atomic Force Microscopy (AFM) 

The AFM allows for the determination of surface properties on a nanoscale (0.1 to 
10 nm), using repulsive and attractive atomic forces of surface atoms and atoms of a 
fine tip [51–55]. AFM indentation can be used to map local mechanical properties of 
a surface. AFM consists of a cantilever spring with defined stiffness and a fine tip at 
the end, a laser diode, a position sensitive photo-detector, a xyz-stage for 3D 
positioning and a processing unit. The position of the cantilever spring tip is 
determined by the position of the reflected laser beam on the photo-detector [53]. 
The cantilever spring bends during the indentation and its deflection is detected by 
the laser beam. As the cantilever stiffness is known the applied load P can be 
calculated by the displacement of the cantilever spring. 

1.4.1.2 Nanoindenter 

The nanoindenter is an instrumented indentation technique to measure mechanical 
properties in the force range of 40 and 1800 mN with lateral resolution of >10 nm 
[56–58]. Nanoindenters are equipped with motorized xy-stage for mechanical 
images and use the typical hardness indenter geometries e.g. Vickers, or Berkovich 
[56]. Furthermore, the nanoindenter can measure in dynamic mechanical modes, 
which allow to measure viscoelastic properties [56]. 

Most applications for nanoindenters in dental material science are the 

determination of hardness and elastic modulus depending on curing conditions. 

They are compared with other material properties, such as DC or the influence of 

morphology or composition of VLC RBCs [59–63]. Due to the high resolution the 

determination of small spatial characteristics such as the influence of coupling 

agents on the mechanical properties is possible [64]. 
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1.4.2 Mechanical imaging and mapping 

The great advantage of instrumented indentation techniques is the automation of 
measurement and data acquisition as well as data evaluation for mechanical 
mapping, Fig. 3. Mechanical mapping visualizes differences in local mechanical 
properties of a surface, e.g. caused by filler particles or inhomogeneous curing 
[47,49,65]. This is especially used in dental material science to determine the effects 
of light intensity distribution of the LCU on the mechanical properties of cured 
VLC RBCs [47,49]. 

 

Fig. 3 Scheme of a mapping system to determine the mechanical property 
distribution of a sample surface.  

1.5 Dynamic mechanical Analysis (DMA) 

The dynamic mechanical analysis (DMA) is a method to characterize the 

viscoelastic behavior of materials in terms of the temperature and frequency 

dependent complex modulus E*(,T) [39,66,67]. Besides, the determination of 

E*(,T) further mechanical properties are provided such as storage E’, loss modulus 

E’’, loss factor tan () and glass temperature Tg. As mechanical properties change 

drastically during a phase transition, transition temperatures can be determined very 

sensitively. Additionally, DMA measurements are used to determine the frequency 

and temperature depended behavior to construct master curves, Fig. 4 [66,67]. They 

allow for predicting material behavior beyond the experimentally accessible 

measuring range, e.g. high frequency performance of tire rubbers [68] or long time 

behavior of plastic pipes [69]. 

In the field of dental composites, the DMA is used to determine the stiffness of 

VLC RBCs after curing to evaluate the influence of the curing conditions [70–73]. 

Another application is the investigation of the kinetics of post-curing processes. As 

post-curing happens slowly, DMA with low frequencies (< 1 Hz) reveals a 

logarithmic time dependency of the post-curing process. 

Besides the characterization of the bulk viscoelastic behavior, DMA allows for 

the determination of local viscoelastic properties in the compression mode with 

small size indenters [74]. Therefore, it is principally possible to determine local 

mechanical properties for the VLC RBCs comparable with nanoindentation. 
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Fig. 4 Construction of the master curve for PIB at 25 °C reference temperature by 

shifting stress relaxation curves obtained at different temperatures horizontally 
along the time axis. The shift factor aT varies with temperature as shown [75]. 
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2 METHODOLOGY AND PURPOSE OF THE WORK 

