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ABSTRAKT 

Disertační práce řeší využití dielektrické analýzy (DEA) ve studiu kinetiky 

vytvrzování fotokompozitů pro dentální aplikace a kompozitů pro 3D rapid 

prototyping (RP). Díky vysokému rozlišení a senzitivitě je DEA vhodná 

k podchycení jak počáteční fáze síťování (vysoké frekvence), tak i post-

vytvrzovacích procesů (nízké frekvence). Ačkoliv je sledování vytvrzovacího 

procesu pomocí DEA etablovanou metodou v leteckém i automobilovém průmyslu, 

pro potřeby medicínských aplikací a též aplikací v RP je nutné přizpůsobit 

experimentální zařízení i vyhodnocovací metody.  

Cílem disertační práce je popsat a porozumět vztahu vytvrzovacího procesu ke 

složení materiálů, jejich viskozitě a procesním podmínkám (teplotě), a v případě 

fotokompozitů i intenzitě světelného zdroje a hloubce působení záření.  

Pozornost je zaměřena především na získání kinetických parametrů; vypočítané 

hodnoty reakční rychlosti jsou vztaženy k DEA viskozitě. Pro dentální hmoty bylo 

zjištěno, že počáteční rychlost vytvrzování je přímo úměrná intenzitě použitého 

světla, a nikoliv její druhé mocnině, jak uvádí mnoho dosavadních prací. Data 

získaná ze sledování kinetiky vytvrzování pro rychlé (dentální hmoty) i dlouhé (RP 

materiály) procesy byla využita pro vytvoření teoretických modelů založených na 

reakční kinetice. 
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ABSTRACT 

In this doctoral thesis the curing process of visible light-curing (VLC) dental 

composites and 3D printing rapid prototyping (RP) materials are investigated with 

the focus on dielectric analysis (DEA). This method is able to monitor the curing of 

resins in an alternating electric fringe field with adjustable frequencies and is often 

used for cure control of composites manufacturing in the aviation and automotive 

industry but hardly established in dental science or RP method development. It is 

capable of investigating very fast initiation and primary curing processes using high 

frequencies in the kHz-range as well as very slow post-curing processes beyond the 

glass transition of cured thermosets using frequencies in the low and sub-Hz-range.  

The aim of the Thesis is a better understanding of the curing processes with 

respect to curing parameters such as resin composition, viscosity, temperature, and 

for light-curing composites also light intensity and irradiation depth.  

Due to the nature of both dental and RP systems an application of specific 

experimental set-up had to be designed allowing for the generation of reproducible 

and valid results. Subsequently, different evaluation methods were developed to 

characterize the curing behavior of both material types.  

A special focus was paid to the determination of kinetic parameters from DEA 

measurements. Reaction rates of the curing of the corresponding thermosets were 

calculated and applied to the ion viscosity curves measured by DEA to evaluate 

reaction kinetic parameters. For the dental composites it could be clearly shown that 

the initial curing rate is directly proportional to light intensity and not to its square 

root as proposed by many others authors. A good description of the curing behaviour 

of 3DP RP materials was also achieved assuming a reaction order smaller than one. 

This data provides the base for the kinetic modeling of polymerization and curing 

processes proposed within the Thesis.  
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ABSTRACT IN GERMAN 

Thema dieser Doktorarbeit ist die Untersuchung des Härtungsprozesses von 

lichthärtenden (VLC) Dentalkompositen sowie 3D Printing (3DP) Rapid 

Prototyping (RP) Materialien mittels Dielektrischer Analyse (DEA). Diese Methode 

ermöglicht es, das Härtungsverhalten von Harzen im elektrischen Wechselfeld einer 

Kammelektrode zu verfolgen, wobei ein großer Frequenzbereich zur Verfügung 

steht. Sie ist weit verbreitet in der Kontrolle von Härtungsprozessen in der Luftfahrt 

sowie der Automobilindustrie, jedoch findet sie in zahnmedizinischen 

Einsatzgebieten oder in der RP-Methodenentwicklung nur selten Anwendung. 

Wegen ihrer hohen zeitlichen Auflösung und Messempfindlichkeit können mithilfe 

der DEA sowohl sehr schnell ablaufende Initiierungs- und Primärhärtungsprozesse 

im kHz-Bereich, als auch sehr langsam ablaufende Nachhärtungs- und 

Alterungsprozesse oberhalb des Glasübergangs gehärteter Duroplaste im sub-Hz-

Bereich untersucht werden.  

Das Ziel dieser Arbeit ist es den Aushärtungsprozess besser zu verstehen 

hinsichtlich Parameter, wie Reaktionstemperatur, Harzzusammensetzung und  

-viskosität sowie bei lichthärtenden Kompositen Lichtintensität und Eindringtiefe.  

Da es sich bei den beiden untersuchten Materialklassen (Dental- sowie 3DP RP-

Harze) um völlig verschiedene Duroplastsysteme handelt und die DEA Methode 

sehr empfindlich misst, wurde für jeden Teil dieser Studie ein speziell angepasster 

Versuchsaufbau erstellt, um reproduzierbar und verlässlich zu messen. Zudem 

wurden jeweils für beide Duroplastsysteme spezielle Auswertungsmethoden zur 

Charakterisierung des Härtungsverhaltens entwickelt.  

Ein besonderer Augenmerk wurde auf die Auswertung der DEA-Messungen 

hinsichtlich kinetischer Kennwerte gelegt. Reaktionsraten der Aushärtung der 

jeweiligen Duroplaste wurden berechnet und dazu verwendet die DEA-Ergebnisse 

kinetisch auszuwerten. Für die Dentalkomposite konnte klar gezeigt werden, dass 

sich die anfängliche Härtungsgeschwindigkeit direkt proportional zur eingestrahlten 

Lichtintensität verhält und nicht quadratisch, wie teilweise in der Literatur 

beschrieben. Ferner wurde unter der Berücksichtigung einer Reaktionsordnung 

kleiner als eins eine gute Beschreibung des Härtungsverhaltens des 3DP RP 

Materials erzielt. Diese Ergebnisse bilden die Grundlage für eine kinetische 

Modellierung von Polymerisations- und Härtungsprozessen die in dieser Arbeit 

vorgestellt werden. 
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1. STATE OF THE ART 

1.1 Materials 

1.1.1 Visible light-curing dental composites 

Visible light curing (VLC) composites for dental restorations consists of an 

organic light-curable resin matrix, inorganic solid filler powder and small amounts 

of functional additives. Application fields for these materials vary from class I to 

class VI cavity restorations of the posterior and anterior teeth (Fig. 1.1) [1]. VLC 

composites have a paste-like consistency in order to either fill tooth cavities without 

any remaining gaps as well as to model and reshape the tooth silhouette (Fig. 1.2). 

After properly filling a prepared tooth cavity the composite is irradiated and cured 

with a light-curing unit (LCU) emitting a blue spectrum of approximately 400-500 

nm. Due to attenuation effects inside the composite properly light-cured bulky 

fillings should be subdivided in layers of maximum 2 mm thickness [2, 3].  

 

 

Fig. 1.1: Classifications of different kinds of dental restorations according to Greene 
Vardiman Black [1]. 

 

 

     

Fig. 1.2: Appearance and handling of a packable dental VLC-composite (left). Light-
curing after dentists application in the tooth (right, Voco GmbH). 
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Table 1.1:  Overview over the most commonly applied VLC composite dental 

filling materials in Europe in 2012. The information is taken from the 

manufacturers handling information, material data and safety sheets 

MDS as well as from direct contact with the manufacturers. 

Product Name Producer
Filler content 

(wt-%)
Monomers

Initiator 

system

Arabesk Top VOCO 76.5 Bis-GMA, UDMA, TEGDMA CQ/DABE

Grandio VOCO 87 Bis-GMA, TEGDMA CQ/DABE

Grandio Flow VOCO 80 Bis-GMA, TEGDMA, HEMA CQ/DABE

GrandioSO VOCO 89 Bis-GMA, Bis-EMA, TEGDMA CQ/DABE

GrandioSO Flow VOCO 82
Bis-GMA, Bis-EMA, 

TEGDMA, HEDMA
CQ/DABE

Charisma Opal Heraeus Kulzer 77 Bis-GMA, TEGDMA CQ/DABE

Venus Diamond Heraeus Kulzer 81 TCD-DI-HEA, UDMA CQ/DABE

Venus Diamond 

Flow
Heraeus Kulzer 65

UDMA, ethoxylated bisphenol 

A dimethacrylate
CQ/DABE

Venus Pearl Heraeus Kulzer 76 TCD-DI-HEA, UDMA CQ/DABE

Venus Flow Heraeus Kulzer 62 Bis-GMA, TEGDMA CQ/DABE

Heliomolar Ivoclar Vivadent 66.7
Bis-GMA, UDMA, 

decandioldimethacrylate
CQ/DABE

Tetric EvoCeram Ivoclar Vivadent 75-76
Bis-GMA, UDMA, ethoxylated 

Bis-EMA
CQ/DABE

Tetric EvoFlow Ivoclar Vivadent 57.5
Bis-GMA, UDMA, 

decandioldimethacrylate

CQ/DABE/A

PO

Tetric Ivoclar Vivadent 82 Bis-GMA, UDMA, TEGDMA CQ/DABE

IPS Empress Direct Ivoclar Vivadent 75-79
Bis-GMA, UDMA, 

propoxylated Bis-GMA
CQ/DABE

Tetric Bulkfill Ivoclar Vivadent 79-81
Bis-GMA, UDMA, ethoxylated 

Bis-GMA

CQ/DABE/G

e

Quixfil Dentsply 85.5
UDMA, TEGDMA, 

dimethacrylate
CQ/DABE

SDR Dentsply 65.9

UDMA, TEG-DMA, 

ethoxylated bisphenol A 

dimethacrylate

CQ/DABE

Esthet X HD Dentsply 73.2 -

Spectrum TPH 3 Dentsply 78
UDMA, TEGDMA, ethoxylated 

bisphenol A dimethacrylate
CQ/DABE

Ceram X Mono Dentsply 75 Ormosil CQ/DABE

Filtek XTE Dentin 3M Espe 78.5
Bis-GMA, TEG-DMA, UDMA, 

Bis-EMA
CQ/DABE

Filtek XTE Enamel 3M Espe 78.5
Bis-GMA, TEG-DMA, UDMA, 

Bis-EMA
CQ/DABE

Filtek XTE Flow 3M Espe 65
Bis-GMA, TEG-DMA, Bis-

EMA
CQ/DABE

Filtek Z500 3M Espe 78.5
Bis-GMA, TEG-DMA, UDMA, 

Bis-EMA
CQ/DABE

Filtek Z250 3M Espe 60 Bis-GMA, UDMA, Bis-EMA CQ/DABE  
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Table 1.1 gives a rough overview over the most commonly applied VLC 

composite dental filling materials in Europe in 2012 containing the most property 

characterizing constituents as monomer types, filler content and initiator/accelerator 

system.  

 

 

VLC composite resins  

The performance of VLC composites in application as well as the mechanical and 

ageing properties are significantly influenced by the monomer resins. There is a 

broad variety of requirements that has to be fulfilled by the resins, e.g. suitable 

viscosity, curing behavior, non-toxicity, low curing shrinkage, high degree of cure 

(DC), good optical transparency for high depths of cure (DoC) and sufficient ageing 

properties [2, 4, 5]. Fig. 1.3 shows the most commonly used resin molecules used 

for VLC composites production. Bisphenol A glycidyl methacrylate (Bis-GMA) and 

urethane dimethacrylate (UDMA) represent structural monomers having a 

comparably high viscosity but low curing shrinkage of 6% reducing the risk of gap-

formation at the interface between the filling and the tooth. In order to further reduce 

the curing shrinkage and attain good mechanical properties, high amounts of glass 

and ceramic fillers are added to the composites. To achieve high filler contents up to 

90 wt-% without loosing the processability of the composite the viscosity of the 

uncured resin matrix must not be too high. Therefore, triethylene glycol 

dimethacrylate (TEGDMA) as a low viscosity resin is frequently used as a diluent 

monomer [6, 7].  

 

 

 
 

 

 
Fig. 1.3: Most frequent used dimethacrylate resin types in dental filling composites. Bis-
GMA and UDMA commonly used as base monomer. TEGDMA used as diluent monomer 

[8, 9]. 

Dynamic viscosities: 
 

800 Pa*s 
(base monomer) 

 
   
 

10 Pa*s 
(base monomer) 

 
 

  0.1 Pa*s    

 (diluent monomer) 
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VLC composite additives 

To control the processing properties of VLC composites additives in the total 

amount of approximately 1 wt-% are added. The most important additive is the 

photo-initiator-system. Nearly all conventional VLC composites are light-cured with 

a camphorquinone (CQ)/ ethyl 4-(dimethylamino)benzoate (DABE) System (Table 

2.1) [10]. The CQ can be activated with blue light in a range of 400-500 nm forming 

2 radicals if reacted with one DABE molecule. The detailed initiation mechanism is 

presented in chapter 1.3.1.  

Due to the fact that the DABE radical is much more reactive it is called 

accelerator (acceptor) and the CQ is called initiator (donor) [11]. In order to avoid a 

curing reaction prior to the VLC-process e.g. due to daylight or a surgical light, 

daylight stabilizers such as butylated hydroxytoluene (BHT) or hydroquinone (HQ) 

are added to the composite (Fig. 1.4) [2, 3, 5]. 

Furthermore, in order to mimic different tooth colors and shades pigments are 

incorporated in the composite. They have a notable impact on the light-curing 

characteristics like curing rate, DC and DoC [12]. 

 

        

light-initiator  accelerator                 daylight  stabilizers 

    CQ      DABE                         BHT                    HQ 

Fig. 1.4: Typical additives used in VLC-composites. 

 

 

VLC composite fillers 

To reach tooth-like mechanical properties (e.g. modulus, strength, abrasion 

resistance) as well as very low polymerization shrinkage VLC composites are highly 

filled with glass and ceramic particles in the micro- and sub-micrometer scale up to 

90 wt-% (Fig. 1.5). The highest filler contents are achieved with a mixture of nano-

particles (pyrogenous SiO2) and grinded glass particles in the micrometer scale. 

