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Photo-Curing Behavior and Thermal Properties of Silicone                                                      

Semi Interpenetrating Polymer Network (Semi-IPN) Organogels 

Orkun Kaymakci 

ABSTRACT 

Silicone hydrogels are receiving considerable interest due to their important biomedical 

application areas such as contact lenses and wound dressings. The applications of such materials 

are usually in the hydrated state, as hydrogels. However, manufacturing and molding processes 

are mostly carried out in the organically solvated state, as organogels. This thesis investigates the 

effects of some of the manufacturing parameters such as curing time and thermal processing on 

thermal, mechanical, viscoelastic and adhesive/cohesive fracture properties of silicone semi-

interpenetrating polymer network organogels. 

Curing time may affect the extent of reaction and the crosslink density of a gel network. In order 

to investigate the effect of this parameter, materials were photo-cured for different times within 

the range of 150s to 1800s. Gel content, uniaxial tensile, dynamic mechanical, adhesive fracture 

and cohesive fracture properties were obtained as a function of photo-curing time and results 

were correlated with each other in order to have a better understanding of the effects on the 

material properties. Additionally, thermal properties of the gels were studied in detail. 

Crystallization and melting behavior of one of the solvents in the organogel were investigated by 

differential scanning calorimetry and thermal optical microscopy. Correlation between the 

thermal properties of the solvent and the gel network structure was shown. Dynamic mechanical 

analysis experiments were performed to investigate the effect of solvent crystallization on the 

mechanical properties. Finally, the effect of thermal processing parameters such as the heating 
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rate and the minimum cooling temperatures on the crystallization and the thermo-mechanical 

properties were studied. 
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Chapter 1 : Introduction  

Introduction and Motivation 

Semi-interpenetrating polymer networks (semi-IPN) consist of one or more crosslinked polymers 

and one or more linear or branched polymers which do not form a crosslinked system but 

interpenetrate in the network [1]. Silicone IPN and semi-IPN hydrogels have become 

increasingly popular  due to the combined properties of siloxanes (i.e. high oxygen permeability) 

and hydrophilic  hydrogels (i.e. wettability) [2]. These materials have flexibility similar to 

natural tissue, high biocompatibility and good transport properties such as high oxygen 

permeability. Therefore, they have been used in important biomedical application areas such as 

contact lenses and wound dressing materials.  

Synthetic gels can be differentiated based on the type of immobilized constituent. If the 

immobilized fluid is water, the material is called “hydrogel”. A gel is called “organogel” when 

the immobilized constituent is a hydrophilic fluid. In general, the fluid is an organic solvent and 

the specific type of the fluid depends on the application of the organogel. If the gel is filled with 

nothing but air, the resulting material is called “aerogel” [3]. Most of the studies on synthetic 

gels have been with either hydrogels or aerogels. However, even though the final applications of 

these materials are mostly in the hydrated state (such as contact lenses, wound dressings and 

implants), production and manufacturing of these hydrogels are mostly performed in the 

organically solvated state (as organogels). Therefore, characterization of the properties of 

organogels is important, especially from an industrial point of view. 

In industry, photo-curing is a widely used technique since it reduces the need for organic 

solvents and it is faster than thermal polymerization. Photo-curing is often used for free radical 
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polymerization of acrylate systems[4] and it is also a popular method to prepare silicone IPNs 

and semi-IPNs[2, 5-10]. Photo-curing time is an important parameter for the manufacturing of 

these gels and it affects the extent of reaction and the number of crosslinking points of the 

network. Therefore, it may significantly affect the thermal, bulk mechanical and fracture 

properties of organogels. Another parameter that may affect the manufacturing process of these 

gels is the thermal treatment. Besides the tremendous effect of temperature on the viscoelastic 

properties of organogels, thermal treatment may also cause a change in state (i.e. freezing) of 

solvents in organogels which may affect the properties significantly. In this thesis, the effect of 

photo-curing time and thermal processing on various properties of a specific silicone organogel 

is extensively studied.  

 Thesis Organization 

Chapter 2 of this thesis provides a brief introduction to silicone IPNs and semi IPNs and 

addresses the specifics of the organogel material studied in this thesis. Experimental details about 

the material preparation for the bulk and adhesive testing are also discussed in this chapter. 

Introduction sections of Chapter 3 and Chapter 4 contain detailed literature reviews which 

discuss studies performed by others as well as in depth background information about the 

experimental methods used to characterize the organogel. 

Chapter 3 mainly discusses the effect of the photo-curing time on the gel network, mechanical, 

viscoelastic, cohesive fracture and adhesive fracture properties of the organogel. The effect of 

photo-curing time on the material structure is correlated with the experimental results. In depth 

comparisons of the changes in different properties are discussed in order to fully understand the 

effect of photo-curing time. 
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Chapter 4 mainly focuses on the thermal properties and the effect of thermal phase changes of 

the solvent on the properties of the gel material. The phase changes in the solvent of the 

organogel are investigated by DSC, DMA and thermal optical microscopy. Cold crystallization 

behavior of the solvent is correlated with the characteristics of the gel network. The effect of 

crystallization and the loss of plasticization on the mechanical properties are discussed. Finally, 

the effect of processing parameters such as heating rate and minimum cooling temperature on the 

thermal and mechanical properties are presented. 

Chapter 5 summarizes the key findings and conclusions of the experimental results presented in 

Chapter 3 and 4. Also, possible experiments and suggestions for future work are discussed. 
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Chapter 2 : Materials and Fabrication of Silicone Organogels 

Silicone IPNs and Semi-IPNs 

Interpenetrating polymer networks (IPN) are blends of two or more crosslinked networks which 

are interlaced without covalent bonds between the networks. Semi-IPNs consist of one or more 

linear or branched polymers which penetrate into one or more crosslinked polymer networks. 