Visible light curing resin based dental composites (VLC RBCs) are the most 
common used dental restorative materials. These materials were developed to 
replace amalgam based restoratives first because of elution of mercury, which may 
cause health problems, and second, in order to improve esthetic 
aspects/requirements of patients. The resulting material properties and the life time 
of VLC RBCs depend on the curing conditions. The main influence factors on the 
resulting material properties are irradiance, light distribution and spectrum of the 
light curing unit (LCU). The methods employed in this work shall provide 
information about LCU characteristics, mechanical as well as curing parameters, e.g. 
degree of conversion (DC), time dependent DC (DC(t)), depths of cure (DoC) and 
hardness of the VLC RBC, Fig. 5. 

Until now there is no model established which can predict sufficient DC and DoC 
dependences on curing conditions such as irradiance or exposure time. Furthermore, 
there is hardly any knowledge about the influence of curing conditions on post 
curing, thus predictions of the surface hardness cannot be made. Generally, it is 
known that the LCUs emit inhomogeneous light, and therefore the curing will be 
inhomogeneous, e.g. surface hardness distribution. No one knows how curing 
conditions, such as irradiance and exposure time, influence the resulting distribution 
of the mechanical properties. Often, materials show inhomogeneous mechanical 
properties, e.g. hardness inhomogenities induced by light distribution. A dynamical 
mechanical analysis (DMA) has an ability to determine viscoelastic properties of 
materials. Unfortunately, a micro-indentation system for a commercial DMA is not 
available yet. 

Kinetic models are necessary to predict the DC(t) and DoC. The kinetic models 
will have to be adjusted with measured DC(t) and DoC results for different curing 
conditions. To determine DC(t) for different curing conditions a Fourier transform 
infrared spectroscopy (FTIR) is used in this work. DoC will be measured by using 
differential scanning calorimetry (DSC), hardness and mass loss in strong solvent. 
To gain more information about the influences of the curing conditions on post 
curing, a master curve based superposition will be proposed. The surface hardness 
for VLC RBCs under different curing conditions will be measured at different times 
with hardness testing. Different LCUs will be characterized by ultra violet visible 
spectrometer (UV-Vis) for irradiance and spectra, and a laser beam profiler will be 
utilized for light distribution. These data will be used to compare the LCU 
characteristics to the distribution of the local mechanical properties of VLC RBCs 
measured by mechanical imaging with hardness testing. 

For the development of a micro-indentation DMA an indenter system with sample 
holder and movable x-y stage will be adapted to the DMA to allow the 
determination of viscoelastic properties. A validation of this indentation method will 
be done by comparing the moduli measured in DMA three point bending mode with 
those measured in an indentation mode. The results of the mechanical imaging using 
DMA microindentation will be compared with the results from Knoop hardness 
mapping. 
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Fig. 5 Flow chart of the plant methodology and methods of the PhD thesis 
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3  DISCUSSION OF THE RESULTS 

3.1 Characterization of dental light curing units  

The mechanical and chemical properties depend on the DC of the VLC RBC [76–

79]. Therefore, the emission spectra, irradiance and irradiance distribution were 

measured with an integrated sphere, laser power meter and laser-beam profiler to 

compare them with the properties of the VLC RBCs. 

3.1.1 Light energy and spectral measurements [P-I and P-VI] 

Each LCU shows an individual spectrum and irradiance level and in respect to the 

effective absorbance wavelength of CQ (~ 460 nm), the differences may lead to 

differences in the curing performance [80,81], [P-I Table 1]. 

The measurement of the absorbance energy through an increasing thickness of a 

VLC RBC sample shows an exponential decrease, [P-VI Fig. 3]. It was shown that 

the reflection of light energy on the sample surface is approximately 30 %.  

3.1.2 Light distribution measurements [P-I] 

Measurements of irradiance distributions by a laser-beam profiler show that each 

LCU has an individual irradiance distribution pattern, Fig. 6, due to the internal 

setup [82]. The inhomogeneous irradiance distribution with high and low intensity 

areas may lead to insufficient curing of restorations.  