These VLC materials are called nano-hybrid composites [2, 13]. 
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a)    

 

b)   

Fig. 1.5: a) SEM picture of a dental nano-hybrid composite (Grandio, Voco GmbH, 
magnification 5000×) [13]. b) SEM picture of pyrogenous SiO2 particles (Aerosil, Evonik 

Industries AG, magnification 10000x) [2]. 
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1.1.2 3D printing rapid prototyping materials 

There are many rapid prototyping (RP) methods (e.g. stereolithography, laser 

sintering, laminated object manufacturing, fused deposition modeling or 3 

dimensional printing (3DP) [14-17]) in order to build up prototypes from 3D CAD-

data directly layer by layer without the need of any kind of mould or machining 

process. The RP material investigated in this work is a polymethyl methacrylate- 

(PMMA)/ hydroxyethyl methacrylate- (HEMA)/ styrene-system where layers of 

PMMA powder are selectively printed and thus, polymerized with a HEMA/styrene 

binder. The ratio of powder:binder in the manufacturing process is approximately 

10:1. The principle of the manufacturing process is presented in Fig. 1.6. Detailed 

information about the polymerization mechanism is given in chapter 1.4.2. 

 

Fig. 1.6: Principle of 3DP RP process (copyright by Voxeljet AG). 

 

 

PMMA powder 

The PMMA-powder represents the main component of the ready-made RP-part. 

The matrix consists of approximately 90 % PMMA. The powder is composed of 

PMMA-spheres with diameters in the range of 10-100 µm (Fig. 1.7). To start the 

polymerization during the printing process it is modified with a dibenzoyl peroxide 

(BPO). Detailed information about the ready-made RP-part is given in chapter 1.4.2. 

 

speading of a particle layer
typical height: 150 µm

selective printing of 
the structure

moving downwards ot
the construction platform

repeating the 3 steps
generates the part

removal of uncured
powder

speading of a particle layer
typical height: 150 µm

selective printing of 
the structure

moving downwards ot
the construction platform

repeating the 3 steps
generates the part

removal of uncured
powder

spreading of a PMMA 

powder particle layer 

(thickness ~ 150µm) 

selective printing of the 

part layer with the binder 
moving downwards of the 

construction platform 

repeating these 3 steps 

generates the part 

removal of the unpolymerized 

powder 
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Fig. 1.7: SEM picture of PMMA powder for 3D-Printing (PolyPor powder <Ø100µm, 
Voxeljet AG, magnification 130×). 

 

 

3D printing binder 

The binder VXP1 mainly consists of 2 parts styrene and 1 part HEMA (Fig. 1.8) 

and can be printed with a commonly designed ink-jet printer-head. In order to start 

the polymerization reaction at temperatures below 40 °C the activator N,N-

dimethyl-P-toluidine (DMT) is added allowing for a radical generation together with 

the peroxide in the PMMA-powder. Details about the initiation mechanism can be 

found in chapter 1.3.2. 

 

a)          b)      c)  

Fig. 1.8:Binder constituents: co-monomers styrene (a) and HEMA (b) and activator N,N-
dimethyl-P-toluidine (c). 
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1.2 Material properties and application requirements  

1.2.1 Dental resin composites properties and application requirements 

Besides polymerization shrinkage, biocompatibility or wear resistance, one of the 

most frequent discussed issues in visible light-curing (VLC) composite development 

and research as well as in photo-chemistry in general is the basic question of how 

fast and how thick a properly light-cured material can be produced [2, 3, 5, 8, 9, 13]. 

The requirements of a VLC composite for dental filling application can be divided 

into the following topics: esthetics, mechanical strength against peak loads, abrasion 

resistance, low polymerization shrinkage, bond strength, easy applicability, 

biocompatibility, curing depth, polymerization time, etc. [3, 18, 19] Table 1.2 gives 

a brief overview over typical material requirements, the failures in application if the 

requirements are not met, and how the needed properties can be reached. 

 

1.2.2 3D printing RP material properties and application requirements 

Rapid prototypes are categorized in design and functional prototypes. Design 

prototypes give a 3D impression of what the part will look like in the later 

application. Whereas functional prototypes also have to full-fill functional 

requirements similar to the application like moving parts, veneers, snap-fit, joints 

[14-16]. Therefore, the mechanical properties of the RP-material for functional 

prototypes must not be very different from the material taken for the series parts 

[20].  

The 3D printing (3DP) RP material investigated in this work is mainly used for 

design prototypes and lost cores in investment casting due to its relatively weak 

mechanical properties of the porous PMMA-powder-structure. Thus, the main 

requirements on this material are dimensional precision and short production time. 

For this purpose the polymerization rate of the powder-binder-system has to be 

aligned to the printing velocity of the 3DP process in order to avoid warpage of the 

prototype due to serial polymerization shrinkage of each printed layer [21, 22]. This 

is done by a delayed polymerization process starting smoothly after several layers of 

the prototype are printed. The fact that the prototype mainly consists of pre-

polymerized PMMA-powder which is not shrinking during the printing is also 

beneficial to achieve low warpage during the production process. Fig. 1.9 shows an 

SEM picture of the PMMA powder which is linked by the polymerized binder (left 

side). The picture was taken from a fragment of a chess tower representing the 

benefits of a 3DP process having a spiral stair inside (Fig. 1.9, right side). Table 1.3 

published by Azari et al. in 2009 gives a rough overview over the main advantages 

and disadvantages of 3DP systems [17]. 
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Table 1.2: Overview over typical VLC dental material requirements, application 

failures and how to reach needed properties. 

Material processing during the dentists treatment: 

good handling and 

modeling properties 

improper modeling of 

the filling, gap formation  

beneficial viscosity of the 

uncured composite (adjusted 

resin/filler ratio and type) 

change in resin 

composition influences 

the polymerization 

behavior 

  
composite is starting to 

cure in the room light 
use of daylight stabilizers 

delayed polymerization 

initiation 

fast polymerization 

incomplete 

polymerization in the 

typical light-curing time 

of 20-40s;  

modifying the 

resin/initiator/accelerator-

system, or use of a more 

powerful LCU 

high polymerization 

shrinkage and stress; 

build up of internal 

stress 

high DoC 

thicker fillings processed 

in one step my be 

improperly cured at the 

bottom 

similar refraction indexes of 

resin and glass filler, or use of 

a more powerful LCU 

higher DC in higher 

depths � faster 

polymerization 

Kinds of mechanical requirements: 

compression strength 

fracture of the composite 

filling or the treated 

tooth 

properly cured resin with good 

mechanical properties, high 

filler content, good 

filler/matrix adhesion 

high DC and DoC of 

the resin 

flexural strength 

fracture of the composite 

filling or the treated 

tooth, or debonding 

properly cured resin with good 

mechanical properties, good 

filler/matrix adhesion 

high DC and DoC of 

the resin 

tensile strength of 

bondings 

tensile debonding, gap 

formation 

properly cured bonding with 

good mechanical properties, 

good bonding/filling and 

bonding/tooth adhesion 

- 

shear strength of 

bondings 

shear debonding, gap 

formation 

properly cured bonding with 

good mechanical properties, 

good bonding/composite and 

bonding/tooth adhesion 

- 

Ageing requirements: 

no or tooth-like 

discoloration 

filling gets visible in 

contrast to the tooth 

high DC of the composite 

resin, respectively high 

chemical resistance 

high DC and DoC of 

the resin 

abrasion resistance 
abrasion due to chewing 

or tooth-brushing 

properly cured resin with good 

mechanical properties, good 

filler/matrix adhesion, small 

filler particle size 

high DC and DoC of 

the resin 

 

Type of 

requirement 

Possible failures if 

requirements are not  

accomplished 

How requirements  

can be reached 

Resulting effects 

(requirements for 

polymerization 

process) 



19 

             

Fig. 1.9: SEM picture of 3DP RP-material, magnification 80× (left), 3DP prototype chess 
tower with spiral stair inside (right, Voxeljet AG).  

 

Table 1.3: The main advantages and disadvantages of 3DP systems [17]. 

Advantages Disadvantages 

fast fabrication time 

large tolerance (in the range of the powder 

particle diameter, e.g. 0.1 mm) 

low material cost lower strength models 

capability of being colored rough surface finish 

built models can be used for casting purposes directly  

low toxicity  

relative material variety  

 

spiral 

stair 
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1.3 Initiation process of polymerization and cross-linking 

1.3.1 Light initiation (dental resin composites) 

The light initiation of dental resin composites is realized in most cases by a 

camphorquinone (CQ)/ethyl 4-(dimethylamino)benzoate (DABE) system. A double 

bond of the carbonyl group of the CQ is activated with blue light in a wavelength 

range of 400-500 nm forming an excited singlet state having a half life of 

nanoseconds [23]. Most of the molecules fall back to the ground state [24] but some 

are transferred with a certain probability to an excited triplet state having a half life 

time of about 50 µs [25]. This excited triplet state may also fall back to the ground 

state or build other degradation products but again with a certain probability the CQ 

molecule undergo an ionic exciplex transition with the DABE before forming two 

radicals by transferring a proton to the CQ (Fig. 1.10) [10, 11, 24]. All possible 

reaction steps of the CQ/DABE initiation system with their probability factors 

yielding precise kinetics equations have been presented by Cook in 1991 [24]. Due 

to the fact that the DABE radical is much more reactive in the VLC-process, and 

thus reaction rate determining, it is called accelerator, whereas the CQ acts as light 

initiator [26]. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.10: Reaction mechanism of the CQ-ketone light-initiator/DABE-amine co-initiator 
during light initiation [10, 11]; first step: light absorption and exciplex formation, radical 

formation: proton transfer from amine to CQ. 
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1.3.2 Chemical initiation (RP material) 

To initiate the polymerization reaction during the RP process at ambient 

temperature the accelerator N,N-dimethyl-p-touluidine (DMT) is added to the 

styrene/HEMA-binder. The PMMA-powder containing BPO reacts with the DMT 

starting the chemical initiation process (Fig. 1.11) [27, 28]. The amine group of the 

DMT reacts in a first step with the peroxide bond yielding a DMT cation, a benzoate 

anion and a benzoate radical. In a second step a DMT radical is formed by a proton 

transfer to the benzoate ion and the benzoate radical decomposes to a phenyl radical 

under carbon dioxide emission. Both radicals can start the polymerization of the 

binder in the RP process [29, 30].   

 

 

Fig. 1.11: Initiation mechanism of the investigated amine/BPO system for the radical 
polymerization of styrene and HEMA at room temperature [27, 28].  

 

 

(DMT) 

(BPO) 
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1.4 Polymerization process 

1.4.1 Polymerization process of VLC resin composites 

Depending on the different monomer types in the VLC resin composite there are 

several possibilities of chain propagation and cross-linking during the 

polymerization process. Assuming a certain mean distance between the 

homogeneously distributed initiator, this distance determines the length where only 

linear polymerization can take place. Fig. 1.12 shows the first steps of one possible 

chain propagation after the polymerization start of a Bis-GMA/ TEGDMA/UDMA 

resin. It is obvious that after 2-4 polymerization steps the molecular mass is already 

comparable with that of a small polymer chain. Furthermore, without the presence of 

a second radical, linear polymerization is the only possible chain propagation but 

might be negatively effected by steric hindrance after a few propagation steps (Fig. 

1.12). Exceeding the mean distance between the homogeneously distributed initiator 

radicals cross-linking reactions become possible forming a further radical center. 
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Fig. 1.12: Possible chain propagation steps of the VLC polymerization.  
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1.4.2 Polymerization process of 3D RP-material 

Two species of radicals are formed in the chemical initiation of the RP process. 

Both the DMT and the phenyl radical (Fig. 1.10) initiate the polymerization by 

reaction with one of the two binder monomers styrene (M1) or HEMA (M2) (Fig. 

1.13, Eq. 1) [31]. Afterwards there are 4 different possible chain propagation steps 

of the polymerization process (Eq. 2-5). In homo-propagation only one of the two 

monomers is involved in the chain propagation. Dependent on the particular co-

polymerization parameters of the two monomer species also cross-propagation is 

possible involving both monomers in the chain propagation. 

 

 

Fig. 1.13: Binder components of a styrene/HEMA co-polymerization.  

 

Initiation of polymerization     

 

 

Possible chain propagation steps 

 

(2) 

(3) 

(4) 

(5) 

(1) 
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1.5 Modeling of the polymerization and curing processes 

1.5.1 Theory 

Taking into account some basic reaction steps (initiation, propagation and 

termination) of the radical polymerization of thermoset resins allows for the kinetics 

modeling of the curing process. Eqs. 6-14 show these reaction steps for a photo-

polymerization [32]. In this initiation process two radicals R• are formed from an 

excited initiator molecule I (Eq. 6). Then, the radicals react with a monomer M in 

the first polymerization step (Eq. 7). The rate of initiation Ri is defined as the change 

of the concentration of RM1• radicals over time (Eq. 8). Eq. 9 describes the 

propagation reaction of a linear polymerization with the rate constant kp yielding the 

propagation rate Rp together with the monomer and macroradical Mn• concentrations 

(Eq. 10). A radical polymerization can be chemically stopped by two different kinds 

of termination reactions [33]. Firstly by recombination of a macroradical with 

another one (Eq. 11) or a single radical respectively (Eq. 12) and secondly by 

disproportionation turning two macroradicals into one saturated and one unsaturated 

inactive polymer chain (Eq. 13). Polymerization also comes to a stop because a lack 

of monomers. Eq. 14 expresses the rate of termination Rt by introducing the 

termination rate constant kt. 

 

                   

(6) 

(7) 

 (8) 

 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 
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R
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•
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An overall expression for the polymerization rate Rpoly is given as [34]:  

[ ]
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=            (15) 

 

In the special case of a photo-polymerization the kinetics can be described in the 

form: 

[ ] [ ]( ){ }0,5Inγ

00,5

t

p

poly e1ΦIM
k

k
R l−−=        (16) 

with the quantum yield for initiationΦ , the incident light intensity I0, the extinction 

coefficient γ, the initiator concentration [In] and the layer thickness l. 

Rpoly of a curing reaction typically shows a sharp increase when gelation occurs in 

the resin matrix followed by a sharp decrease, Fig. 1.14 [25, 35]. This effect known 

as Trommsdorf-Norrish effect leads to an auto-acceleration as a consequence of a 

rapid decrease of Rt due to a viscosity increase caused by the growth of polymer 

molecules. The following sharp decrease of Rpoly indicates the glass transition of the 

matrix which decreases  the mobility of all radicals drastically. At temperatures 

below the glass transition every further curing reaction is diffusion controlled [35]. 

Fig. 1.14 shows this effect on Rpoly for a linear polymerization of mono-methacrylate 

monomers and a cross-linking polymerization of dimethacrylate monomers [25, 34]. 

The typical shape of curve (b) can be found in nearly all in the literature described 

curing kinetics investigations described in chapter 1.5.2. 

Describing an investigated polymerization process with mathematical formulas 

makes it possible to extract reaction kinetics parameters from fitted measurement 

curves as well as to predict the curing behavior of new materials. 