Figure 2-1 shows the illustration of IPNs and semi-IPNs. In general, IPN and semi-IPN 

hydrogels have advantageous properties than conventional hydrogels since the desired properties 

of individual components of the networks can be retained or improved depending on the specific 

application. Permanent interlacing of the components of IPNs and semi-IPNs can also overcome 

compatibility issues of the individual components which may limit or control the phase 

separation[2, 11]. Therefore, these benefits of IPNs have been used to develop silicone hydrogels 

with high hydrophilicity, good optical properties, high oxygen permeability and desired 

mechanical properties. Many researchers have studied the synthesis and characterization of 

silicone IPNs and semi-IPNs composed of silicone macromers and other hydrophilic 

monomers/macromers [2, 5, 6, 8, 9, 12-18]. Generally, silicone hydrogels combine the high 

oxygen permeability of silicone and the wettability of hydrophilic polymers, which make them 

very convenient materials for ophthalmic applications and wound dressings.           
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Figure 2-1: IPN composed of two interpenetrating crosslinked network (a) semi-IPN composed of one 

crosslinked and one interlacing linear polymer (b) 

Material and Sample Preparation 

Material 

The silicone organogel system used in this study was received as a monomer-solvent mixture and 

it has a solvent content of 45wt%.  Two different solvents in the mixture are referred to as 

Solvent A and B and their contents in the mixture are 25wt% and 20wt%, respectively. Silicone 

macromer content in the mixture is about 30wt% and the rest of the mixture is composed of 

hydrophilic monomers and a linear polymer.  

Sample Fabrication Process 

In order to fabricate the organogels from the monomer-solvent mixture by photo-curing, the 

mixture was degassed to remove residual oxygen at -85 kPa for at least an hour using a vacuum 

pump in a vacuum chamber. Then, the vacuum pump was turned off and nitrogen was released 

into the vacuum chamber. The monomer mixture was immediately put into a nitrogen filled 

acrylic glovebox. Curing was performed in a nitrogen environment since oxygen gas can 

interfere with the curing process. The temperature of the glovebox was equilibrated to 60°C 

using a COY Laboratory Products
® 

heater. The degassed mixture was kept in the heated 
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glovebox for at least 45 minutes before curing to make sure the temperature of the mixture was 

equilibrated at 60°C. During the curing process, all natural light sources were blocked and the 

overhead fluorescent lighting was turned off. The room was lit by yellow fluorescent lighting 

(Philips® F32T8/TL 730) which lacks the wavelengths below 490 nm. To cure the monomer 

mixture, Philips® TLK 40W/03 actinic lights were used as the radiation source, which emit 

radiation in the range of 380-480 nm. Figure 2-2 shows the organogel curing setup and the 

acrylic glovebox. 
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Figure 2-2: Organogel curing setup and acrylic glow box 

Bulk Sample Fabrication 

In order to prepare bulk samples of the organogel, rectangular polypropylene sheets were used as 

molds. A rubber silicone window with a thickness of 1.5 mm was placed between two 1.6 mm 

thick PP molds to set the thickness of the organogel sample. Two rigid acrylate outer walls with 
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6 mm thickness were placed both on the top and the bottom of the specimen to reduce the 

thickness variation along the sample (Figure 2-3). 

 

Figure 2-3: Bulk material preparation 

After the preparation of 5-layer sandwich mold, binder clips were attached to the sides of the 

mold to prevent monomer leakage (Figure 2-4). Then, the mold was filled with the monomer-

solvent mixture using a plastic pipette. To polymerize the mixture, the filled sandwich mold was 

placed 10 cm below the actinic lights, where the intensity of the photo-radiation was 0.5 mW/m
2
. 

 

Figure 2-4: Sandwich mold for bulk material preparation 

Adhesive Sample Preparation 

To characterize the adhesive properties of the organogel, wedge test specimens were prepared. A 

rectangular cyclo-olefin polymer was used as a substrate material. The substrate polymer has a 

glass transition temperature above the curing temperature, very low surface energy, high optical 

clarity, and low moisture absorption. The modulus of elasticity of the material is 2100 MPa[17]. 

Prior to curing, the substrates were cleaned with reverse osmosis water and the thickness of each 
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adherend was measured using a Mitutoyo
®
 micrometer (Model ID-H530E). The average 

thickness of an adherend specimen was 0.74 mm. Thin films (thickness of 0.12 mm) of 

polycarbonate (PC) spacers were attached to each end of the substrates using pressure sensitive 

adhesive (PSA) tape to control the thickness of the organogel layer. Then, a plastic pipette was 

used to place a small amount of monomer mixture in the space between the substrates and the 

polycarbonate films and the other substrate was placed slowly on the top of the monomer 

mixture (Figure 2-5). After the curing, the PSA tape and PC spacers were removed. The 

thickness of the organogel-adherend system was measured again.    

 

Figure 2-5: Wedge test specimen preparation  
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Chapter 3 : Effect of Curing Time on Thermal, Viscoelastic, Mechanical 

and Adhesive/Cohesive Fracture Properties 

Introduction 

This chapter discusses the effect of photo-curing time on different properties of the organogel 

material. As stated in Chapter 1, photo-curing time is an important parameter for the 

manufacturing of photo-cured materials. The crosslink density of a network and the extent of 

polymerization/crosslinking reactions are affected by the photo-curing time. Therefore, 

viscoelastic, thermal, mechanical and fracture properties of materials can be greatly affected by 

the curing time.  