 

Fig. 6 Laser-beam profiler images of Celalux 1, Celalux 2 and Bluephase 20i in 
Turbo Mode 

The comparison of the laser-beam profiler, the single lens reflex (SLR) and the 

iPad measurements show similar intensity distribution results thus helping dentists 

to gain quick information on the intensity distribution of LCUs.  
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3.2 Kinetics of VLC RBCs 

3.2.1 Modelling reaction kinetics of VLC RBCs [P-II] 

For the first seconds of the curing the time dependent DC can be described with 

Eq. (12) which is the primary curing in the liquid state [46,83]: 
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𝑐0
𝐷𝑀𝐴 = concentration of DMA 

molecules at the beginning 

t = curing time 

𝑐0
𝐷𝑀𝐴(𝑡) = concentration of DMA 

molecules at a certain time 

𝜏𝑟𝑒𝑎𝑐
0  = reaction time constant 

Eq. (12) produces a final DC of 1 whereas DC-values between 0.5 and 0.7 are 

experimentally found [19,22,84,85]. Therefore, a novel DC-function based on a time 

dependent reaction constant was derived providing a correction term K(t) limiting 

the DC-values to less than 1 (or 100 %), Fig. 7. 
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with '0

reac
  constant part of reaction time constant in the liquid phase  

 grow  growing time constant  

   strength of the time dependent part  

 

Fig. 7 Effect of growing time constant grow and strength  on DC-curves [P-II]. 

The novel DC-function produces a good correlation with the measured data in the 

initial phase of the reaction (15 s fit interval), [P-II Fig. 5]. The reaction time 

constants 𝜏𝑟𝑒𝑎𝑐
0  decreased by a factor of 1.9 (Arabesk) and by a factor of 1.8 

(Grandio), if the irradiance is increased by a factor of 3.3. This factor is comparable 
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with the results of the direct method. Fig. 8 shows that the reaction rate constants 
0

reac
 depends reciprocally on the square root of the irradiance and are fitted well with 

 
b
LCU

LCUreac
I

a
I )(0  (14) 

The parameter “b” of the potential fit function is close to -0.5 for both Arabesk 

and Grandio. This confirms the predicted irradiance dependency of reaction rates for 

the photo-polymerization of VLC RBCs [18]. 

 

Fig. 8 Dependency of reaction time constant on the irradiances of LCU  

 

3.2.2 Evaluation of the DC and total energy concept [P-III] 

The basic idea of “total energy concept” or “exposure reciprocity” is that achieved 

DC of VLC RBCs depends only on equivalent amounts of energy irrespective of 

LCU irradiance or exposure time [86,87]. It is often used to choose the best 

exposure strategy for curing. 

Real time measurements of DC were performed by FTIR-ATR, [P-III Fig. 2]. The 

samples were irradiated with a radiant exposure of approximately 18 J/cm² with 

different irradiance levels and corresponding exposure times. The results were fitted 

by a function considering the primary curing (exponential term) in the liquid state at 

the beginning, and the post-curing (logarithmic term) considering the curing in the 

glassy state of the VLC RBC, Eq. (15): 
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with  tLCU time at which the LCU was switched on  

 A fit parameter, achievable DC of primary curing  

 B fit parameter, increase of DC due to post-curing 

DC-curves, Fig. 9 (left), show an increase of the initial slope corresponding to a 

decrease of 𝜏𝑟𝑒𝑎𝑐
0  for higher. If DC is plotted versus total energy, the DC-curves do 

not coincide, Fig. 9 (right). Consequently the total energy concept fails at least for 

high irradiances although the DC after 170 s was equal for all DC-curves.  

 

Fig. 9 left: Comparison of DCexp and DCfit curves of Tetric EvoFlow irradiated 
with 19 J/cm²; right: DCexp as a function of radiant exposure (J/cm2) [P-III]. 