 

   

Fig. 1.14: Characteristic curves of the curing kinetics of a linear polymerization of (a) 
mono-methacrylate and cross-linking of (b) dimethacrylate [25].  

polyR

max

polyR

polyR

max

polyR
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1.5.2 Possible methods to determine curing kinetics parameters 

 

Differential Scanning Calorimetry (DSC) 

During a curing process the same amount of heat is generated by each 

polymerization and cross-linking step. Thus, the rate of heat generation correlates 

with the rate of polymerization Rpoly, and the amount of heat integrated over curing 

time corresponds to the degree of conversion (DC). With the DSC this heat release 

can be traced over curing time and curing kinetics parameters can be determined 

[36-38]. Fig. 1.15 shows an example of the heat flow and the integrated heat release 

over curing time of a photo-curing process. In the plot the heat introduced to the 

sample by the light-curing unit (LCU) is already subtracted.  

 

 

Fig. 1.15: DSC kinetics data of a radical photo-polymerization process; heat flow (solid 
line) and released curing heat (dashed line). 
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Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR in attenuated total reflection (ATR) mode is a widely used method to 

characterise the curing process of thermoset resins. In the case of acrylic VLC 

composites the change of the aliphatic C=C double bond band at 1638 cm-1 during 

the curing process is investigated (Fig. 1.16). The ratio of the peak areas of this band 

before and after curing is taken to determine the DC (Eq. 17) [39]. Fig. 2.16 shows 

the change of peak area of the aliphatic C=C band during a light curing process 

while the aromatic C=C band serving as a referece band remains unchanged. 

Another kinetics parameter that can be extracted from FT-IR measurements is the 

change rate of the aliphatic C=C band itself correllating with Rpoly (Eq. 16) or the 

change in monomer concentration, respectively. Fig. 1.17 shows Rpoly and DC over 

polymerization time [32]. In the literature typical maximum reachable conversion 

degrees of up to 75 % are reported [5].  
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Fig. 1.16: Change of aliphatic C=C band absorption due to decrease of C=C double 
bonds with curing-time. 
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Fig. 1.17: FT-IR kinetics data of a radical photo-polymerization process; rate of 
polymerization (solid line) and degree of conversion (dashed line) [32].  
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Shrinkage Measurements (Bonded Disc method) 

Transferring a resin monomer into a cured polymer matrix causes a volumetric 

shrinkage of matter correlating with the number of polymerization and cross-linking 

reactions respectively. Thus, the relative change in volume ∆V/V0 can be taken to 

determine the DC whereas the rate of shrinkage strain d(∆V/V0)/dt corresponds to 

Rpoly [40, 41]. In 1991 Watts et al. [40] introduced the Bonded Disc method to 

investigate the curing kinetics of a photo-polymerization by monitoring the 

volumetric shinkage strain over curing time. Fig. 1.18 shows typical kinetics curves 

obtained by this method [25]. 

 

 

Fig. 1.18: Characteristic shrinkage strain (a) and shrinkage rate (b) curves of the curing 
kinetics of a dimethacrylate monomer system [25]. 
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1.6 Effect of light intensity on chemical structure of VLC resin 

composite 

The challenge to establish a properly light-cured composite tooth restoration is to 

affirm that the filling is sufficiently cured at the bottom. Because of this reason the 

light penetration depth of the composite material is of great clinical relevance for the 

curing process. Several studies on this topic found an exponential decrease of the 

initial light intensity I0 with respect to penetration depth d within the dental filling 

according to the Lambert-Beer law (Fig. 1.19, left) [2, 3, 5, 10]. Here the decrease is 

characterized by the attenuation coefficient γ (Eq. 18): 

γd

0 eII(d) −=           (18) 

 

 

Fig. 1.19: (left) Depth dependent attenuation of the introduced curing light intensity I0 in 
the composite specimen according to Eq. 18; (right) depth dependent Knoop hardness 

according to Watts [5]. 

 

As a result a significant change in mechanical properties was found proposing a 

certain depth of cure (DoC) at which a required minimum degree of cure (DC) is 

achieved during the light-curing procedure. According to the exponentially 

decreasing light intensity with penetration depth a similar decrease in radical density 

can be assumed within the dental filling. Significant changes in the degree of 

polymerization as well as cross-linking density will be the consequence. Up to now 

all studies related to DoC measurements have investigated this phenomenon with 

respect to consequences on the mechanical properties of the dental filling [42]. Fig. 

1.19 (right) shows the Knoop hardness (KHN) of a light cured dental composite 

filling versus specimen depth [5]. In this diagram 3 characteristic values are to be 

mentioned:  
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I  is the maximum hardness value,  

II  is the specimen depth at which hardness can still be measured, and  

III  is the depth at which the hardness value has dropped to 80 % of the    

      maximum value of I. 

This 80 % value is typically taken in the literature as the maximum layer thickness 

for sufficiently cured dental fillings [5]. Nevertheless, none of the studies focused on 

its cause on the base of differences in the chemical structure. In this PhD project the 

effect of the light intensity on the structure of VLC composites will be a part of the 

research. 

 

 

1.7 DEA monitoring of curing processes 

1.7.1 Measurement method 

The change of dielectric properties of polymers can be used to investigate the 

curing process of polymer resins using a dielectric analysis (DEA). Ions (e.g. Cl
-
 

ions as impurities) in the resin are forced to move and dipoles are oscillating 

according to an applied alternating external electrical field in the DEA measurement 

setup (Fig. 1.20, left). The two effects build up an internal electric field reducing the 

external one [43]. Due to ion movement and dipole oscillation energy is partly 

dissipated by internal friction in the polymer resin leading to a phase shift of the 

induced current (Fig. 1.20, right) [44].  

 

Fig. 1.20: (left) Ion movement and dipole orientation in a capacitor arrangement; (right) 
phase shift between excitation and measuring signal of a DEA measurement of a viscous 

resin [45]. 

 

As a consequence a complex dielectric constant can be determined depending on 

the polymer viscosity and the measuring frequency. Over curing time the viscosity 

changes drastically allowing to characterise the polymerization process precisely 

with the DEA. In curing monitoring the investigated quantity to trace the curing 
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process is the ion viscosity η
ion

. It is depending reciprocally on the ion conductivity σ 

being proportional to the frequency f, dielectric loss ε’’ and the dielectric constant ε0 

(Eq. 19), [45, 46]. Alternatively, according to Zahouly [45] η
ion

 can also be 

expressed by the reciprocal product of ion mobility µ(f) times the charge q and the 

concentration of the mobile ions [ion].  

( ) [ ]ionqfµ

1

(f)'ε'εfπ2

1

σ(f)

1
(f)η

0

ion ===       (19) 

 

 

1.7.2 Sensor systems 

The measurement setup of the DEA method differs in some way from the sensor 

arrangement which is commonly used for dielectric spectroscopy. Instead of a 

parallel plate capacitor with the specimen between the electrodes, so-called Mini-

IDEX DEA sensor has two comb-shaped electrodes arranged intermeshingly over an 

area of 5x7 mm² on a polyimide layer (Fig. 1.21). For a curing measurement the 

polymer material is placed on the flat sensor surface and the fringe field only 

interpenetrates the bottom specimen layer instead of the complete bulky specimen 

[45]. For the investigation of light-curing processes this measurement setup has two 

advantages. On one hand, the specimen can be easily applied on the IDEX sensor 

and the curing light can be introduced on the top side. On the other hand, due to the 

limited penetration depth of the electric field, which is assumed in the range of the 

electrode distance [45, 47], the curing process can be selectively investigated in 

different depths simply by varying the specimen thickness [44]. There have already 

been published real-time curing investigations of VLC comoposites [48-50] 

characterizing the curing curves qualitatively. But none of them correlated DEA 

curing data quantitatively with kinetics models. 

 

 

Fig. 1.21: (left) Measuring principle of DEA 231 Epsilon Cure Analyzer [45]; (right) 
Mini-IDEX sensor, electrode distance: 100µm, NETZSCH Gerätebau GmbH. 
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1.7.3 DEA Curve and ion viscosity evaluation 

A typical DEA curve tracing the curing behavior of a resin plots the ion viscosity 

(in logharitmic) versus the curing time. Similarly to shear viscosity, the ion 

viscosity, which depends reciprocal on the ion mobility, shows a distinctive increase 

during the curing reaction due to a strong decrease in ion mobility with increasing 

polymerisation and network density. In the literature only few studies are published 

on the curing monitoring of polymer resins performed with the DEA. Rosentritt et 

al. [48] published a study on DEA curing monitoring fast curing VLC composites in 

2006. They introduced a method to extract curing parameters characterising the 

polymerisation state of a tested composite. For this reason the curve minimum, the 

maximum saturation value, the max slope and the difference between the min-max 

values have been evaluated (Fig. 1.22).  

 

 

Fig. 1.22: Characteristic DEA curve of the light curing of a VLC dental composite [48]. 

 

The min-max value of the ion viscosity was related to the polymerisation progress 

and network density whereas the slope was related with the polymerization velocity 

and the conversion rate. They found that the ion viscosity increased about one order 

of magnitude during the curing process and culminated at a saturation value 

indicating the polymerization approaching an end. Other studies which have 

performed DEA real-time curing investigations on epoxy resins found that the 
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inversion point of the ion viscosity curve closely correlates with the gel point of the 

curing reaction [51-53]. Rosentritt et al. [48]  also stated that the curing reaction did 

not end directly after the polymerization lamp was shut off. This so-called 

postcuring phenomenon is also reported in several other studies investigating the 

curing behavior of VLC composites [49] indicating the potential of the DEA method 

to characterize curing reactions of polymer resins and composites after passing the 

glass transition in a state where the curing reaction is diffusion controlled and very 

slow [35]. 

 

 

1.8 DEA vs. Rheometry of VLC resins and composites 

The rheological properties of highly filled resin composites are important for the 

curing characteristics for two reasons.  

Firstly, the viscosity of the pure thermoset resins has a great influence on the 

curing reaction due to changes of the monomer mobility, and thus their permeability. 

As shown in Fig. 1.3 the viscosities of typical VLC monomer resins vary from 0.01 

up to 800 Pa*s and several studies report the flow behavior of pure resins to be 

newtonian [54-56]. Table 1.4 shows the viscosity of a monomer blend of Bis-

GMA/TEGDMA as a function of mixture ratio and temperature.  

Secondly, the flow characteristics of the composites depend not only on a resin 

composition, but it is strongly affected also by filler type and content. As the 

composite has to be easily applied in a tooth cavity its flow behavior is of great 

clinical relevance. In the literature most VLC dental composites are reported to 

behave both pseudoplasticly [55-57] and thixotropicly [56]. Besides the filler 

content, filler size, shape and agglomeration have a great influence on the flow 

properties [2, 58, 59]. Fig. 1.23 shows shear viscosity at a shear rate of 1/s of 

composites differing with respect to filler content and type. Composites containing 

mono-disperse pyrogeneous SiO2 nanofiller (see also Fig. 1.5 in chapter 1.1.1) show 

favorable flow characteristics in comparison to agglomerated nano-particles.  

Furthermore, composites with very high filler contents may also exhibit 

pronounced dilatant properties leading to unfavorable kneading properties and thus, 

to undesired gap formation at the interface of the tooth restoration which may cause 

secondary caries.  

Rheology of the filled system is relevant for the manufacturing process and for 

the clinical applicability of VLC dental composites. The viscosity of VLC dental 

resins and composites can be adjusted by the content of the different monomer types 

as well as by the filler type. Besides rheological investigation of the uncured 

composites in steady shear arrangement, the curing process is frequently 

investigated by dynamic oscillatory rheometry [55-57, 60].  
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Table 1.4: Shear viscosity of monomers blends of Bis-GMA and TEGDMA at 

three different temperatures published by Beun and Lee [55, 56]. 

 

 

Fig. 1.23: Shear viscosity vs. filler content of experimental composites filled with 
monodispersed or agglomerated pyrogenous SiO2 nanoparticles (~ Ø12 nm) [59]. 

 

However, after gelation rheometry comes to its resolution limit making it 

impossible to characterize the curing process for long curing times [57, 60, 61]. In 

this case the DEA method shows advantages in monitoring the curing of VLC 

composites. Even at temperatures below the glass transition of the specimen [47, 62, 

63]. A direct comparison of a curing process investigated by DEA and rheometry is 

presented in Fig. 1.24 [47] and provides qualitatively similar results for dynamic 

viscosity and ion viscosity. This is not surprising as the dynamic viscosity is linked 

to the ion mobility of the resin according to equation 19. With progressing 

polymerization and cross-linking during the curing process ε’’(f) as well as µ(f) 

Shear viscosity [Pa*s] Bis-GMA/TEGDMA 

content [%] at 20°C at 25°C at 35°C 

100 / 0 719 369 52.6 

80 / 20 9.20 5.04 1.46 

70 / 30 2.29 1.28 0.476 

60 / 40 0.550 0.429 0.203 

50 / 50 0.201 0.144 0.085 

40 / 60 0.087 0.066 0.021 

30 / 70  0.035 0.021 

20 / 80  0.022 0.014 

0 / 100 0.008 0.008 0.007 
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decrease significantly, whereas ηion increases similar to the dynamic viscosity of a 

rheologic measurement.  

 

 

 Fig. 1.24: Curing of an epoxy resin during a certain temperature regime (red line): 
comparison of shear (rheometer, dashed line) and an ion viscosities (DEA, blue line) [47]. 
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2. METHODOLOGY AND PURPOSE OF THE WORK 

Besides aviation, automotive and electric industries thermosets play an important 

role in medical applications and rapid prototyping. Since the important material 

properties for the later applications are set during the curing process, real-time 

investigation and characterization of the curing process is the key to successful 

thermoset product development. The methods employed in this work shall provide 

information about kinetics parameters as curing rate, gelation point, post-curing 

kinetics after gelation, degree of conversion (DC) and depth of cure (DoC, in case of 

light-curing resins) of a polymer network.  

Resins to be investigated within this work belong to two fields of application: 

medical dental applications and rapid prototyping. In principle, the materials belong 

to 2 classes of resins: photo curing resins (e.g. highly filled visible light-curing 

(VLC) dental resins substituting the amalgam fillings) and auto cure printing resins. 

The aim is to provide a methodology to practitioners to optimize and tailor resins in 

order to shorten the development times and predict/simulate the long-term behavior 

of the corresponding thermosets.  

There are several measurement methods for curing kinetics investigations as 

differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy 

(FT-IR) or mechanical methods measuring the shrinkage strain or stress 

development during the curing process. An important issue is the tracing of the 

curing process. The curing process depends on composition of the resin, viscosity of 

the resin, release rate of the curing enthalpy, temperature and filler content. In 

principle, the total curing process can be divided in the primary curing (generation 

of the thermoset) and the secondary curing (dark cure and aging of the thermoset).  