During photo-curing, functional monomers and oligomers polymerize into crosslinked polymer 

networks. Photo-curing can occur by free radical polymerization or cationic polymerization. 

However, free radical polymerization is mostly used by industry to cure inks, adhesives and 

coatings. Rapid polymerization rates, low heat generation, low energy requirements and less 

need for organic solvents are the main advantages of photo-curing. On the other hand, material 

thickness, fillers, glass transition temperature and outdoor durability of the cured systems are 

limitations of photo-curing and photo-cured materials[19]. Depending on the absorption range of 

photo-initiator compounds, different sources such as fluorescent, mercury or Xenon lamps can be 

used. During the free-radical curing process, photoinitiators absorb the exciting photo radiation 

and initiator radicals are formed by intramolecular cleavage of the initiators. Then, the free 

radicals add up with the reactive monomers or oligomers, growing the polymer chain or the 

crosslinked network[19, 20].  
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Different studies showed that photo-curing time significantly increases the extent of reaction[21-

23], polymerization shrinkage[24] and crosslink density[25] of acrylate based light-cured resin 

composites. For a relatively weak material such as a silicone hydrogel or organogel, these 

changes may significantly affect the important material characteristics such as viscoelastic, 

thermal, mechanical and fracture properties. Therefore, it may be possible to alter the properties 

of photo-cured materials by changing the curing time.  

In general, properties such as modulus, hardness, tensile strength and elasticity of an elastomer 

depend on the crosslink density of a material. According to the theory of rubber elasticity, the 

average molecular weight between the crosslinks can be calculated by Equation 3-1[26, 27].  

                     2..  



cM

TR
                               (3-1) 

where  is the stress,  is the density, R is the gas constant, T is the absolute temperature,  is 

the extension ratio (strain (  ) +1), and cM is the average molecular weight between the 

crosslinks of active chains. 

Crosslink density is also an important parameter for the fracture properties of elastomers such as 

hydrogels. Due to the viscous flow, low molecular weight uncrosslinked polymers fracture at 

low stresses without any chemical bond breakage. As the crosslink density increases, molecular 

weight of the network increases so chains cannot flow due to the branched chains. Once the 3-D 

crosslinked network forms (gel point), breakage of chemical bonds is necessary for fracture to 

occur. Therefore, to create two fractured surfaces, rupture of chemical bonds will require higher 

energy, increasing the strength of the material. Viscoelasticity of a network is also a very 

important parameter influencing the fracture properties and is greatly affected by the crosslink 
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density of a network. As the crosslink density increases, higher energy will be stored due to the 

increasing elasticity which may act as a driving force for the fracture. As a result, brittle fracture 

may occur at low elongations at higher crosslink densities. At lower crosslink densities, viscous 

component may dissipate some of the input energy as heat, delaying the fracture[28].  

Characterization of the properties of silicone hydrogels is a popular research area in industry and 

academia due to their importance in biomedical applications. Among these studies, dynamic 

mechanical analysis is a popular method to characterize the viscoelastic, thermal and mechanical 

properties of these materials. Chauhan et al. investigated the dynamic mechanical properties of 

silicone hydrogels while the samples were submerged in water. They showed that both storage 

modulus and loss modulus of hydrogels increase with increasing silicone content. Also, 

increasing silicone content showed an increase in the frequency dependence of the materials[29]. 

Abbasi et al. compared the properties of silicone IPNs made of polydimethylsiloxane (PDMS) 

and polyhydroxyethylmethacrylate (pHEMA) with their physical blends both in dry and hydrated 

state. The IPNs showed better mechanical properties than their physical blends [15].  Also, DMA 

analysis of silicone hydrogels showed a phase separation behavior of silicone part and the other 

network. However, these materials still showed hydrophilic properties which are very important 

for biomedical applications[15, 16].  

Dynamic mechanical analysis basically characterizes viscoelastic and mechanical properties as a 

function of temperature, frequency and time. A small sinusoidal deformation is applied at a 

certain frequency and the deformation is controlled either by stress or strain. The two important 

properties measured by DMA are stiffness and damping. Modulus is used to express the stiffness 

and tan delta is used to express the damping. In DMA, stress and strain are functions of 

frequency and time (Equation 3-2). 



  

13 

 

                 (    )               (  )                                            (3-2) 

where   and   are the shear stress and the shear strain respectively,   is the angular frequency of 

oscillation,    is the phase lag between stress and strain, and   is the time. Shear stress can be 

rewritten as in Equation 3-3 by separating its in-phase and out-of-phase components. 

                                                    (  )             (  )                                          (3-3) 

Shear storage modulus measures the energy stored during elastic shear deformation of a 

viscoelastic material. Shear loss modulus measures the energy lost as heat during shear 

deformation and represents the viscous portion of viscoelastic material. Equation 3-3 can be 

modified to obtain storage and loss modulus. 

                                         
    (  )           (  )                                     (3-4) 

where    
  

  
      is the shear storage modulus and     

  

  
      is the shear loss modulus. 

As mentioned above, tan delta measures the damping characteristics of the material. It is 

basically the ratio of the loss modulus to the storage modulus[30]. 