 

3.3 Effects of curing condition on the properties of VLC RBCs 

3.3.1 Effects of the curing time and irradiance on the depth depending 

properties [P-IV] 

The effects of irradiance and exposure time on hardness, mass loss in THF and 

post reaction enthalpy were investigated depth for two VLC RBCs. The depth 

dependent properties were evaluated using a fitting procedure. For details of the 

measuring as well as evaluation procedures, see Fig. 10 and [P-IV]. 

Due to the sigmoidal shape of the curves a hyperbola tangent is used to fit the 

depth dependent data (lines in Fig. 10). For the hardness data it is given by Eq. (16): 

 𝐻𝑉(𝑥) =
𝐻𝑉𝑃𝑙𝑎𝑡𝑒𝑎𝑢

2
∙ {1 + 𝑡𝑎𝑛ℎ[−𝑎1(𝑥 − 𝑥0,1)]} (16) 
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with HV hardness 

 x depth 

 a1 slope at inflection point  

 x0,1 depth of inflection point 

 

Fig. 10 Depth depending hardness a), mass loss b) and post-reaction enthalpie 

HR c) vs. sample thickness of Arabesk Bluphase 20i Turbo mode. 

The advantage of this fit function is that it takes into account all measured data, 

thus being user-independent. Furthermore, it leads to a new definition of the depth 

of cure (DoCHV) given by the relationship, Eq. (17): 

 𝐷𝑜𝐶𝐻𝑉 =  𝑥0,1 − 
1

𝑎1
 (17) 

Graphically it is the depth at which the plateau value intercepts the slope at the 

inflection point, Fig. 11.  

 

Fig. 11 Scheme of the evaluation of depth dependent hardness data using Eq. (16) 

Established methods e.g. ISO 4049 scratch test or 80 % of plateau hardness are 

single point methods and overestimate DoC compared to Eq. (16). The introduction 

of DoCHV to Eq. (16) shows that the hardness dropped to 88 % compared to the 

plateau value. The correlation of DoCHV and radiant exposure (RE) reveals a 

logarithmic dependency, Fig. 12.  
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 𝐷𝑜𝐶𝐻𝑉(𝑅𝐸) = 𝐴 ∗ ln 𝑅𝐸 + 𝐵 (18) 

with the parameters A and B describing materials properties of VLC RBC. The 

reduction of light intensity with depth due to Beer-Lambert-absorption law leads to 

the consequence that DoC is limited because no light will come to depth exceeding 5 

times the penetration depth, and the energy introduction cannot be increased at will 

because of the risk of tissue damage by irradiation. The evaluation also shows that a 

minimum radiant exposure of around 0.5 J is needed to overcome effects caused by 

inhibition.  

 

Fig. 12 DoC vs. radiant energy (RE) (Arabesk) 

3.3.2 Effects of irradiance distribution on the mechanical surface properties 

[P-V] 

Due to their design, LCUs produce different patterns of irradiance distribution, 

[P-V Fig. 4]. This leads to locally different DCs and thus different mechanical 

properties reflected in the hardness distributions of the samples, Fig. 6.  

The increase of the exposure time leads to an increase of the hardness values. 

Therefore, one may expect that an increase of exposure time should also increase the 

hardness and compensate for irradiance distributions of LCU in the long term. 

However, areas exposed with low irradiances are always found to have lower 

hardness values compared to areas exposed with high irradiances, irrespective of 

exposure time. A homogenization with increasing exposure time does not take place. 

An imprinted irradiation pattern is conserved it the Tg exceeds ambient temperature. 

The formation of a crosslinked polymer network during photo-polymerization is a 

fast process. The reaction rate reaches the maximum after a few seconds, [P-

V Fig. 6], and the structure of the crosslinked polymer network is frozen, inhibiting 

compensation processes because of the inhibited mobility in the glassy state. 

Therefore, it can be concluded that the “total energy concept” is only applicable for 

bulk and not for local properties. 
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Fig. 13 Surface hardness distributions of Arabesk specimens after 5, 20 and 80 s 

exposure time using the Celalux® 2 (a), Low mode (b) and Turbo mode (c). 
 