The curing reaction is to be traced by means of dielectric analysis (DEA). Time 

dependent ion viscosity serves as an input data for kinetic models. As the 

compositions of most resins are very complex (resin, inhibitors, stabilizers, fillers 

etc) the modeling of the curing process has to be performed using a boundary 

condition free kinetic model besides classical chemical approaches. In the very end 

the kinetic model is to provide the reaction rate curve to determine the curing time in 

advance and the change of properties to be expected in the course of time. Table 2.1 

gives a brief overview on the performed investigations, scientific goals as well as 

technical and economic aspects. 
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Table 2.1:  Overview on the planned investigations, scientific goals and technical 

and economic side goals. 

 

DEA curing investigations of:  Scientific goals:  Technical and economic 

aspects:  

VLC dental resins and 

composites with respect to:  

 

- curing depth 

- resin composition 

- curing temperature 

- kinetics modeling 

 

evaluation of the ability of the 

DEA for:  

 

- kinetics investigation and 

modeling 

- insights in the depth depen-

dent polymerization 

structure of a dental filling  

- simplification and time 

reduction of VLC composite 

development processes with 

the DEA method  

- provision of a time and cost 

efficient investigation 

method for quality insurance 

applications 

3D printing rapid prototyping 

resins with respect to:  

 

- characteristics of the 

initiation process  

- the role of the composition  

  on the printing process 

evaluation of the setting 

process of the investigated 3D 

printing rapid prototyping 
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3. DISCUSSION OF THE RESULTS  

3.1 DEA characterization of thermoset resins curing 

3.1.1 Curing behavior of VLC dental composites 

Curing behavior of 6 different light curing dental composites were investigated 

with dielectric analysis (DEA) using especially redesigned flat sensors with 

interdigitized electrodes. However, if not stated otherwise, the discussion is based on 

samples of Arabesk Top material. 

 

DEA of curing reactions - basic curve shape, reproducibility and scattering  

The first issue to be considered with DEA method is the reproducibility of the ion 

viscosity data. Samples taken from the same tube show a good reproducibility 

during the primary curing phase (Fig. 3.1). This is important as this time range was 

used to evaluate the reaction constant if the concentration of initiator molecules is 

known. It should be noted that the measurements carried out on samples from 

different tubes and/or batches are more scattered.. However, the reason of such a 

low reproducibility is not attributed to the DEA method accuracy but rather to 

differences in the materials compositions. As the filler content of these highly filled 

materials is in the order of 75 to 90 %, fluctuations between two batches may reach 

±3 %. This leads to changes of the resin content between 10 and 30 %, and 

consequently to differences in the measured initial ion viscosity. 

 

 

Fig. 3.1: Reproducibility of DEA curing measurements shown for three samples of Arabesk 
Top [P-II].  
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Identification of curing stages, investigation of frequency dependency of DEA 

measurements 

From the time dependent DEA curve the following characteristic values can be 

extracted (Fig. 3.2): 

• the constant initial ion viscosity η0
ion

 of the non-irradiated materials 

• the initiation phase with a slight decrease of the ion viscosity  

• the linear increase of the ion viscosity indicating the phase of undisturbed 

chain growth (UCG) 

• the degressive increase of the ion viscosity indicating the phase of disturbed  

chain growth (DCG) slowly approaching the final state  

• the final ion viscosity η∞ion  of the fully cured materials  

 

The constant initial ion viscosity η0
ion

 depends mainly on the composition of the 

resins defining the concentration of ions. It was found that the measured initial ion 

viscosities change between 3 and 10 % within the same batch depending on the 

material. Larger changes were found between different batches of the same material. 

This means that the DEA is able to indicate changes of the raw materials as well as 

changes in the composition of the produced dental filling materials.  

 

     

Fig. 3.2: Schematic ion viscosity curing curve of a VLC dental composite in the 
logarithmic scale with characteristic points. 
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Depth dependent curing behavior [P-I] 

The time dependent ion viscosities during the irradiation of 40 s for different 

specimen layer depths (from 0.5 to 2.0 mm in 0.5 mm steps to avoid figure 

crowding) for Arabesk Top dental resin are shown in Fig. 3.3 (further measurement 

results can be found in paper I [P-I]). The curves were evaluated with respect to 

characteristic ion viscosity values: initial ion viscosity, slope in the linear range, and 

average ion viscosity between 37 and 40 s (Table 3.1). The composite exhibits a 

material specific initial ion viscosity η0
ion of typically (180 ±15) MΩ*cm in the 

uncured state (Table 3.1).  At the beginning of the irradiation there is a depth 

dependent decrease of the ion viscosity between 8-35 % for Arabesk Top (Fig. 3.3 

a). In the initiation phase (Fig. 3.3, b) the ion viscosity drop is more pronounced 

with increasing depth in the specimen and it lasts longer to reach the initial value 

again (� initiation time). With increasing depth the initiation phase is extended. In a 

depth of 2 mm it lasts about five times longer than in a depth of 0.5 mm. As the 

curing time of VLC composites is an important parameter for the clinical application 

[3, 64-65] the initiation time before the start of the polymerization is an important 

quantity characterizing the reactivity of such resins and composites.  

 

    

Fig. 3.3: Depth dependent ion viscosity curves of Arabesk Top during light-curing for 40s 
(the range of linear time dependency is highlighted with full sysmbols) (a), and in the 

initiation phase between 0 and 6s (b) [P-I]. 

 

The initiation times determined in this study depend on composite type, resin 

content and the depth within the sample. Generally, these characteristic times are 

affected by at least three processes: 

(1)  Daylight stabilizers and inhibitors, e.g. buthylated hydroxyl toluene, must 

react in the initiation process prior to the start of polymerization [66]. 
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(2) Temperature rise in the specimen due to photo-thermal effect and exothermal 

reactions reducing the resin viscosity, and consequently the ion viscosity [67]. 

(3) New ions are temporarily generated during the light initiation process when 

initiator and accelerator molecules are transferred to radical ions [12, 68] 

(compare also chapter 1.3). Obviously these ion radicals contribute to the ion 

viscosity decrease within the initiation phase (different but still a depth 

dependent mechanism). 

 

 Table 3.1:  Characteristic ion viscosity values (initial ion viscosity, slope of the 

linear range and average ion viscosity between 37 to 40 s of irradiation) 

and times of the initiation process (time of minimum ion viscosity and 

initiation time) of Arabesk Top in different specimen depths. (n=3, 

mean values with standard deviations in parenthesis), [P-I]. 

specimen depth (mm) 0.50 0.75 1.00 1.25 1.50 1.75 2.00 

initial ion viscosity, 
ion

0η (MΩ*cm) 

161 

(10) 

162 

(4) 

171 

(4) 

184 

(10) 

198 

(19) 

185 

(7) 

196 

(9) 

slope of the linear range, 
ion

lin
η&  (MΩ*cm/s) 

460 

(33) 

295 

(46) 

218 

(9) 

164 

(10) 

131 

(13) 

66 

(6) 

58 

(6) 

average ion viscosity 

between 37-40s, 
ion

4037−η (MΩ*cm) 

6,780 

(310) 

6,250 

(1,110) 

5,790 

(1,060) 

5,370 

(610) 

4,610 

(650) 

3,62 

(490) 

3,020 

(80) 

time of minimum ion 

viscosity, tmin (s) 

0.53 

(0.11) 

0.62 

(0.01) 

0.92 

(0.06) 

1.20 

(0.06) 

1.49 

(0.06) 

1.80 

(0.11) 

2.48 

(0.06) 

initiation time, tinit (s) 
0.83 

(0.11) 

1.04 

(0.01) 

1.44 

(0.04) 

2.10 

(0.09) 

2.56 

(0.16) 

4.52 

(0.05) 

4.99 

(0.19) 

 

The starting polymerization increases the ion viscosity [45] and compensates the 

initiation effects. As a consequence the ion viscosity reaches a minimum. After 

passing the minimum the ion viscosity increases strongly with a linear behavior 

during the first polymerization phase (data highlighted with full symbols in Fig. 3.3 

a). The ion viscosity increase is found to be depth dependent during the 40 s of 

irradiation by a factor 15 to 40 for Arabesk Top with respect to the initial ion 

viscosity η0
ion

. The larger the depths in the specimens, the longer the linear ranges of 

the ion viscosity curves and the curing times, while the slopes of the ion viscosities, 
ion

lin
η& , decrease correspondingly (Table 3.1).  Fitting the depth dependent mean values 

of 
ion

lin
η&  with the Lambert-Beer-law yields an attenuation coefficient γ of (1.39±0.08) 

mm
-1

 (R²=0.98) (Fig. 3.4, left). This attenuation coefficient corresponds to an 
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absorption depth of da=1/γ of (0.72±0.04) mm, and maximum curing deph d0=3*da of 

(2.17±0.13) mm.  

If the slope of the ion viscosity reflects the polymerization and curing rate, it 

should exhibit the same depth dependency as the applied light intensity. The depth 

dependent light intensity fits to the Beer-Lambert law although it is clear that 

multiple light scattering is not taken into account. The attenuation coefficient of 1.53 

mm
-1

 (R²=0.99) is somewhat larger than that found for the slope of the ion viscosity 

in the linear range of the DEA measurement resulting in a slightly smaller 

absorption depth of da = 0.65 mm and maximum curing depth of d0 = 1.96 mm  (Fig. 

3.4, right). In the light of these results it seems quite reasonable why the maximum 

increment layer thickness recommended by the manufacturer is 2 mm. 

 

    

Fig. 3.4: Depth dependent linear slopes of ion viscosity curves of Arabesk Top (left side); 
depth dependent light intensity absorption (right side); both fitted acc. to Lambert-Beer 

Law [P-I].  

 

The linear increase of the ion viscosity after the initiation phase allows for 

insights in the beginning of the polymerization. According to Ferry [69], the 

viscosity of low molecular weight polymers depends linearly on molecular weight 

until a critical degree of polymerization is reached. Exceeding this critical molecular 

weight, the viscosity increases sharply with an exponent of 3.4. Simultaneously, it is 

the state where the polymerization process slows down due to a significant viscosity 

increase. Possibly this is also due to beginning gelation and cross-linking, 

respectively [P-II, 70]. The linear increase of ion viscosity with time indicates the 

existence of an UCG during the first seconds of the polymerization until the polymer 

chains reach a length that either allows for cross-linking with neighboring chains or 

transition to the glassy state (Fig. 3.5, left). For depths up to 1.5 mm the duration of 

the phase of UCG increases but it is compensated by decreasing reaction rates, 

which are indicated by decreasing slopes of the ion viscosity. Furthermore, it 
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supports the kinetics mechanism of the curing process that a remarkable amount of 

the CQ is “instantaneously” activated in this layer [P-II]. 

At depths exceeding 1.5 mm the light intensity is attenuated to one tenth or less 

(Fig. 3.4, right). Therefore, the activation of CQ becomes time dependent. Now the 

ion viscosity shows an increase after the linear range, indicating an acceleration of 

the curing process for a certain time interval (Fig. 3.3, curve for 2 mm depth). The 

change of the principal time dependency of the ion viscosity with depth is shown 

schematically in Fig. 3.5, right. 

 

       

Fig. 3.5: Schematic ion viscosity curve in the logarithmic scale with characteristic ranges 
(left side) [P-II]; Schematic representation of the ion viscosity curves for increasing depths 

within the sample - curve #1 is close to the surface, curve #4 is very deep in the sample 
(right side) [P-I].  

 

How can this changing curing behavior be explained with respect to curing depth? 

CQ photo initiator and amine accelerator are homogeneously distributed in the resin. 

Assuming a mean distance between the molecules one can divide the resin into 

elementary volumes, whose size depends on the concentration of the CQ or amine 

molecules, respectively. As the light intensity decreases exponentially within the 

specimen, the concentrations of CQ and amine radicals decrease accordingly. This 

means that the available resin volume for a single radical consists of more and more 

CQ elementary volumes with increasing depth. In Fig. 3.6 the depth dependent 

curing behavior is demonstrated by considering three layers in different depths with 

different curing kinetics: 

The top layer is irradiated with very high light intensity leading to an 

instantaneous and high concentration of CQ and accelerator ion radicals. The 

concentration of radicals can be considered to be constant and time independent. 

The mean distance between them is rather small and only few polymerization steps 

are necessary to reach the boundaries of the elementary volumes where cross-linking 

starts.  
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In the intermediate layer, the light intensity is reduced to the extent where the 

generation of CQ and amine radicals becomes slightly time dependent, but the initial 

concentration of radicals is still high. This leads to decreasing reaction rate of the 

firstly generated radicals, which is compensated by newly generated radicals. 

Consequently, a linear increase of the ion viscosity in relatively large range of 

curing time is obtained.  

In the bottom layer the light intensity is reduced to less than 10 % of the initial 

value. The generation rate of radicals is small, and therefore the radical 

concentration increases with time. The polymerization heat of the ongoing reaction 

and the heat from the LCU contribute to the temperature increase of the sample. The 

continuous radical generation together with the temperature increase leads to an 

enhanced reaction rate. The available volumes of the radicals become much larger 

than the elementary volumes of CQ and amine molecules. Therefore, the phase of 

UCG lasts significantly longer on average although there are few radicals generated 

further. These further radicals together with the immobilization of the long growing 

chains may be responsible for the observed acceleration of the reaction rate.  

 

 

Fig. 3.6:  Model of the radical density change with increasing depth in a sample (white 
spots: initiator molecules, black spots: activated radicals, dotted spots: posterior activated 

radicals), [P-I]. 

 

If polymerization and cross-linking happen according to the model proposed in 

Fig. 3.6, the molecular structure of the dental resin in the top layer corresponds to a 

thermoset (as polymerization starts from many radicals with a high reaction rate). 

Cross-linking already occurs in the early stages of irradiation if neighboring 

macromolecules begin to interpenetrate. In the bottom layer only few radicals are 

generated and the macromolecules have to become very long before they can 

interpenetrate and allow for cross-linking. However, if the length of the 

macromolecules increases, the molecules pass over into the glassy state. Their 
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molecular mobility decreases significantly and as a consequence also the reaction 

rate. This may happen before cross-linking becomes possible. Therefore, the 

molecular configuration in the bottom layer corresponds rather to a thermoplastic 

structure.  

 

Depth dependent curing behavior at very low irradiances investigated by NMR-

MOUSE [P-III] 

The photo-curing reaction of dental resins has been examined with unilateral 

nuclear magnetic resonance (NMR-MOUSE) allowing for a non-destructive high-

resolution measurement of depth profiles as a function of time and space. The NMR 

signal is sensitive to both the monomer concentration and changes in molecular 

mobility. The space and time dependence of the NMR signal can be described by the 

photo-polymerization reaction kinetics together with a heuristic approximation of 

the temperature dependence.  

NMR is used as an analytical tool to study matter in a magnetic field under the 

impact of radio-frequency (rf) pulses. The samples under study must have a nuclear 

isotope with angular momentum (spin) different from zero which orients in a 

magnetic field [71]. In the investigated dental composites hydrogen nuclei with spin 

½ were observed by relaxometry. 