                       
   

  
                                            (3-5) 

Polymers also undergo molecular transitions due to the relaxation of the chains. Glass transition 

is the onset of long range segmental motions and is generally designated as the α transition. The 

α transition occurs at the highest temperature and other more localized transitions occur at lower 

temperatures (β and γ transitions). Maximal values of tanδ are used to determine these type of 

transitions. Figure 3-1 shows the α, β, and γ transitions and  glassy, leathery, and rubbery 

viscoelastic regions of a thermoset material such as a chemically crosslinked gel[31]. It should 
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be noted that the viscoelastic properties such as storage modulus and damping are functions of 

time and temperature. Therefore, viscoelastic properties respond to temperature changes as well 

as the changes in deformation frequency. 

 

 

Figure 3-1: Relaxations and viscoelastic regions of a viscoelastic thermoset material 

To characterize the tensile properties of soft elastomers such as hydrogels, different mechanical 

models (Hookean, neo-Hookean and Mooney-Rivlin) have been discussed in the literature. 

Hookean model fails to characterize the non-linear mechanical behavior of rubber-like soft 

elastomers due to their non-linear stress-strain response[32]. However, the neo-Hookean model 
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is widely used to characterize the mechanical properties of hydrogels and rubber-like elastomers 

[32-35]. In the neo-Hookean model, strain energy function (U ) is expressed in Equation 3-6. 

          3
2

222
 zyx

G
U                       (3-6) 

where  is the extension ratio ( + and G is the shear modulus. Since, rubber-like crosslinked 

elastomers are often assumed to be incompressible (Figure 3-2)[36], 

                            1zyx                   (3-7) 

Extension ratios in the transverse directions should be equal to each other,  

                        
2/1

 zyx                      (3-8) 

 

Figure 3-2: Incompressibility of rubber-like elastomers and deformation directions 

therefore, Equation 3-6 is modified to  
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G
U                              (3-9) 

where   is the extension in the longitudinal direction (
z ).  

The derivative of the strain energy function with respect to the extension ratio provides the 

engineering stress. Using Equation 3-11, shear modulus of the rubber-like elastomers can be 

determined by the neo-Hookean model. Since Poisson’s ratio ( ) of these materials is almost 

0.5, elastic modulus can also be calculated using this approach. 
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As mentioned in Chapter 1, silicone hydrogels have very important biomedical application areas. 

These types of materials are usually very soft, however they are also quite brittle, which may 

create problems both in applications and in manufacturing processes. Therefore, characterization 

of both cohesive and adhesive fracture properties of these materials is crucial. Cohesive fracture 

behavior of hydrogels is studied extensively in the literature; however, research on this type of 

materials in the organically solvated state is very limited. Creton et al. studied the fracture 

properties of Poly(dimethylacrylamide)/Silica hybrid hydrogels by single edge notch fracture 

experiments. They calculated the fracture toughness of the materials in mode I by the Rivlin and 

Thomas[37] energy balance analysis. They showed that the critical energy release rate (Gc) of the 

hybrid hydrogels significantly increases with the increasing inorganic silica nanoparticle 

content[38]. Shull et al. investigated the fracture behavior of triblock copolymer gels in mode I. 
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The strain energy density model used to characterize the fracture properties of the materials 

reduces to the neo-Hookean model for small strains. However, due to the finite extensibility of 

the chains, they used a fitting parameter to characterize the fracture at larger strains[33]. The 

fracture model for the higher strains was initially proposed by Gent for rubber[39].   

Tizard studied the cohesive fracture properties of semi-IPN silicone organogels by using 

constrained tension fracture tests. In his research, fracture characterization of these types of 

materials were performed over a range of temperatures and rates and fracture master curves  

were obtained using the “time temperature superposition principle (TTSP)” [18]. In this thesis, 

the same “constrained tension fracture” experiments are adapted to characterize the effect of 

curing time on cohesive fracture properties of the silicone organogels. According to the Griffith`s 

energy criterion[40], when the energy released by the growth of a unit area of crack exceeds the 

energy to create new surfaces, crack propagation occurs. Therefore, steady-state fracture energy 

for mode I fracture is calculated by taking the derivative of the strain energy with respect to the 

area change [18, 41].  
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where U is the strain energy density, A is the crack area, 0h is the initial height and G  is the 

shear modulus of the material. Constrained tension fracture specimen and the deformation 

directions are shown in Figure 3-3. The initial crack length is shown as a0. 
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Figure 3-3: Mode I fracture specimen and deformation directions 

Higher curing times should cause higher degrees of crosslinking; therefore, materials will behave 

stiffer. Accordingly, more brittle fracture may occur at higher curing times. 

Interfacial fracture or adhesive properties of soft elastomers such as hydrogels or organogels are 

also very important for the applications of these kinds of materials. For example, many hydrogel 

products are produced by molding techniques in which the adhesion mechanism between a rigid 

mold and a cured soft gel is extremely important. Molecular interactions between two interfaces 

cause the adhesion phenomena and in most cases, adhesion is not quantitatively predictable 

without destructive test of the interface[42]. Energy release rate (G ) (energy required to grow a 

crack by a unit area) is generally used to characterize the interfacial fracture[42].  

During the interfacial fracture of soft elastomers, contribution of the elastically stored energy is 

crucial. The fracture process involves high strains and the stored elastic energy is dissipated as a 

result of the fracture[43]. The classical Lake-Thomas theory explains the elastic contribution by 

correlating the fracture energy to the energy stored in polymer bonds[44].According to this 

theory, the fracture energy is expressed by: 

                   xMKG        (3-13) 
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where K  is a constant related with the bond strength and density of a polymer, xM is the mean 

molecular weight between the crosslinks[45]. Therefore, according to the Lake-Thomas theory, 

there is a linear relationship between the fracture energy and the square root of the molecular 

weight between the crosslink points. Thus, as the crosslink density of a soft elastomer increases, 

fracture strength should decrease. Gent et al. showed that tear strengths are lower for a given tear 

rate at the higher levels of crosslinking[46].  