3.3.3 Development of a dynamic mechanical indentation method to determine 

local viscoelastic depth and surface properties of VLC RBCs [not 

published yet] 

Dynamic mechanical analysis (DMA) provides information about the viscoelastic 

properties with respect to time, temperature and frequency. A commercial DMA 

requires relatively large samples, and therefore determines bulk properties. This can 

be overcome if DMA is modified to a dynamic mechanical micro-indenter allowing 

for determining viscoelastic properties locally. To modify DMA two approaches 

were necessary: 
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1. Indenter holders for a high lateral resolution (a tungsten needle) and for lower 

lateral resolutions (Vickers, Berkovich and Rockwell indenters) were adapted to the 

DMA, Fig. 22.  

2. A XY-movable stage was integrated to account for an accurate positioning of 

the sample underneath the indenter. 

 

Fig. 14 Indenter holders for the DMA; a) tungsten needle indenter, b) diamond 
indenters with standard geometry, and c) indenter head 

In the DMA indentation experiments a sinusoidal force F(t) generates a periodic 

indentation amplitude h(t) as a response signal. The measurements have shown that 

the indentation amplitudes of the diamond indenters looked rather sinusoidal while 

the needle indenter has a pronounced non-sinusoidal shape. This means that data 

generated by the diamond indenters can be directly introduced in [Thesis Eq. (48)] 

whereas the data generated by the needle indenter required more sophisticated 

treatment using Fourier analysis. The complex moduli determined by DMA 

indentation measurements show a similar change of depth-dependent properties as 

Vickers hardness measurements, but resolve the initial increase much better, Fig. 15. 

 

Fig. 15 hardness profile of Arabesk irradiated with Bluephase 20i Turbo (left); 

profile of complex modulus of Arabesk determined using DMA indentation (right) 
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The distribution of complex moduli is comparable to results generated by 

hardness mapping, Fig. 16. This verifies DMA indentation as an appropriate method 

to determine the local viscoelastic properties. Furthermore, as the modulus of cross-

linked polymers is related to the cross-link density, it may provide the chance to 

determine cross-link density quantitatively. 

 

Fig. 16 Determination of the influence of the irradiance distribution a) on 

hardness distribution b) and distribution of complex module determined by DMA 
indentation c); sample: Arabesk irradiated with Bluephase 20i Turbo for 80 s 

 

3.4 Effects of the post-curing on hardness evolution of VLC RBCs 

3.4.1 Surface hardness prediction by using a master curve post-curing concept 

[P-VI] 

During post-curing chemical and physical properties change because of a 

diffusion-controlled polymerization in the glassy state without any introduction of 

light due to trapped radicals [88]. In the reaction kinetics section, it was shown that 

the change from primary curing in the liquid state to post-curing in the glassy state 

happens after few seconds. However, as post-curing takes place over long times it 

can contribute remarkably to the final DC and further increase the mechanical 

properties. 

During primary curing VLC RBCs are cured to a certain degree of conversion 

depending on the irradiance levels of LCUs and exposure times. Therefore, hardness 

of top and the bottom surfaces of the samples were measured for times of 

10 minutes to one week after irradiation, Fig. 17. The top surface produced for all 

irradiances higher hardness values than the bottom surface. The interpretation of this 

result is that the kinetics of post-curing processes is determined by the conditions 

under which the liquid resin was transferred to the glassy state. At the bottom 

surface in a depth of 1 mm the light intensity is approximately half that at the top 

surface. If one assumes - according to the “total energy concept” - that radical 

concentration is proportional to irradiance, the cured Arabesk resin has roughly the 

double cross-linking density at the top surface compared to the bottom surface. Both 

surfaces are in glassy state, however, the molecular mobility at the bottom surface is 

a little bit higher due to the less cross-linked network. On first sight this should lead 
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to a higher rate of post-curing. However, the rate of radical annihilation is also 

increased, especially if further irradiation generates new radicals via initiation 

reactions. The decrease of radical concentration subsequently decreases the rate of 

post-curing. Thus, high rates of post-curing can be expected only if the cured resin 

consists of a highly cross-linked network, in which the radicals are bound to 

immobile chain ends, and hardly subjected to termination reactions. 