In a static magnetic field B0, the spins get aligned parallel to it. A radio frequency 

pulse with a magnetic field B1 perpendicular to B0 manipulates the nuclear 

magnetization, and the magnetization response to radio frequency pulses is 

analyzed. One of the most important NMR phenomena is the echo caused by 

constructive interference of magnetization components. A spin echo is generated by 

two rf pulses and observed at the echo time tE after the first pulse, where tE is twice 

the pulse separation. NMR relaxometry concerns the measurement of the NMR 

relaxation times T1 and T2. The longitudinal relaxation time T1 specifies the time 

needed for the magnetization to reach thermal equilibrium. The transverse relaxation 

time T2 is the time with which the impulse response decays in a perfectly 

homogeneous magnetic field and it is determined with the help of spin echoes . 

When the field is inhomogeneous, the impulse response decays faster with the 

relaxation time T2eff. Carr et al. [72, 73] proposed a multi-echo method to measure a 

train of echoes in inhomogeneous fields whose decay traces the decay of the impulse 

response in homogeneous fields in the absence of translational diffusion. Given the 

self-diffusion coefficient D, the decay of the magnetization signal M(t) is described 

by 
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with the time lag between successive echoes tE, the gyromagnetic ratio characteristic 

of each isotope γ and the magnetic field gradient G, and magnetization signal in 

thermodynamical equilibrium M0. The characteristic decay constant of a Carr Purcell 
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Meiboom Gill (CPMG) echo train is called T2eff, and under low absolute values of G, 

D and tE, it is well approximated by T2. 

However, the time resolution of the NMR mouse method is limited to 

approximately 2 data points per minute. Thus, the light-curing reaction of the dental 

composite samples had to be stretched over several minutes by reducing the 

irradiation intensity to 1 % of the commonly used value of 800 mW/cm². Due to a 

comparably short measurement time window of 25 s, the CPMG decays have no 

good signal-to-noise ratio as illustrated in Fig. 3.7 (a) for an Arabesk Top composite 

in a sample depth of 1.2 mm. In fits with exponential decays, the fitting parameters 

“amplitude” and “relaxation time” show errors exceeding 30 %. Therefore, they 

could not be used to describe the reaction. On the other hand the echo sum 

integrated over 25s has a sufficiently good signal-to-noise ratio for that purpose.  

Figure 3.7 (b) summarizes the echo sums of the Arabesk Top dental resin 

composite as a function of time and sample depth. Two different time periods can be 

discerned in the curing curves separated by their maxima: initiation phase and curing 

phase. The duration of the initiation phase increases with increasing depth as the 

light, which initiates the reaction, is more attenuated. The subsequent curing process 

obeys the following relation for the time-dependent monomer concentration which 

was derived in paper III according to Kohlrausch [74]: 
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with the initial time t0, the initial monomer concentration [M]0 and the reaction time 

constant τ which increases with increasing distance from the light source.  

 

To describe the complete curing curves, two new terms were empirically included 

in Eq. (21): term 1 accounts for the initiation phase, improving the correlation 

coefficient R2
, and term 2 represents an experimental offset C yielding  
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Differentiation of Eq. (22) provides the time when the NMR signal achieves its 

maximum value  
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Figure 3.8 (a) shows examples of fits of the experimental data by Eq.(22) for 

Arabesk Top at depths of 1.7 and 3.8 mm (R
2
 > 0.98), where all the parameters were 

set to be varied. The fits show that a constant value for the initial monomer 

concentration [M]0 is found for all depths, and the reaction time constants τ depend 
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exponentially on depth as expected from Eq. (21-23). The offset level increases with 

increasing depth. The spatial dependence of the maximum signal with the relative 

error bars is presented in Figure 3.8 (b). 

 

 

Fig.  3.7: Time dependent CPMG decays of an Arabesk Top composite at 1.2 mm sample 
depth with unacceptable signal-to-noise ratio (a), Sums of the 64 first echoes in the CPMG 

detection trains at different sample depths versus curing time by means of single-sided 
NMR for the Arabesk Top (b) composite sample [P-III]. 
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Fig.  3.8: Time dependent CMPG decays of an Arabesk Top composite at 1.7 and 3.8 mm 
sample depth taken from Fig. 3.7 (b) and fitted acc. to Eq. (22) (a), relation between the 

signal maximum and sample depth of Arabesk Top (b) [P-III].  
 

 

Effect of resin composition on curing behavior 
(unpublished data, not included in Papers I-V) 

The effect of the monomer composition on the curing behavior of VLC resins was 

investigated for four different bisphenol A glycidyl methacrylate (Bis-GMA) / 

triethylene glycol dimethacrylate (TEGDMA) ratios (Fig. 3.9). Both DEA (Fig. 3.9, 

left) and FT-IR-measurements (Fig. 3.9, right) show significant differences in the 

time dependent curing behaviour of the resins with respect to initiation time, 

curvature and saturation values. BisGMA has an approximately 100,000 times 

higher shear viscosity than TEGDMA, and thus correspondingly different ion 

mobility.  

 

    

Fig.  3.9: Comparison of normalized DEA curing curves (left) with FT-IR DC-curves 
(right) of an experimental VLC resins varying in a monomer composition.  
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Due to the fact that BisGMA has a significantly higher ion concentration than 

TEGDMA which leads to an offset in ion viscosity (see also chapter 3.4) the lg-

DEA curves in Fig. 3.9 (left) are normalized with respect to the initial value. 

Although the exact influence of the resin composition on the curing kinetics has not 

been quantified in detail up to now, it is interesting how similar the DEA and DC 

(Fig. 3.9, right) curves are. In fact both diagrams show the same curing behavior. 

The curing reaction of a VLC resin is governed by a photo-initiator-system 

containing light initiator camphorquinone (CQ) and accelerator ethyl 4-

(dimethylamino)benzoate (DABE) which is much more reactive than CQ (� 

polymerization rate determining). Furthermore the VLC resins have to be stabilized 

to avoid the start of polymerization prior to illumination at ambient light. A typical 

daylight stabilizer is hydroxytoluene (BHT). The detailed initiation mechanism is 

presented in chapter 1.3.1.  

A dental resin contains different additives such as initiator system and stabilizer to 

adjust the performance. To investigate the effects of these additives on the curing 

behaviour the experimental resin Bis-GMA/TEGDMA having a mixture ratio of 

60:40 has been prepared containing a) only the photo-initiator CQ, b) CQ + 

accelerator DABE and c) CQ + DABE + stabilizer BHT. From Fig. 3.10 it can be 

seen that DABE has a significant accelerating effect on the curing behavior whereas 

BHT mainly affects the final ion viscosity indicating differences of the reached DC.  

Changing the amount of the initiator system CQ/DABE has significant effects on 

the curing behaviour (Fig. 3.11). The red curve with 1.1 g/kg initiator content shows 

a significantly slower curing kinetics whereas the increase from 3.3 to 5.5 g/kg leads 

to almost no further effect (and in fact the content of an initiator in the commercial 

VLC composites does not exceed the value of 3.3 g/kg CQ). 
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Fig.  3.10: DEA curing curves of an experimental VLC resin with varying composition with 
respect to initiator (CQ), accelerator (DABE) and stabilizer (BHT) presence 

 

 

Fig.  3.11: Normalized lg-DEA curing curves of an experimental VLC resin with varying 
light initiator content. 
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3.1.2 Evaluation of curing behavior of 3DP RP-resins [P-IV] 

The rapid prototyping printing materials used in this study are two component 

polymer systems consisting of PMMA powder and a liquid binder VXP1 (Voxeljet 

Technology GmbH). It was tested at two stages - new  (VXP1-new) and 6 months 

old (VXP1-old). 

 

 

DEA curing measurement – basic curve shape,  reproducibility, identification of 

curing stages and frequency dependency 

The ion viscosity of the PMMA powder measured with a frequency of 10 Hz 

drops from high values in the dry state by 3 to 5 decades in the moment of the 

addition of a binder. In the case of VXP1-new binder it passes through a minimum 

and increases slowly for 60 min to values being half a decade below the initial ion 

viscosity (Fig. 3.12, right). 

 

     

Fig. 3.12: Evaluation of log(ion viscosity) curves with corresponding curing phases (left). 
Frequency dependent ion viscosity with binder VXP1-new (right) [P-IV]. 

 

Three phases in the curing process can be distinguished in the ion viscosity curves 

after binder addition: 1st initiation, 2nd primary curing and 3rd post-curing (Fig. 

3.12, left). The two steps “initiation” and “primary curing” are better separated for 

1,000 and 10,000 Hz. Furthermore, the time dependent ion viscosities depend 

strongly on the chosen frequency (Fig. 3.12, right), as the ion viscosities before 

binder addition and at tmin, tstart and tend exhibit significantly different frequency 

dependency (Table 3.2). For frequencies of 10 Hz, 1,000 Hz and 10,000 Hz (change 

by a factor 1,000) the ratios of the ion viscosities (normalized to the 10,000 Hz 
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value) of the initial and end ion viscosities are similar but change during the 

initiation and curing phase in a different manner: 

• initial ion viscosity η
ion

0 decreases in the steps   235    :  5     : 1 

• minimum ion viscosity η
ion

min decreases in steps      5    :  1     : 1 

• start ion viscosity η
ion

start decreases in steps       1.7 :  1.5  : 1 

• end ion viscosity at 100 min η
ion

100 decreases in steps 299    :  6     : 1  

 

The time to minimum ion viscosity tmin is shifted towards the moment of binder 

addition with increasing frequency (Table 3.2). Interestingly, the slopes of the 

log(ion viscosity)-curves coincide well independent of frequency within the linear 

range of the initiation phase (Fig. 3.12, right).  

 

Table 3.2:  Frequency dependent ion viscosities and characteristic times of VXP1-

new binder determined by DEA [P-IV]. 

 

Parameter Unit Frequency 

  10 Hz 1,000 Hz 10,000 Hz 

η
ion

0 1330 28.6 5.7 

∆η
ion

0 
GΩ*cm 

363 2 2.1 

η
ion

min 32 6.5 6.3 

∆η
ion

min 
MΩ*cm 

1 1.8 1.8 

tmin* 4.5 0.6 0.4 

∆tmin 
min 

1.7 0.3 0.3 

η
ion

start 784 689 457 

∆η
ion

start 
MΩ*cm 

339 326 25.9 

tstart* 23 24.2 24.9 

∆tstart 
min 

4.2 4.1 4.6 

η
ion

100 386 7.2 1.3 

∆η
ion

100 
GΩ*cm 

57 0.7 0.5 

tend* 35.5 38.8 39.1 

∆tend 
min 

4.2 4.4 4.2 

* values corrected with respect to time of binder addition t = 10 min 
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Effect of binder components and binder aging on curing behavior  

In order to understand the curing process of the commercial binder VXP1 the 

effects of its constituents HEMA and styrene on the time and frequency dependent 

ion viscosity was investigated as well as aged VXP1 (Fig. 3.13, left).  

 

    

Fig. 3.13: Effect of different binders on ion viscosity of styrene, VXP1-new, HEMA and 
VXP1-old measured at 10, 1000 and 10000 Hz (left). Corresponding heat flow curves 

(without styrene) measured with DSC (right) [P-IV]. 
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For all 3 frequencies the ion viscosity curves of new VXP1 show a time 

dependency differing from those obtained for aged VXP-1 as well as HEMA and 

styrene. After the sharp drop due to a binder addition it reaches quickly a minimum. 

Then it increases continuously until reaching the end ion viscosity η
ion

end. The curing 

process with new VXP1-binder lasts typically 15 min longer than that for HEMA 

and VXP1-old (Table 3.3).  

The HEMA and VXP1-old binders show a sharp drop with a subsequent plateau 

during the initiation phase before the primary curing leads to a very sharp increase. 

Their ion viscosity curves at 10 Hz differ in two features significantly: After 

remaining constant on the plateau level for 15 min a further decrease occurs before 

suddenly the primary curing starts. At the end of this sudden increase the slope of 

the log η
ion(t)-curve decreases significantly and remains constant for another 10 min. 

Therefore, two end times are provided for the ion viscosity curves at 10 Hz in Table 

3.3.  

The styrene binder shows a small drop after binder addition compared to the other 

binders and almost no further change of ion viscosity. In the ion viscosity curves at 

10 Hz and 1, 000 Hz a little step might be identified in the time range from 45 to 50 

min after binder addition, however, even after 120 min the samples were soft and 

uncured.  

How can the different curing curves be understood with respect to the different 

binder types? During the initiation the binder swells the PMMA particles and 

mobilizes the initiator molecules trapped in the PMMA particles. Initiator-activator 

reactions generate radicals starting the copolymerization of styrene and HEMA. The 

initiation lasts a certain time until the ion viscosity has reached the starting ion 

viscosity η
ion

start for the investigated PMMA-VXP1 system which was found to be 

5*10
8
 Ωcm and reached after typically 34 min. It is obvious that VXP1-new binder 

generates different initiation processes than VXP1-old and HEMA binders 

exhibiting the ion viscosity plateau for about 20 min. The DSC curve of VXP1 (Fig. 

3.13, right) shows a constant exothermal heat flow already after an onset time of 4 

min until primary curing starts. This means that chemical reactions take place 

already after 4 min. The corresponding ion viscosity increases slowly and 

continuously during this initiation phase. This increase can be explained by both 

reduction of monomer mobility because of the swelling of the PMMA particles 

combined with ion diffusion into the particles or a slow and immediately starting 

polymerization process. Both processes increase the overall viscosity, and thus the 

corresponding ion viscosity. 

After reaching the start time tstart the reaction rate of VXP1-new increases 

significantly as the system transfers to the phase of primary curing (Fig. 3.13, left, 

10 Hz, at ~ 40 min). This sudden change can be explained by the Trommsdorf effect 

[25, 35]. The polymer chains have reached a length which reduces their mobility 

significantly. The rate of radical annihilation reactions goes to zero and the 
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polymerization is only determined by the monomer mobility. Due to the 

polymerization the viscosity of the binder system has reached a level – shown by the 

relatively high starting ion viscosity η
ion

start – keeping the polymerization rate 

moderate during the primary curing phase compared to VXP1-old and HEMA. This 

benefits twice to the performance of the final RP parts as thermal stresses are kept 

low and enough relaxation time is given to them. 

The curing behavior generated by the pure HEMA binder differs significantly. 

The ion viscosity remains on a constant but strongly frequency dependent level for 

15 min. Then the ion viscosity measured at 10 Hz drops by more than one decade 

while only small ion viscosity changes are observed at 1,000 Hz and 10,000 Hz. If 

one associates the ion viscosity at 10 Hz with the long range mobility of ions and the 

ion viscosity at 1,000 and 10,000 Hz with short range mobility this means that a 

minimum long range mobility of the monomers is required to start polymerization. 