Since Lake-Thomas theory only considers the elastic contribution, it has an important limitation. 

The viscous dissipation of energy by the friction of the polymer chains at lower deformation 

rates away from the crack tip also has an important contribution to the fracture energy since it is 

an important dissipative factor. Linear viscoelastic theory is generally used to predict the 

dissipation which occurs away from the crack tip[43]. 

Adhesion between soft viscoelastic elastomers and rigid surfaces are generally characterized by 

peel tests and JKR tests [47].  Creton et al. studied the interfacial adhesion between a soft 

viscoelastic layer acrylic adhesive and a rigid surface using a novel probe method. In this study, 

a flat rigid probe was brought in contact with a soft elastomer, and then removed at a constant 

velocity. Before the debonding, the probe was stopped at some level of tensile force and the time 

required for the complete debonding was analyzed[47].  

Murray studied the interfacial fracture properties of semi-IPN silicone organogel materials. 

Organogels were cured between two relatively rigid thermoplastic polymers and fracture 

experiments were performed at different temperatures. Basically, a wedge was inserted between 

two adherends bonded by organogel materials and crack propagation rates were calculated. Then, 

the strain energy release rate vs. crack propagation plots were shifted using the TTSP theory to 
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obtain master curves[17]. In this thesis, to study the effect of curing time on the interfacial 

fracture properties, the same wedge test experimental procedure was used. The wedge test is a 

very similar method to the double cantilever beam test which is a widely used mode I fracture 

test. Originally, the wedge test is developed to characterize the durability of aluminum alloys 

used in aircrafts in different environments[48]. ASTM D 3762 standard describes the Boeing 

wedge test[49].  Test configuration is shown in Figure 3-4. 

 

Figure 3-4: Wedge test configuration 

Ghatak et al. investigated the measurement of work of adhesion between a soft confined film and 

a flexible plate[50]. They considered the energy of adhesion between the soft elastic film and the 

flexible adherend, the energy required to bend the adherend and the elastic energy of the 

adhesive to calculate the fracture energy. They also assumed that the soft elastic film perfectly 

adheres to the adherend[17, 50]. The strain energy release rate equation for this model is shown 

in Equation 3-14. 
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where D represents the flexural rigidity of the adherend,  is the wedge thickness, a is the 

crack length, h is the adhesive film thickness and,  akg  is the correction factor. 
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The flexural rigidity ( D ) is a measure of the adherend` s resistance to bending. Calculation of 

the flexural rigidity (Equation 3-15) is important in order to consider the bending energy of the 

adherend for the strain energy release rate calculations.  

           )1(12 2

3




Et
D

      
(3-15) 

where E is the elastic modulus, t is the thickness and  is the Poisson`s ratio of the adherend. 

The correction factor  akg   is required to implement the geometry of the deformation and the 

material properties and 1k  is the characteristic length scale to measure the relative 

deformability of the plate and the film[50, 51]. 

                                                        

6/1
3

1

96










G

Dh
k

          

(3-16) 

where G is the shear modulus of the soft film. 

Calculation of the correction factor is shown in Equation (3-17). 
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The effect of curing time on viscoelastic, thermal, mechanical and cohesive/adhesive fracture 

properties of semi-IPN silicone organogels can be crucial since curing time significantly affects 

the extent of reaction and the crosslink density of the materials. This chapter discusses the 

methods used to characterize these effects and experimental results of the effect of curing time. 



  

22 

 

Experimental Methods  

Solvent Extraction 

The effect of the curing time on the gel content of the silicone semi-IPN organogels were 

characterized by a solvent extraction method. The organogels were cured in sandwich molds as 

described in Chapter-2. The approximate sample dimension was 12.6 x 6.7 x 1.5 mm. The 

samples were placed into a boiling extraction solution and kept there for 6 hours, stirring 

constantly by a magnetic stirrer. Then, the samples were washed with reverse osmosis water and 

left in a beaker filled with water for overnight in order to remove the residual extraction solvent. 

Then, the resulting hydrogel samples were put into a vacuum oven at -95 kPa pressure and at 

90°C temperature for 24 hours to evaporate water. Finally, the dry samples were weighed.  

Uniaxial Tension Test 

In order to study the effect of curing time on stiffness and other tensile properties, uniaxial 

tensile tests were performed. Cured organogel sheet dimension was approximately 12.6 x 6.7 x 

1.5 mm. A standard ASTM # D 638-5-IMP punch die was used to punch dog-bone specimens 

from the bulk organogel sheet. Pressure sensitive adhesive tape was placed at the end of the 

specimens to reduce the damage from the tester grips. Also, white reflecting tape was placed on 

the specimens for the laser extensometer measurements as shown in Figure 3-5.  

 

Figure 3-5: Dog-bone specimen for the uniaxial tensile tests 
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Prior to the uniaxial tensile experiments, thickness of the each specimen was measured using a 

Mitutoyo® micrometer. For the uniaxial tensile testing of the specimens, an Instron 5848 

Microtester equipped with a 50 N load cell (Interface, SMT-50) was used. Samples were secured 

using pneumatic grips (Instron, 2712-019) and air pressure of the grips was set to 90 kPa. A laser 

extensometer (Fiedler Optoelektronik GmbH) was placed in front of the test specimen to 

measure the axial strain accurately. Figure 3-6 shows the Instron Microtester and the laser 

extensometer. The mounted dog-bone specimen is shown in Figure 3-7. 