 

Fig. 17 Evolution of hardness for one week; Arabesk irradiated with Bluephase 

20i Turbo for 5 s 

Longer exposure times shift the hardness curves to higher values. The increasing 

hardness values seem to have a logarithmic time-dependency, and the hardness 

values lay on straight lines, which clearly distinguish between the top and the 

bottom surfaces, [P-VI Fig. 4]. On first sight, the slopes of the hardness increase on 

the logarithmic time scale seem to be similar for the different irradiation times. This 

suggests the presence of a superposition principle for the post-curing process – short 

term hardness values of long irradiation times correspond to long term hardness 

values of short irradiation times – allowing construction of a master curve using the 

function, Eq. (19): 

(19) 

with Vickers hardness HV, shift factor 𝑎𝑡𝑖𝑟𝑟𝑎𝑑
, slope a and intercept b. 

Fig. 18 shows that the hardness values of different irradiation times can be shifted 

well to master curves, if shifted with the shift factors given in [Table 3 P-VI]. The 

self-similarity implies that the kinetics of post-curing is determined by a single 

variable of the type f(ILCU, tirrad).  

If the master curves are fitted linearly, it is found that the slopes of the hardness of 

the top surface are slightly larger than those of the bottom surface, Fig. 18. The 

construction of master curves requires the definition of the reference measurements, 

    batabtaataHV
irradirradirrad ttt  lglg*)*lg(*)*lg(
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which are given by hardness curves irradiated for 20 s (Polofil Lux and Celalux) and 

10 s (Bluephase 20i Turbo) as these irradiation conditions correspond to radiant 

exposures of approximately 20 J/cm². 

 

Fig. 18 Master curves of top and bottom surface hardness values with fit curves 

Thus, the master curve construction is the base for predicting the post-curing state 

in terms of hardness, and indirectly the state of cross-linking. For Arabesk the 

hardness increase is predicted to be around 6 HV per decade of time. This means 

that the hardness would increase from 55 to 73 HV in 20 years. 
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4 CONCLUSIONS 

In this PhD thesis the effect of the curing conditions - irradiance, exposure time 

and irradiance distribution of light curing units (LCUs) - on reaction kinetics as well 

as mechanical properties were investigated.  

LCUs differ with respect to irradiance, spectrum and irradiance distribution. As 

this fact is not known to most dentists, their handling of LCU for curing purposes is 

rather arbitrary with the consequence of insufficiently cured restorations. Therefore, 

a simple, user-friendly method using iPad or SLR cameras was developed allowing 

for determining intensity distributions of LCUs.  

The effects of irradiance and exposure time on reaction kinetics were investigated 

by FTIR-ATR to get real time degree of conversion (DC) data. In order to evaluate 

these DC data a novel DC-function was developed by the introduction of a time 

dependent reaction constant taking into account the slow-down of curing reactions 

due to the increase of both resin viscosity and its glass transition temperature. The 

novel DC-function produces intrinsically final DC-values less than 100 % and it 

shows that the curing kinetics is determined mainly by one quantity – the reaction 

time constant 𝜏𝑟𝑒𝑎𝑐
0  – which is a function of irradiance. Furthermore, it was shown 

that the reaction rates – for which the reaction time constant 𝜏𝑟𝑒𝑎𝑐
0  is a measure – 

change with the square root of the irradiance. This clearly means that the “total 

energy concept” fails for the considered range of irradiance. To which extent the 

other parameters of the novel DC-function – growing time constant and strength - 

depend on 𝜏𝑟𝑒𝑎𝑐
0  has to be investigated in a future. As the DC is around 45 % after a 

time corresponding to the reaction time constant 𝜏𝑟𝑒𝑎𝑐
0  , it might be considered as the 

time, in which the resin is transferred to the glassy state and post-curing starts.  