The fact that the ion viscosity is increased by almost 3 decades within less than two 

minutes after passing the minimum at 10 Hz shows that the polymer chain radicals 

have to be immobilized. This leads immediately to Trommsdorf-like polymerization 

behavior which is decelerated when the glass temperature of the HEMA styrene 

copolymer exceeds ambient temperature. Furthermore, it seems that the short range 

mobility does not depend on frequency as the ion viscosities at 1,000 and 10,000 Hz 

are similar during the initiation phase.  

 

 Table 3.3:  Frequency dependent times of cure of the binders HEMA, VXP1-old 

and VXP1-new determined by DEA. (The VXP1-old measurement was 

an additional measurement 6 month later. After ageing there was not 

enough binder left for a multiple determination.) [P-IV] 

Start time tstart End time tend 

10 Hz 1,000 Hz 10,000 Hz 10 Hz 1,000 Hz 10,000 Hz Binder 

[min] [min] [min] [min] [min] [min] 

23.8 23.6 22.8 25.3/35.5 25.7 26.5 
HEMA 

±1.1 ±0.3 ±0.8 ±0.9 ±0.9 ±0.8 

34.5 34.3 n.e.* 48.1 45.6 n.e.* 
Styrene 

±0.6 ±0.5  ±0.9 ±0.9  

26.2 24.3 25 28.8/36.2 26.2 27.5 
VXP1-old 

      

26.8 27.6 29.6 38.9 42.4 43 
VXP1-new 

±3.4 ±3.1 ±2.9 ±3.7 ±4.1 ±3.3 

*n.e. = impossible to evaluate 
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Further, the behavior of VXP1-old binder can be explained because of the higher 

volatility of styrene indicated by lower melting and boiling temperatures, lower 

viscosity, and higher vapor pressure [P-IV]. During storage the VXP1 binder lost 

styrene due to evaporation and permeation. This leads to an increasing HEMA 

concentration in the binder containers. As the number of ions in the binder remains 

constant it causes an increasing ion concentration, and thus decreasing the ion 

viscosity. Small rests of styrene in the binder reduce its viscosity as styrene has a 

significant lower viscosity than HEMA decreasing the ion viscosity further. These 

two effects explain the lower level of the ion viscosity of VXP1-old during the 

initiation phase. Pure HEMA and VXP1-old binders cure rapidly within 2 min, 

while the VXP1-new binder requires almost 15 min (Table 3.3). 

However, binder systems containing small amount of styrene obviously behave 

differently to that containing a large amount. Styrene and PMMA have similar 

solubility parameters [P-IV]. Therefore, mainly styrene is responsible for swelling of 

the PMMA particles, and the release of initiator molecules. As styrene acts as a 

softener in PMMA, the glass transition temperature is decreased especially in areas 

of high styrene concentrations. In the areas where the glass transition temperature 

approaches ambient temperature, the release of initiator molecules becomes efficient 

and the curing starts. However, the degree of swelling, and thus the release of 

initiator molecules depend on the partial concentration of styrene in the binder. If the 

styrene concentration is low only small amounts of initiator molecules can be 

released and activated. The result is a rather low rate of curing which may lead to the 

limited increase of the ion viscosity at 1,000 and 10,000 Hz during the initiation 

phase. During this phase the HEMA-styrene copolymers have grown to a length that 

immobilizes their radical ends and primary curing starts in a Trommsdorf-like 

manner.  

The ion viscosity curves of styrene binder show only a small drop with binder 

addition and no curing reaction. According to Eq. (19) the ion viscosity depends 

reciprocally on the ion mobility and the concentration of ions. As styrene has a 

significantly lower viscosity, and thus higher mobility than HEMA, it must be a 

liquid containing almost no ions. With respect to the behavior of the aged VXP1 

binder this means that the lower ion viscosity results from a reduction of the 

viscosity because of the remaining styrene and as well as an increase of the ion 

concentration because of the styrene evaporation. HEMA is essential to start the 

curing process of these binders. 

The differences in the curing behavior of both VXP1 and HEMA binders provide 

a clear picture of the steps occurring within the curing process of this 3DP RP 

system consisting of initiator containing PMMA powder and activator containing 

binder. In the moment of addition the binder wets the PMMA particles. Then mainly 

styrene starts to swell the PMMA particles from the surface and mobilizes the 

initiator molecules which can now react with the activator molecules of the binder to 

radicals. This effect is pronounced for high styrene concentrations in the binder as it 
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leads to a significant decrease of the glass transition temperature of the PMMA due 

to softening. 

At the beginning only few radicals are generated and the curing rate is low. With 

ongoing radical generation the curing rate slowly increases until the HEMA-styrene 

chains are immobilized. At this moment the primary curing starts in a Trommsdorf-

like manner. The curing rate increases further, and the chains grow until mixture of 

copolymer and binder reaches its glass transition temperature. Now the curing rate 

decreases significantly, and the system transfers into the post-curing phase. 

 

 

Implementation of DEA-curing monitoring for 3DP RP production process 

The measurement of ion viscosity allows also for the tracing of the curing process 

under processing conditions (Fig. 3.14). The drops of ion viscosity are seen after 

each binder addition taking place typically after every 1.5 min. They are less 

pronounced as the amount of binder is less than half that of the lab tests. However, 

the depth sensitivity is limited to the electrode distances meaning that the IDEX 

sensor sees 1 or 2 processing steps while the TMS sensor sees 5 to 6 processing 

steps. Thus, the process control of a whole RP part is not possible, but the DEA can 

be used to compare the measured ion viscosities of the process with a reference 

curve to document changes.  

 

Fig. 3.14: Ion viscosity measured in the RP printing process at frequencies of 10 and 1000 
Hz (grey bars indicate the times when a new powder layer is printed with binder) [P-IV]. 
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3.2 Evaluation of DEA curing curves of VLC dental composites 

using reaction kinetics 

3.2.1 Reaction kinetics based modeling of the VLC process of dental resins 
[P-II] 

The viscosity of polymers depends linearly on molecular mass as long as the 

chain lengths are too short to form entanglements. As the ion viscosity ηion 

expresses the motion of a charged probe in a viscous surrounding on the molecular 

level, it has to be proportional to the rheological viscosity η
rheo

 after the initiation 

phase and to the molecular mass M of the growing chains [77] as long as the 

material is below Mcrit: 

)(~)(~)( tMtt nrheoion ηη         (24) 

with:  

η
ion

 ion viscosity 

η
rheo

 viscosity of melt or monomer liquid 

M molecular mass 

n exponent, n=1 if M<Mcrit and n= 3.4 if M>Mcrit 

Mcrit  is the molecular weight which has to be exceeded to account for  

entanglements.  

 

Due to the irradiation the initiator molecules are partly brought to an excited long 

living triplet state which starts the initiation reaction by radicalizing the non-light 

sensitive co-agent molecule:  

4342143421
radicals

transferproton
radicalsion

k
hI

transferelectron
AIAIAI

init

•+•→•+•→+ +−

ν,0

   (25) 

 

All possible initiation reactions are described in detail by [24]. For our purpose it 

is sufficient to assume an instantaneous generation of radicals for the first 

approximation which only depends on the depth according to absorption and scatter 

of light. Then the relevant initiation time is very short and can be considered as a 

reaction delay. Thus, the curing reaction is started either by an amine ion radical 

•+A  or an amine radical •A , which reacts with neighboring dimetharcylate 

monomers (DMA) leading to the start reaction: 

•−→+• )(DMAADMAA
startk

        (26) 
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and the subsequent growth reaction: 

)()()()( 1 •−−→+•−− + DMADMAADMADMADMAA n

k

n

ucg

    (27) 

with:  

kstart reaction constant of amine radicals 

kucg reaction constant of undisturbed chain growth (UCG) 

 

As the concentration of activated initiator molecules 
initiatorc0  is small compared to 

the DMA monomers concentration and time independent due to the high light 

intensity , the curing reaction is almost completely determined by the reaction 

constant kucg. Under this condition the reaction rate is given by a linear differential 

equation in terms of cDMA
: 

)(*)(*
)(

0 tcxck
dt

tdc DMAinitiator

ucg

DMA

−=
      (28) 

with:  

cDMA
 concentration of DMA monomers 

initiatorc0  concentration of activated initiator molecules. 

 

Solving Eq. (28) yields the time dependent DMA monomer concentration: 

txckDMADMA
initiator

ucgectc
*)(*

0
0*)(

−
=

       (29) 

 

The time dependent degree of conversion α(t) is: 

txck

DMA

DMA
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With increasing degree of conversion (DC) the molecular mass of the polymer 

chains grows. On the base of relation (24) together with equation (30) and the 

corresponding boundary conditions [P-II] one gets: 

( ) reac

inittt

ion

init

ionionion et τηηηη

−
−

∞∞ −−= *)( ,0       (31) 

with:  
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ion

∞η  final ion viscosity  
ion

init,0η  initial ion viscosity  

tinit initiation time 

reac
τ  reaction time constant  

 

which can be expanded for short irradiation times yielding:  

( )init

B

initiator

ucg

ionion

initinit

ion ttxcktt −∆+=− *)(**)( 0max,0 4444 34444 21
slope

ηηη

  (32) 

 

This means kucg and tinit can be determined by slope B and the intercept. In the 

experiment a linear increase of ion viscosity with time is expected after an initiation 

phase until the glass transition temperature exceeds the temperature of the sample. 

Then the increase of the ion viscosity should slow down as the mobility of the 

molecules freezes in and the molecular motion becomes diffusion controlled.  

 

3.2.2 Kinetics Evaluation of DEA measurement curves [P-II] 

In order to demonstrate the capability of the DEA to monitor fast curing 

processes, six light curing dental composites were investigated (Table 3.4).  

 

Table 3.4:  Investigated light curing dental composites; composition according to 

data sheets and safety data sheets 

 

Product name Producer 
Filler content 

[wt-%] 
Monomers 

Initiator 

system 

Filtek Supreme XT  3M ESPE 65 
Bis-GMA, TEGDMA,  

Bis-EMA 
CQ/DABE 

CeramX Dentsply 76 
MMA, modified poly-

siloxane, DDDMA resin 
CQ/DABE 

Dyract Xtra Dentsply 77 
UDMA, TCB resin, 

TEGDMA 
CQ/DABE 

SDR  Dentsply 68 
UDMA, TEGDMA,  

Bis-Methacrylate 
CQ/DABE 

Arabesk VOCO 77 
Bis-GMA, UDMA, 

TEGDMA 
CQ/DABE 

Grandio VOCO 87 Bis-GMA, TEGDMA CQ/DABE 
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The direct evaluation of the ion viscosity curves shows that the materials differ 

significantly with respect to initial ion viscosity 
ion

0η , final ion viscosity 
ion

∞η  and reaction 

time constant τreac, while the time to minimum ion viscosity tmin is for all materials close 

to 1 second (Table 3.5). Especially, the final ion viscosities may exhibit large scatter, e.g. 

for Dyract Xtra it is almost the same as the mean value. Of course, this also affects the 

corresponding reaction time constant determined from the final ion viscosity according to 

Eq. (32).  

Although all materials are composed in a similar way, the time dependency of the 

polymerization and curing process differ with respect to initiation time and initial 

reaction rate (slopes of the corresponding curves) after the initiation phase (Fig. 3.15).  

Filtek Supreme XT (flowable) exhibits an ion viscosity being significantly lower even in 

the long time range, whereas Ceram X reaches the state of reduced ion mobility already 

after 5 seconds. 

Immediately after switching on of the light curing unit (LCU) the irradiation excites 

camphorquinone molecules (CQ) to a triplet state from which they can react with co-

initiator molecules – so-called accelerators – generating two ion radicals. The duration of 

the initiation phase depends on the composition of materials as the resin viscosity defines 

the mobility of the CQ molecules and the time to generate a reasonable number of ion 

radicals. The pronunciation of the decrease of ion viscosity is mainly affected by the filler 

content as it reduces the global ion concentration. Furthermore, these initiator ion radicals 

start the polymerization process. In the case of CQ, the co-agent radicals (mostly amines) 

are the rate determining species [10, 24]. This means that there are always two 

superposing processes – ion radical generation and chain growth – during the initiation 

phase. 

 

Table 3.5:  Direct evaluation of the ion viscosity curves  

 

Material η0
ion

 η ∞∞∞∞
ion

 tmin τreac 

 [10
6
*ΩΩΩΩ*cm] [10

6
*ΩΩΩΩ*cm] [s] [s] 

Filtek Supreme XT 4.06 ± 0.42 1150 ± 150 0.75 ± 0.07 38.4 ± 2.1 

Ceram X 910 ± 87 10730 ± 310 0.93 ± 0.15 16.9 ± 6.3 

Dyract Xtra 56.4 ± 4.5 11770 ± 9800 0.63 ± 0,06 64.9 ± 45.1 

SDR 512 ± 44 7720 ± 2940 0.78 ± 0.16 71.9 ± 44.8 

Arabesk Top 171 ± 4 11570 ± 1840 1.05 ± 0.21 53.2 ± 2.8 

Grandio 89 ± 6 10450 ± 1920 0.67 ± 0.06 88.4 ± 4.2 
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Fig. 3.15: Comparison of ion viscosity curves of all materials – for clarity reasons curves 
#3 to #6 are shifted in the vertical direction by 109

Ω*cm each, curve #1 is Filtek XT [P-II].  

 

The linear increase of ion viscosity after starting the irradiation depends on the 

concentration of activated CQ molecules. This is affected by the light intensity, the 

concentration of CQ molecules in the resin and the filler content. This linear 

increase comes to an end if a certain ion viscosity is achieved indicating that the 

mobility of the DMA molecules is significantly reduced due to gel effects or passing 

the glass transition region indicating that the resin is transferred from the liquid state 

to the solid glassy state.  

The subsequent degressive time dependency of the ion viscosity shows that the 

mobility in the material is significantly reduced due to diffusion controlled chain 

growth and cross-linking. If this reaction phase is reached, the molecules in the resin 

become more and more immobilized. The ion mobility goes to zero, while the ion 

viscosity reaches values close to the resolution limit of the measuring device being 

in the order of 10
10

 to 10
11

 Ωcm. The ion viscosity is the inverse of the ion mobility 

µ and is related to dielectric loss ε", dielectric susceptibility ε0 and frequency f 
according to Eq. (19) [45]. This means that digitizing effects are seen in the 

measured curves if the ion mobility becomes very small - close to the resolution 

limit. This seems to be the case for ion viscosities exceeding 2*10
9
 Ωcm (Fig. 3.16). 