               

      Figure 3-6: Instron Microtester and laser extensometer         Figure 3-7: Mounted dog-bone specimen 

The displacement rate was 2 mm/s and all the tests were performed at 22°C. Laser extensometry 

is a non-contact technique to measure elongations accurately, especially for soft materials with a 

high strain behavior. To measure strain, laser source of the extensometer emmited laser on the 

sample (Figure 3-7), and white electrical tape reflected the laser light. Reflected light is detected 

by the detector. Laser detector records the position of the reflected laser light and axial strain can 

be measured accurately.   
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Dynamic Mechanical Analysis 

Thermomechanical and viscoelastic properties of the materials were studied by dynamic 

mechanical analysis in shear mode. TA Instruments DMA Q800 equipped with a liquid nitrogen 

cooler tank was used to perform the tests. Approximately 10 x 10 x 1.5 mm square samples were 

cut from a cured sheet of organogel and placed into shear sandwich clamps. Samples were 

compressed enough to prevent slippage during the tests. Figure 3-8 shows the DMA shear 

sandwich set up and the shear deformation diagram. 

 

Figure 3-8: DMA shear sandwich set up and the shear diagram 

Temperature ramp tests were performed over a temperature range of -120°C to 100°C. The DMA 

was used in strain controlled mode and the strain amplitude was set to 10μm. Samples were 

initially equilibrated at -120°C and kept at that temperature for 5 minutes. Then, the temperature 

was increased to 100°C by 2°C/min increments. A single sinusoidal deformation frequency of 1 

Hz was used during the temperature ramp. Shear modulus and tan δ plots were obtained as a 

function of temperature.  
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Constrained Fracture and Relaxation Tests 

To characterize the effect of photo-curing time on the cohesive fracture properties of the 

organogel, constrained fracture tests were performed. Organogel sheets with an approximate 

dimension of 200 x 75 x 1.5 mm were prepared using the procedure in Chapter 2. On the both 

sides of the gel sheet, 2 mm wide pressure sensitive adhesive (PSA) tape was placed across the 

specimens to reduce the damage induced from metal grips when mounting and testing the 

specimen in the load frame (Figure 3-9). The length of the area between the PSA tape was about 

25 mm. Aluminum strips were placed on the tape and hole locations were marked. Holes were 

punched on the organogel accordingly. Then, double sided tape was placed on the aluminum 

strips (between each hole) and the strips were placed on the organogel sample again (Figure 3-9). 

 

Figure 3-9: Constrained fracture test specimen preparation 

After the aluminum bars were placed, the organogel test sample dimension was 200 mm by 

length and 25 mm by height. The specimen was secured in the pure shear grips and mounted on 

an Instron 5848 Microtester equipped with an Instron 2 kN load cell.  
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Figure 3-10: Mounted organogel test specimen for the constrained fracture tests 

Once the sample mounted on the testing equipment, a 10 mm long initial notch was induced 

using a razor blade along the midline of the specimen. Then, the pre-cracked samples were 

strained to 40% of the initial height of the specimen in 1 second and strain level kept constant 

until the crack propagated across the entire length of the sample. All the tests were performed at 

22°C. 

During the experiments, the crack propagation was recorded by a Photron high speed camera 

(APX-RX). Camera resolution was 1024 x 256 and image record rate was 500 frames per 

seconds (fps). A high speed camera image showing the initial notch is presented in Figure 3-11. 

 

Figure 3-11: Initial notch showing on a high speed camera image 
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PFV (Photron Fastcam Viever) image processing software was used to process the crack 

propagation data. Each 100th image was analyzed to calculate the crack length. Since the frame 

rate was 500 fps, time interval between the each recorded image was 0.2 seconds. To measure 

the crack length, a straight line was drawn from the crack tip to the attached paper ruler and the 

crack length was recorded manually (Figure 3-12). Therefore, crack propagation rates were 

calculated. 

 

Figure 3-12: Measurement of crack length 

Constrain tension relaxation tests were additionally performed in order to implement the time 

dependent relaxation effects into the cohesive fracture strain energy release rate (SERR) 

calculations. Organogels without an initial notch were strained using the same strain profile with 

the fracture tests. The stresses were recorded as a function of time to obtain the effective 

modulus of the organogels during the applied strain profile. Figure 3-13 shows a strained 

constrained tension relaxation test specimen. 
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Figure 3-13: Constrained tension relaxation test specimen 

Once the stress relaxation curves were obtained, the effective modulus values were calculated 

using Equation 3-18[18].  

                         


 )(
)(

t
tE             (3-18) 

Wedge Test 

In order to characterize the interfacial fracture properties of the organogels, wedge tests were 

performed. Details about the wedge test sample fabrication and the curing processes were given 

in Chapter-2. Figure 2-5 shows the schematic of the wedge test preparation. 

A piece of graph paper was attached on the back of the adherend to measure the crack length 

during the wedge test. A wedge with a thickness of 1.1 mm was inserted to commence the crack 

propagation. Figure 3-4 shows the wedge test configuration and Figure 3-14 shows the side view 

of the wedge test.  
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Figure 3-14: Side view of the wedge test 

A Photron high speed camera was used to record the test process and crack lengths were 

measured using the images from the camera. The high speed camera resolution was 1024 x 512 

and the frame rate was 60 fps.  A wedge test image from the camera is shown in Figure 3-15. 