As one focus of this PhD-thesis laid on the kinetics of post-curing both DC data 

over 160 s corresponding to 15 to 30 times 𝜏𝑟𝑒𝑎𝑐
0  and hardness increase over 7 days 

was measured. The DC data showed that the “total energy concept” also failed here 

in the high irradiance range. The evaluation of both data sets revealed that the 

kinetics of post-curing can be well described by a logarithmic time dependency. 

Surprisingly samples cured with different irradiation times produced hardness 

curves during post-curing allowing for constructing master curves. It was clearly 

shown for the investigated composites that the post-curing kinetics differs with 

depth. Furthermore, the master curves can be used to predict the hardness change for 

really long times.  

With increasing irradiances and exposure times more VLC RBC is cured. The 

thickness of the cured layer is measured by a quantity called depth of cure (DoC). 

Although its meaning is intuitively clear, its determination is heuristic. Therefore, a 

new method to determine DoC was proposed by measuring depth dependent 

changes of properties (e.g. hardness, mass loss in solvent or post-reaction enthalpy) 

and fitting the data with a hyperbola tangent. It turned out that the DoC can be 
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simply determined as the intercept of the plateau value close to the surface with the 

slope of the tangent at the inflection point. The evaluation procedure also showed 

that the considered property has decreased to 88 % of its initial value.  

Hardness mapping of sample surfaces showed that patterns of the irradiance 

distribution of the LCU are reflected in the hardness distribution of the surfaces. 

Longer irradiation times increased the hardness values in the surface but did not 

surprisingly level out the patterns. This means that the pattern of hardness (and 

corresponding DC) frozen in the moment the resin transfers to the glassy state will 

be maintained irrespective of further irradiation. 

A new indentation method based on a commercial Dynamic Mechanical Analyser 

(DMA) was developed to determine local viscoelastic properties of the VLC RBC. 

First results showed that the measured stiffness maps correspond qualitatively to 

their hardness maps. 
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5 CONTRIBUTION TO SCIENCE AND PRACTICE 

Final properties such as hardness, modulus or chemical resistance of visible light 

curing resin based composites depend on the curing conditions. The resulting 

properties are important due to their influence on the resistance of dental restorations 

over the lifetime. Therefore, the understanding of the influences on the curing 

process during irradiation as well as post-curing is important to identify the right 

curing strategy. 

In this PhD-thesis curing behavior is connected to the resulting composites 

properties by reaction kinetics, degree of conversion (DC) measurements, 

investigations of depth depending properties and post-curing behavior. Thus, the 

following points are considered as relevant contributions to science and practice: 

1) The investigation of reaction kinetics of commercial dental composites 

showed for the first time that the curing rate depends on the square root of 

light curing unit (LCU) irradiance and that the “total energy concept” fails for 

such high irradiances. The reaction kinetics is mainly governed by the 

reaction time constant . 

2) A novel DC-function was developed which intrinsically produces final DC-

values less than 100 % and better coincidence with measured data. It also 

indicates that separation of primary curing and post-curing should be possible.  

3) Samples irradiated with different exposure times produced hardness curves 

during post-curing; their master curves can be constructed allowing for long 

term predictions of hardness evolution.  

4) For high irradiances with short curing times the “total energy concept” also 

fails, showing that it can only be used for LCU operated with low irradiances. 

Thus, if dentists use high irradiance LCUs the rule “double irradiance - halve 

exposure time” does not apply any longer.  

5) A new method to determine the depth of cure (DoC) is suggested. 

A dynamic mechanical indentation technique was implemented on a commercial 

DMA machine allowing for determining viscoelastic properties locally. 

Furthermore, deeper insight becomes possible as these properties can be determined 

as a function of temperature and frequency. 
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