The scatter of the ion viscosity in the long term range is much more pronounced for 

the highly filled materials than for pure resins. This may be due to the relaxation of 

internal stresses, filler matrix debonding, and local materials debonding from the 
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sensor. In spite of the scatter of the ion viscosity data one may assume the slow 

down of the curing process as shown by the dashed line. 

 

 

Fig. 3.16: Scatter of ion viscosity of Arabesk Top at large curing times (data points), 
straight line is the short time fit according to Eq. (32), dashed line shows the deviation 

from the linear behaviour beyond vitrification (left side); zoom to the time range of linear 
curing behaviour (right side) [P-II].  

 

As the curing kinetics, in particular the kinetics of the undisturbed chain growth, 

is of interest, the data is evaluated with respect to the slopes in the linear time range 

B, the initiation time tinit and the reaction time constant τreac using Eq. (32) (Table 3.6 

and Fig. 3.16). 

 

Table 3.6:  Evaluation of DEA curve according to Eq. (32) 

Material Fit range Slope B tinit τreac 

 [s] [10
6
 ΩΩΩΩ*cms

-1
] [s] [s] 

Filtek Supreme XT 13 to 20 29.1 ± 9.3 7.35 ± 1.0 41.7 ± 12.4 

Ceram X 1 to 5 559 ± 20 1.38 ± 0.13 17.6 ± 1.0 

Dyract Xtra 5 to 15 138 ± 21 2.46 ± 0.66 83.6 ± 66.4 

SDR 1 to 5 333 ±192 0.91 ± 0.25 24.0 ± 8.1 

Arabesk Top 2 to 10 204 ± 12 1.62 ± 0.5 56.1 ± 9.1 

Grandio 3 to 13 143 ± 16 2.18 ± 0.42 73.7 ± 20.5 
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3.2.3 Extended model with time dependent initiator concentration  
(unpublished data, not included in Papers I-V) 

During the light-curing reaction the ongoing chain growth increases the molecular 

mass and as a consequence the viscosity. Thus, the curing reaction slows down and 

the reaction time constant τreac being a time dependent measure increases rapidly. 

This can be described assuming an exponential time dependency of τreac. 

glass

reac

t

t

0

reac e*)t( Τττ +=         (33) 

with 

0

reac
τ

 reaction time constant in the liquid phase   

glasst
 time to reach glass transition   

T pre-exponential coefficient 

 

Introduction to Eq. (28) yields: 
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This differential equation is of the type „seperated variables” and leads to the 

integral: 
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Solving yields: 
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For the time dependent degree of conversion DC(t) we get:  
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The correction term takes into account the changing reaction time constant during 

the curing process. The DC is decreased by the correction term to an assymptotic 

value smaller than 1; Fig. 3.17 shows the effect of the correction term on DC curing 

curve of the dental composite Arabesk Top with 40 s light-curing time measured by 

FT-IR (with golden gate ATR). The fit yielded the parameter values given in Table 

3.7. To achieve a reasonable fitting result with the solver, the measured DC curve 

was fitted first with the two parameters t0 and τ
0

reac in the linear region (5-9 s) 

without the correction term. Then these parameters were held fixed and the other 

two fitting parameters T and tglass are determined solving Eq. (37) including the 

correction term. 

 

 

Fig. 3.17: DC curve of Arabesk Top irradiated for 40 s and measured with FT-IR, 
irradiation is started 5 s after the measurement. Fits with constant (upper line) and 

exponentially increasing (lower line) reaction time constant).   



68 

Table 3.7:  Parameters determined acc. to Eq. (37) with the corresponding time fit 

intervals 

Fitting parameter acc. to  

Eq. (37) 
Unit 

Time fit interval  

5-9 s without 

correction term 

Time fit interval 5-45 s 

Starting time of light curing t0 s 4.9 4.9 

Reaction time constant τ
0

reac s 6.7 6.7 

Pre-exponential coefficient T s - 0.76 

Time to reach glass transition tglass s - 2.48 

 

Transfering this new DC(t) behaviour to ion viscosity measurements yields:  
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 (38) 

 

Fig. 3.18 shows fits of ion viscosity curves of the pure resin and the composite of 

Arabesk Top acc. to Eq. (38). Similarly to DC, the ion viscosity was fited with the 

parameters given in Table 3.8.; first in the linear region (5-9 s) without the 

correction term to determine the two parameters tinit and τ
0

reac, then keeping these 

parameters constant the other two fitting parameters T and tglass were obtained. Two 

effects can be seen in Fig. 3.18. Firstly the ion viscosity curve of the composite 

seems to be horizontally shifted towards higher values in comparison to the pure 

resin curve. This can be explained by Eq. (19). The composite only contains about 

40 vol.-% pure resin and thus, due to the fact that the glass filler do not contain any 

mobile ions, ca. 60% lower ion concentration. Secondly the curve characteristics are 

different with respect to the ion viscosity change ( )ion

init,0

ionion ηηη∆ −= ∞  as well as its 

kinetics parameters (tinit, τ
0

reac, tglass). One possible explanation is the different ratio 

of available light intensity and the number of CQ initiator molecules for pure and 

filled resins. Furthermore, the filler absorbs and scatters light, and thus reduces the 

radical concentration.  
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Fig. 3.18: DEA curing curves of Arabesk Top dental composite and pure resin fitted acc. to 
Eq. (38). 

 

Table 3.8:  Determined parameter values of Arabesk Top dental composite and 

pure resin acc. to Eq. (38). 

 Unit Pure resin 
Commercial 

composite 

Filler content wt-% 0 75 

Time fit interval s 4 to 20 3 to 20 

Initial ion viscosity 
ion

init,0η
 10

7
 Ω*cm 8.4 31.5 

True final ion viscosity 
trueion ,

∞η  10
9
 Ω*cm 3.8 5.0 

Reaction time constant τ
0

reac s 5.7 8.8 

Time to reach glass transition tglass s 4.7 6.9 

Pre-exponential coefficient T s 1.7 1.7 

Initiation time tinit s 3.2 2.3 
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3.3 DEA kinetics evaluation of 3DP RP-resins  
(unpublished data, not included in Papers I-V)    

3.3.1 Reaction kinetics based Modeling of the 3DP RP-resin curing 

The curing reaction of the investigated VXP1 3DP-RP-resin is a copolymerization 

of HEMA and styrene. Thus, the approach for the kinetic equation was chosen to be: 

)(*);(*
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0 tcxtck
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M

radical

ucg
M −=

      (39) 

with the time dependent monomer concentration cM(t), the reaction kinetics constant 

kucg of undisturbed chain grows (ucg), the time dependent initial radical 

concentration c0
radical(t;x) and monomer concentration cM

n(t). When an equilibrium 

between radical generation and termination is reached, c0
radical(t;x) becomes time 

independent and the variables can be seperated. 
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Integration over equivalent limits yields: 
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Solving for c(t) yields: 
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and the time dependent degree of cure DC(t) is given by: 
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Finally mathematical conversion yields: 
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Rewritten as a fit function one gets:  
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Assuming that the ion viscosity behaves analogously and that the reaction starts only 

after the initiation time yields:  
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With the short time approximation: 
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and the condition B> 0 one ends up with: 
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The ratio b/CB
 represents the slope S of the normalized ion viscosity curve at t = 

tinit. Thus, one can rewrite equation (47) as: 
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1

0

0
S*B*11

)(
t

ηη

ηtη
(t)η

ionion

ionion

ion
rel −−=

−

−
=

∞
     (50) 

 

The slope S is used as the start value for the first step of the fit procedure to 

determine the start value of B. In the second step both values are fitted. Fig. 3.19 

shows the measured relative ion viscosity curve of a 3DP-RP-material (symbols) 

with the fit to determine the slope S (dotted line) and the fitted relative ion viscosity 

(full line). The parameters are:  

B = (1-n) = -0.2376 ⇔ n = 1.2376 

maximum slope S = 0.0957/min  

initiation time tinit = 35.9 min.  

 

 

Fig. 3.19: Measured relative ion viscosity curve of the 3DP-RP-material (PMMA-powder 
with VXP1-binder) (symbols) with the fitted slope (dotted line) and the fitted relative ion 

viscosity (full line) 
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3.4 Correlation of ion viscosity (DEA) with shear viscosity 

(Rheometer) [P-V] 

3.4.1 Investigations of pure dental resins 

The resins behave in a Newtonian manner within the investigated shear rate 

range, thus the zero-shear viscosity η0 (referred as shear viscosity in the following) 

has been evaluated and compared with initial ion viscosities. Shear viscosity η0 of 

Bis-GMA resin is almost 5 orders of magnitude higher than that obtained for 

TEGDMA (Fig. 3.20). The effect of resin composition (ratio of Bis-GMA/ 

TEGDMA) can be well described with the relation: 

TEGDMAw*B

TEGDMA e*A)w(lg −=0η        (51) 

with parameter A corresponding to the logarithm of the shear viscosity of pure Bis-

GMA decreasing from about 600 to 500 Pa*s if the temperature is increased from 23 

°C to 36 °C, and parameter B of 1.8 being characteristic for the chosen resin 

mixture.  

 

 

Fig. 3.20: Shear viscosity at room and body temperature with respect to mixing ratio of the 
pure resins Bis-GMA/TEGDMA [P-V]. 

 

Except of pure TEGDMA, ion viscosities depend on the resin composition 

qualitatively in a similar manner. The commercial resin Arabesk Top shows 

viscosity values close to 80/20 Bis-GMA/TEGDMA model resin, while Grandio can 

be related the best to 60/40 Bis-GMA/TEGDMA model resin. In such a 
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consideration it has to be taken into account that Arabesk Top contains UDMA as a 

third resin component, having shear viscosity of about 10  Pa*s at 23 °C. The ion 

viscosity of the pure UDMA (2032.5 MΩ*cm) resin is much higher that those of 

Bis-GMA (549.5 MΩ*cm) and TEGDMA (74.1 MΩ*cm). Although the ion 

viscosities of all model and commercial resins show a consistent trend with respect 

to the corresponding viscosities of the mixtures they are below the ion viscosity 

values of both 100 % Bis-GMA and 100 % TEGDMA, (Fig. 3.21). 

 

 

Fig. 3.21: Comparison of shear and ion viscosities at 23 and 36°C with respect to the 
composition of Bis-GMA/TEGDMA resins as well as the Grandio and Arabesk Top pure 

resins [P-V]. 

 

Predicting the ion viscosity of resin mixtures requires a model which takes into 

account the changes of both shear viscosity and ion concentration. The shaer and ion 

viscosity of the uncured pure resin of Arabesk Top decrease exponentially in the 

temperature range from 20 to 50°C (Fig. 3.22). The shear viscosity drops from 7,295 

to 304 mPa*s and the ion viscosity from 84.1 to 4.2 MΩ*cm. The shear and ion 

viscosity with respect to temperature T were evaluated according to Fig. 3.22 using 

the following equations: 

Ion viscosity: ( ) ionion

F

ion bT*av,Tlg +=
0

η             (52) 

Shear viscosity:  ( )v,Tlg F =
0

η  arheo * T + brheo     (53) 
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The parameters bion
 and brheo

 represent the ion viscosity and viscosity at 0°C and 

are due to their nature very different. The parameters aion
 and arheo

 describe the 

change of ion viscosity and viscosity with temperature being very similar for each 

composite. The mean values of 〈aion〉 and 〈 arheo〉 were found to be -0.041/K and 

0.046/K, respectively.  

 

 

Fig. 3.22: Temperature dependent initial ion viscosity η0
ion (open symbols) and shear 

viscosity η0 (full symbols) of Arabesk Top pure resin in the uncured state [P-V]. 

 

 

3.4.2 Investigations of filled dental composites 

Filler content increases the viscosity substantialy. In some cases it may change 

more than a factor of 1,000 within the considered range of filler content [75, 76]. 

The ion viscosity also depends on the filler content but not in such a pronounced 

way. In paper V the following relation is introduced to calculate the dependency of 

the ion viscosity η0
ion

 on the filler volume fraction vF: 

( ) ( )
32

32

00
FF

F

ion

resin,F

ion vv
vlg)v(lg +++= ηη        (54) 

 

providing ion viscosities being in the same range as the measured values (Fig. 3.23). 

As expected the ion viscosities increase with filler content (Fig. 3.23 a and d). All 

initial ion viscosities of Arabesk Top and Grandio with respect to filler content for 

20, 30, 40 and 50 °C are presented in Table 3.9. The Arabesk Top composite with 60 
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vol. % filler has an ion viscosity about 3 times higher than the pure resin, while in 

case of Grandio material (71 vol.-% filler) this factor is more than 7. 

The calculated dependency of the ion viscosity on the filler content according to 

Eq. (54) provides values being in the same range as the measured values (Fig. 3.23 a 

and d). The idea of Eq. (54) is that according to the inverse mixing rule filler 

addition mainly reduces the ion concentration due to the dilution effect which in turn 

leads to an increase of the ion viscosity acc. to Eq. (19) [77]. But there are 

systematic deviations – too high ion viscosities for low filler contents and too low 

ion viscosities for high filler contents (Fig. 3.23 a and d) indicating that more 

processes affect the measured values of the ion viscosity. In order to further 

investigate the correlation of ion viscosity with shear viscosity the filler and 

temperature dependent data of Table 3.9 was evaluated using an exponential fit:  

A

v

ion
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F
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r,

F)v(
10

0

0
0 ==

η
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and a common viscosity model based on the frequently employed Maron-Pierce 

equation in the revised empirical form proposed by Kitano et al. [78]:  
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Table 3.9:   Filler content dependent initial ion viscosity of Arabesk Top and 

Grandio for different temperatures (n=5) [P-V]. 

Initial ion viscosity η0
ion

 [MΩ*cm] Filler volume 

fraction vF at 20°C STD at 30°C STD at 40°C STD at 50°C STD 

 
Arabesk Top         

0 84.1 1.4 27.7 0.9 11.0 0.2 4.1 0.3 

0.15 136.1 1.6 45.6 0.4 19.8 1.0 9.0 0.1 

0.3 269.8 12.4 84.9 4.9 41.0 1.1 14.6 0.6 

0.6 313.3 10.8 97.9 8.1 42.8 0.8 17.3 1.7 

 
Grandio         

0 17.2 0.9 7.0 0.2 3.2 0.1 1.7 0.1 

0.15 27.8 1.5 10.5 0.7 4.5 0.1 2.8 0.2 

0.3 52.6 0.5 17.4 2.1 7.9 0.1 4.2 0.4 

0.6 68.2 0.6 26.7 0.7 13.2 0.4 6.4 0.5 

0.71 112.5 3.1 51.2 1.9 23.0 1.8 10.6 0.6 



77 

 

Fig. 3.23: Initial ion viscosity ηion
0 of Arabesk Top and Grandio in the uncured state with respect 

to filler content vF at various temperatures. Straight lines represent fits of ηion
0 (vF) acc. to Eq.54 

(a, d), exponential trendline acc. to Eq. 55 (b, e) and Kitano model acc. to Eq. 56 (c, f) [P-V]. 