 

Figure 3-15: Wedge tests high speed camera image  

After the crack propagation slowed down, the specimen was put aside while the wedge was still 

inserted. Then, the position of the crack front was marked on the specimen manually. After the 

crack propagation stopped, a picture of the specimen was taken and marked crack lengths at 

different time values were calculated by the image processing software (PFV, high speed camera 

software). All the tests were performed at 22°C. 
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Results and Discussion 

Gel Content 

The gel contents of the organogels were calculated by Equation 3-19.   

                                      100
0

  x 
M

M
tion% gel frac                  (3-19) 

where M0 is the calculated initial monomer weight (without solvents) and M is the weight of dry 

crosslinked polymer after extraction. 

During the solvent extraction experiments, the unreacted residual monomers and the solvents in 

the organogel dissolved in the extraction solvent. Therefore, the amount of the crosslinked 

polymer in the organogel was calculated. A minimum gel fraction percentage of 80.8% was 

obtained for the lowest curing time (150s), a maximum gel fraction percentage of 97.7% was 

obtained for the highest curing time (1800s). Figure 3-16 shows the effect of curing time on the 

gel contents of the organogels.  
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Figure 3-16: Effect of curing time on gel contents of the silicone semi-IPN organogels 

Gel content of the organogel increased significantly with the increasing photo-curing time. 

However, after 450s, the increase in the gel content was very low; therefore, polymerization was 

mostly complete after 450s. Dolez et. al studied the effect of photo-curing time on triethylene 

glycol dimethacrylate and bisphenol-A diglycidyl ether dimethacrylate based acrylic resins and 

showed a very similar time dependence of the curing behavior [21]. 

Uniaxial Tensile Behavior and Shear Modulus 

Stress-strain plots of the organogels as a function of curing time were obtained. Since these 

materials show a non-linear stress-strain behavior, neo-Hookean model was used to characterize 

the tensile properties of the organogels (Equation 3-11). For the each curing time, at least 5 

different trials were performed and repeatable stress-strain plots were obtained. Representative 

stress vs. neo-Hookean deformation metric (
2

1


  ) plots for the different curing times are 

shown in Figure 3-17. 
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Figure 3-17: Stress vs. neo-Hookean deformation metric plots of different curing times 

As the curing time increased, stresses required to stretch the samples increased significantly. 

However, after 450s curing time, the stress-strain behavior was almost the same. Shear modulus 

values of the organogels were calculated using Equation 3-11.  The stress vs. 
2

1


  plots were 

linear within the range of 40% strain, therefore, slopes of the plots were obtained from this 

region to calculate the shear modulus. Figure 3-18 shows the effect of curing time on shear 

modulus of the materials.  
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Figure 3-18: Effect of curing time on shear modulus of the organogels 

A 5.6 kPa shear modulus was obtained for the minimum curing time which is a relatively low 

value for the polymeric materials in the rubbery plateau. However, as the curing time increased, 

shear modulus values increased significantly until 450s curing time. For the highest curing time 

(1800s), shear modulus value was 57.6 kPa. It should be noted that the effect of curing time on 

the gel contents showed the same trend with the effect on the shear modulus values. The shape of 

the plots showed in Figure 3-16 and Figure 3-18 are substantially similar. Curing time may 

increase both the extent of reaction and the crosslink density of the materials.  The gel content 

study mostly investigated the effect of curing time on the extent of reaction. However, both the 

extent of reaction and the crosslink density have significant effects on the shear moduli of the 

materials. Therefore, curing time showed higher impact on the shear moduli.  

Thermo-mechanical Behavior and Viscoelastic Properties 

The effect of curing time on the thermomechanical behavior and the viscoelastic properties of the 

organogels were obtained by a dynamic mechanical analyzer in shear deformation mode. Shear 
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storage moduli and tan delta values were plotted as a function of temperature. Figure 3-19 shows 

the shear storage modulus plots of the organogels cured for different times. 

 

Figure 3-19: Shear storage plots of different curing times at 1Hz deformation frequency 

Figure 3-19 shows that rubbery shear storage moduli of the organogels increased with the 

increasing curing time. However, the glassy modulus was not significantly affected by the 

changes in the curing time. At the glassy state, polymer chains do not have segmental motions 

therefore motions of the chains are very restricted. Since the molecules act as frozen in this state, 

changes in the crosslink density did not affect modulus. However, at the rubbery state, polymer 

chains are mobile and the stiffening effect of the crosslink density would be prominent with the 

higher curing times. Gent et al. studied the effect of crosslink density on rubber and found that 

the rubbery moduli are affected by a factor of 6 whereas the glassy moduli of materials with 

different crosslink densities were very close to each other [46]. Similar behavior was also shown 

by Tobolsky. Crosslinker ratio ranged from 1.07% to 100% and storage moduli obtained as a 
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function of temperature. Even though the rubbery moduli of the materials varied significantly, 

the glassy moduli of the materials were close to each other[52].  

On all of the storage modulus plots, there was an extraordinary increase in the storage modulus 

on the leathery region. For example, the increase was at around -50°C and -25°C for the 150s 

curing time and 300s curing time respectively. The increase is about the phase changes of the 

solvent in the material and will be discussed in detail in Chapter 4.  

Dynamic mechanical analysis is a widely used technique to characterize the thermal transitions 

of the materials. Figure 3-1 shows representative storage modulus and tan delta plots indicating 

some of the thermal transitions. Tan delta plots of the organogel materials (Figure 3-20) were 

obtained and α transitions of the materials were mainly investigated.  