54 54 
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For this purpose the relative shear viscosity ηr in the Kitano model is replaced by 

relative initial ion viscosity η
ion

0,r. In the original models fitting parameter A is 

typically related to the packing geometry of the filler [78]. Fig. 3.23 (b, c, e, f) 

shows the models application for a filler content up to 30 vol.-%. The fit acc. to the 

Kitano model shows the smallest relative sum of deviation [P-V], but still fails to 

predict the initial ion viscosity at higher filler contents > 30 vol.-% overestimating 

the measured values by far.  

The ion viscosity changes substantially also with temperature. Linear fitting 

according to Eq. (52) yields resin characteristic slope values aion
 which are very 

similar for all filler contents (Table 3.10). This means that the temperature 

dependency of the ion viscosity is governed by the resin composition regardless of 

the filler content. This interpretation is supported by shear viscosity measurements 

of Arabesk Top and Grandio pure resins as well as Arabesk Top and Grandio 

composites having a filler content of 15 vol.-%. Linear fitting according to Eq. (53) 

yields also resin characteristic slope values arheo
 being only slightly higher than the 

slope values aion
, but unaffected by the filler content (Table 3.10).  

 

Table 3.10: Temperature dependency parameters of ion and shear viscosities (slopes 

and R²) of Arabesk Top and Grandio for different filler contents [P-V]. 

 ion viscosity (n=5)  shear viscosity (n=3) 

volume fraction vF a
ion

 [K-1] R²  a
rheo

 [K-1] R² 

Arabesk Top      

0 -0.043 0.99  -0.046 0.99 

0.15 -0.039 0.99  -0.046 0.99 

0.30 -0.041 0.99    

0.60 -0.041 0.99    

 
Grandio      

0 -0.033 0.99  -0.039 0.99 

0.15 -0.034 0.98  -0.039 0.99 

0.30 -0.036 0.98    

0.60 -0.034 0.99    

0.71 -0.034 0.99    
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4. CONCLUSIONS 

In this thesis the curing reaction of light-curing medical dental filling materials as 

well as auto-curing 3D printing rapid prototyping materials was investigated with 

dielectric analysis (DEA). The time dependent ion viscosity was evaluated as a 

material property similar to the shear viscosity characterizing the curing evolution 

and serving as an input data for kinetic models. For this purpose the following 

project steps were carried out: 

1) The curing reactions of both material classes were characterized with respect 

to basic curve shape, reproducibility, scattering, discrimination of different 

curing stages, material composition and in the case of light-curing dental 

materials also depth dependent light intensity. 

2) Material models were developed and their accuracy was tested with fitted 

kinetic parameters extracted from the DEA-curves. 

3) The correlation of ion and shear viscosity of pure resins and filled composites 

with various contents was investigated in order to identify limitations of the 

DEA curing characterization compared to rheometric methods. 

It was found that generally the three curing stages - initiation, primary curing and 

post-curing - can be precisely distinguished with the DEA-method allowing for the 

investigation of the influence of the basic reaction process parameters as resin 

composition, viscosity, processing temperature and light absorption and scattering 

phenomena. 

The developed material models integrating the kinetic parameters extracted from 

the DEA curves were capable of predicting the curing behavior. . 

Generally the ion viscosity depends on the resin composition in a more 

complicated way than shear viscosity as it is affected by both ion concentration and 

mixture viscosity. But, the fact that a pure resin with a low ion concentration has a 

very high ion viscosity inspite of low shear viscosity shows that DEA can be used to 

control the purity of organic liquids also for quality control applications.  

Fig. 4.1 visualizes how the papers I-V address the aims defined in the Thesis. 
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Fig. 4.1: Correspondence of the papers I-V to sub-goals of the thesis: “Real-time Investigation of 

Curing Mechanisms of Thermoset Resins for Medical and Technical Applications” 
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5. CONTRIBUTION TO THE SCIENCE AND PRACTICE 

As material properties of thermosets, and thus their beneficial use in later 

applications are set during the curing process, real-time investigation and 

characterization of the curing process is the key to successful thermoset product 

development. Each class of thermoset material has specific application 

requirements. As a consequence, in thermoset and composite science real-time 

curing monitoring is a key issue of interest.  

This PhD study focused on investigating the curing mechanisms of thermoset 

resins for medical and technical applications in real-time with dielectric analysis 

(DEA). The curing behavior of these materials was precisely characterized with 

respect to various curing parameters. Furthermore, kinetics parameters were 

extracted from the DEA-curves allowing for the development and evaluation of 

material models predicting the curing process. Finally, the ion viscosity measured 

with the DEA method was compared and correlated with shear viscosity. The 

following topics can be considered as the most important contributions of this PhD 

study to both science and practice: 

1) The ion viscosity is an appropriate quantity to measure the depth dependent 

curing behavior of dental composite resins. The time dependent increase of the 

ion viscosity is directly linked to the reaction rate. The depth dependent 

reaction rates determined by DEA measurements lead to the assumption that 

the structure formation of the resin changes with depth from a highly cross-

linked thermoset in the surface near layer to a rather uncured material in the 

bottom layer [P-I]. 

2) For the investigated 3DP materials a concept was developed which describes 

the curing steps until the post-curing phase. The crucial role of styrene in the 

binder determining the curing kinetics in the printing process was 

demonstrated. Furthermore, it has been shown that the approach presented can 

be an important tool in the development and tailoring of powder-binder 

systems, especially as it is applicable under plant conditions [P-IV]. 

3) Kinetic models capable of predicting the curing behavior by fitting kinetic 

parameters extracted from the DEA curves were developed for the 3DP and 

VLC RBC materials. . For VLC RBCs a model assuming a constant light 

initiator concentration is presented and evaluated in paper P-II. The findings 

concerning more complex material models capable of describing the complete 

curing process (see chapter 3.2 and 3.3) are in preparation for publication. 

4) Comparison of ion viscosity to shear viscosity shows a pronounced but almost 

identical temperature dependency. Both methods intercept the same physical 

phenomenon - motion of molecules; ion viscosity might be used for quality 

assurance purposes as a fast alternative to shear viscosity measurements.  
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ABBREVIATIONS 

3D three dimensional 

3DP three dimensional printing 

acc. According 

APO acylphosphine oxide 

ATR attenuated total reflection 

Bis-EMA ethoxylated bisphenol A dimethacrylate 

Bis-GMA bisphenol A glycidyl methacrylate 

BHT butylated hydroxytoluene 

BPO dibenzoyl peroxide 

CAD computer aided design 

CPMG NMR relaxation acc. to Carr Purcell Meiboom Gill  

CQ camphorquinone 

DABE ethyl 4-(dimethylamino)benzoate 

DC degree of cure 

DCG disturbed chain growth 

DEA dielectric analysis 

DMA dimethacrylate monomer 

DMT N,N-dimethyl-p-toluidine 

DoC depth of cure 

DSC differntial scanning calorimetry 

FT-IR fourier transform infrared spectroscopy 

HEMA 2 hydroxy methylacrylate 

HQ hydroquinone 

IDEX interdigitated electrode film sensor (DEA, 115 µm electrode distance, NETZSCH 

Gerätebau GmbH) 
KHN Knoop hardness 

LCU light curing unit 

NMR nuclear magnetic resonance 

PMMA poly methyl methacrylate 

RBC resin based composite 
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rf radio frequency 

RP rapid prototyping 

SEM scanning electron microscopy 

TCB resin carboxylic acid modified dimethacrylate 

TDP three dimensional printing 

TEGDMA triethylene glycol dimethacrylate 

TMS tool mount sensor (DEA, 1 mm electrode distance, NETZSCH Gerätebau GmbH) 

UCG undisturbed chain growth 

UDMA urethane dimethacrylate 

VLC visible light curing 

vol.-% volume-% 

VXP1 3DP binder containing HEMA and styrene (voxeljet AG) 

VXP1-new fresh VXP1-binder 

VXP-old 6 month old VXP1-binder (styrene mainly volatilized) 

VLC visible light curing 

wt-% weight-% 
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SYMBOLS 

a slope of lg η0 with respect to temperature and filler content (VLC) 

aion slope of lg η0
ion

 with respect to temperature and filler content (VLC) 

A amine monomer (3DP kinetics) or fitting parameter of Eq. 51, 55 or 56 (VLC) 

A• amine radical 

A+• amine ion radical 

b reciprocal reaction time constant (VLC kinetics) or n-1 (3DP kinetics) or shear 

viscosity at 0°C (VLC) 

bion ion viscosity at 0°C (VLC) 

B 
slope of linear region of DEA curing curve (VLC kinetics) or fitting parameter of 

Eq. 51 

B0 static magnetic field (NMR) 

B1 magnetic field pulse perpendicular to B0 (NMR) 

cDMA concentration of DMA monomers 

cM(t) time dependent monomer concentration (3DP kinetics) 

cn
M(t) time dependent initial monomer concentration (3DP kinetics) 

c0
DMA initial concentration of DMA monomers 

c0
initiator initial initiator concentration 

c0
rad initial radical concentration (VLC kinetics) 

c0
radical initial radical concentration (3DP kinetics) 

C or c0,M initial monomer concentration (3DP kinetics) 

d penetration depth of light in a specimen 

D self-diffusion coefficient (NMR) 

da=1/γ light absorption depth in VLC RBCs 

d0 = 3*da maximum curing depth 

DC∞ final possible DC 

DMA• dimethacrylate radical 

f frequency 

G magnetic field gradient (NMR) 

hν quantum radiation energy 

I initiator molecule 
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I• initiator radical 

I -• initiator ion radical 

[I] initiator concentration 

I0 incident light intensity 

I(d) light intensity in penetration depth d 

[ion] concentration of ions 

ki initiation rate constant 

kp propagation rate constant 

kstart rate constant of start reaction 

kt termination rate constant 

kucg rate constant of undisturbed chain growth 

l layer thickness of specimen 

M molecular mass 

Mcrit critical molecular mass to be exceeded to account for entanglements 

M(t) time dependent decay of magnetization (NMR) 

M0 initial maximum magnetization (NMR) 

Mn(t) molecular mass with curing time and exponent n changing from 1 to 3.4 at Mcrit 

M (M1, M2) monomer (type 1, type 2) 

M• (M1
•, 

M •) 
monomer radical (type 1, type 2) 

[M] monomer concentration 

n reaction order, number of multiple experimental determinations or exponent 

pV vapor pressure 

q charge of an ion 

Q heat 

R² correlation coefficient 

R• radical 

Ri rate of initiation 

RM1,n,m• radical reacted with 1, n or m times of monomers 

[RM1,n,m•] concentration of radical reacted with 1, n or m times of monomers 

Rp rate of propagation 
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Rt rate of termination 

Rpoly rate of polymerization 

S slope of the normalized ion viscosity curve at tinit (3DP kinetics) 

t time 

t0 start time of light curing (VLC) or initial time (NMR) 

tend end time of primary curing in DEA-curve (3DP) 

tE time of spin echo of rf pulse 

tmin time of DEA curve minimum 

tMAX time of maximum of CMPG-curve (NMR) 

tglass curing time to reach glass transition (VLC kinetics) 

tinit time of curing initiation 

tstart time of starting ion viscosity after initiation phase (3DP) 

T 
temperature or pre-exponential coefficient in time dependent reaction time 

constant (VLC kinetics) 

T1 longitudinal relaxation time (NMR) 

T2 transverse relaxation time (NMR) 

T2eff relaxation time of inhomogeneous impulse response decay acc. to CPMG (NMR) 

Tb boiling temperature 

Tg glass transition temperature 

Tm melting temperature 

Tsample sample temperature 

vF filler volume fraction 

wTEGDMA weight fraction of TEGDMA 
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GREEK SYMBOLS 

α(t) time dependent degree of conversion 

ε0 dielectric constant 

ε'' dielectric loss 

Φ quantum yield for initiation 

γ extinction coefficient 

δ solubilty parameter 

∆η drop of initial ion viscosity to minimum value (VLC kinetics) 

∆ηion difference between minimum and final ion viscosity 

∆ηion
max difference between ion viscosity of curing initiation and final ion viscosity 

∆ηion
0 scattering of initial ion viscosity after binder addition (3DP) 

∆ηion
100 scattering of end ion viscosity 100s after addition of binder (3DP) 

∆ηion
end scattering of ion viscosity at the end of primary curing in DEA-curve (3DP) 

∆ηion
min scattering of DEA-curve minimum (3DP) 

∆ηion
start scattering of starting ion viscosity after initiation phase (3DP) 

∆tend scattering of end time of primary curing in DEA-curve (3DP) 

∆tmin scattering of time of DEA-curve minimum (3DP) 

∆tstart scattering of time of starting ion viscosity after initiation phase (3DP) 

∆V/V relative change in volume 

η shear viscosity 

η
ion ion viscosity 

η
ion

100 end ion viscosity 100s after addition of binder (3DP) 

η
ion

end ion viscosity at the end of primary curing in DEA-curve (3DP) 

η
ion

rel(t) relative ion viscosity (3DP) 

η
ion

start starting ion viscosity after initiation phase (3DP) 

η
ion

0 initial ion viscosity after binder addition (3DP) 

ηmin
ion DEA-curve minimum  

η0
ion initial ion viscosity of non-irradiated (VLC) / non-initiated (3DP) material 

η0,init
ion ion viscosity of curing initiation 

η0,r
ion initial relative ion viscosity (VLC) 
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η0,resin
ion initial ion viscosity of of non-irradiated pure resin (VLC) 

η0
ion(vF) initial ion viscosity of of non-irradiated VLC RBC with respect to filler content 

η
rheo shear viscosity (VLC kinetics) 

ητ
ion ion viscosity at τ 

η∞
ion final ion viscosity of fully cured material 

η∞
ion,measured measured final ion viscosity of fully cured material with DEA (VLC kinetics) 

η∞
ion,true true final ion viscosity of fully cured material (VLC kinetics) 

ion

0η&  extrapolated slope of the linear range in the DEA curing curve for zero thickness 

ion

lin
η&  slope of linear range in DEA curing curve 

ion

4037 −η  average ion viscosity of DEA curing curve between 37-40s of irradiation 

µ ion mobility 

ρ density 

σ ion conductivity 

τ 
reaction time constant or time when the measured value reaches (1-e

-1
) or 63% of 

the final value 

τreac reaction time constant evaluated acc. to Eq. (31) (VLC kinetics) 

τreac(t) time dependent reaction time constant (VLC kinetics) 

τ
0 fit parameter τ

0
reac*c

0
rad (VLC kinetics) 

τ
0

reac reaction time constant in the uncured state (VLC kinetics) 
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