 

Figure 3-20: Tan delta plots of different curing times obtained at 1 Hz frequency 

Figure 3-20 shows that the organogel materials exhibited three different thermal transitions (α, 

β,γ transitions) for all the curing times.  It should be noted that the transition temperatures shift to 
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higher temperatures as the curing time increases. Increase in the thermal transition temperatures 

with the increasing curing time is related with the decrease in the molecular mobility. As the 

curing time increases, the extent of reaction and the crosslink density increases so the mobility of 

the polymer chains decrease. Therefore, more energy is needed to initiate the short range and the 

long range segmental motions of the polymer chains and the thermal transitions occur at higher 

temperatures. The effect of curing time on α transition temperatures of the organogels is shown 

in Figure 3-21. 

 

Figure 3-21: Effect of curing time on transition of the organogels 

The change in the glass transition (generally α transition) temperature with the increasing 

crosslink density previously discussed for many different crosslinked polymer systems[53]. 

Figure 3-21 shows that the α transition of the organogels significantly shifts to higher 

temperatures with the increasing curing time until 450s curing time. As mentioned above, the 

changes in the extent of reaction and the changes in the crosslink density of the organogel may 

affect the mobility of the polymer chains in the organogel, resulting differences in the thermal 

transition temperatures. An α transition temperature of -35.6°C was observed for the lowest 

-35.6°C 

-18.2°C 

-11.7°C 
-9.6°C -8.7°C -8.5°C 

-40

-35

-30

-25

-20

-15

-10

-5

0 300 600 900 1200 1500 1800

T α
 (
°C

) 

Curing time (s) 



  

37 

 

curing time and the temperature increased significantly until 450s curing time since the curing is 

almost complete at this curing time.  

At low temperatures and at temperatures above 25°C, higher tan delta values were observed at 

lower curing times, especially for the 150s curing time. Due to the lower crosslink density, 

higher viscoelastic dissipation was observed. Increasing viscoelastic dissipation with the 

decreasing crosslink density was previously discussed on rubber elastomers[46]. The effect of 

the viscoelastic dissipation on the fracture properties will be discussed on the following sections. 

Cohesive Fracture Properties  

The effective moduli of the organogels were obtained to implement the relaxation effects into the 

fracture energy calculations. Figure 3-22 shows the effective modulus plots of the organogels as 

a function of time. The fits of the each plot were obtained and the time dependent modulus 

values were calculated accordingly to calculate the SERR. It is also important to note that the 

effect of the curing time on the effective modulus of the materials were consistent with the other 

constitutive properties. 
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Figure 3-22: Effective modulus plots 

To characterize the cohesive fracture properties, the pre-cracked samples were stretched to 40% 

of their initial height in 1 second and strain level kept constant until the crack propagates across 

the entire length of the sample. For all of the curing times, steady-state crack propagation was 

observed. Figure 3-23 shows the diagram of the constrained fracture test specimen. Regions 1 

and 3 were ignored for the calculations of crack propagation rate and the strain energy release 

rate (SERR) since these regions may exhibit complex strain states because of the edge effects. 

Only data from region 2 was analyzed. 

 

Figure 3-23: Constrained fracture test specimen fracture regions 

SERR of the materials were calculated using Equation 3-12. To characterize the effect of curing 

time on the cohesive fracture behavior of the materials, SERR vs. crack propagation rate plots 
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were obtained (Figure 3-24). Due to the differences in the extent of reaction, crosslink density 

and viscoelastic dissipation, fracture behavior affected significantly by the curing time. 

 

Figure 3-24: Effect of curing time on the cohesive fracture properties 

SERR of the organogels increased with the increasing curing time due to the increase in the 

stiffness of the materials. However, crack propagation rate also increased significantly since 

curing time affects the crosslink density of the material making them more brittle. At higher 

curing times, organogels store more deformation energy elastically, which may act as a driving 

force for the propagation of the crack. At lower curing times, materials dissipate more energy 

therefore crack growths rates were substantially lower, especially for the 150s cured organogel. 

When the same strain profile was applied to the pre-notched specimens, complete fracture of the 

150s cured sample took 50 seconds whereas it was only 1.8 seconds for the 1800s cured 

specimen. In conclusion, both SERR and crack propagation rate increased with the increasing 

curing time. After 450s curing, increase in the curing time did now show any significant effect 

on the fracture properties of the organogels since the material was almost fully cured at 450s. 
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Adhesive Fracture Properties 

Wedge tests were used to characterize the effect of curing time on the adhesive fracture 

properties of the organogels. Strain energy release rates (SERR) of the interfacial fracture 

between the organogel and the cyclo-olefin polymer were calculated using Equation 3-14 and 

plotted as a function of crack growth rate (Figure 3-25).  

 

Figure 3-25: Effect of curing time on the adhesive fracture properties 

 For the 150s sample, interfacial crack did not propagate as much as the other curing times; 

therefore, data could not be collected at lower crack propagation rates. Adhesive fracture 

properties of all the curing times were found to be almost the same except the 150s curing time. 

Previously, it was shown that the 150s curing time dissipates more energy upon deformation and 
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crosslink density and high viscoelastic energy dissipation. It is important to note that viscous 

stretching may confound the results, shifting the calculated SERR values to higher values.   

Conclusions 

This chapter discusses the effect of curing time on the gel content, uniaxial tensile, dynamic 

mechanical, cohesive and adhesive fracture properties of silicone semi-IPN organogels. It is 

shown that there are several factors that might be affected by the changing curing time which 

significantly play a key role on some of the properties of the materials. Firstly, gel contents of 

the organogels were obtained by solvent extraction method. Results showed that the extent of 

reaction significantly increases as the curing time increased until 450s. Constitutive mechanical 

properties showed very consistent results with the gel content results. Due to the higher extent of 

reaction and increase in the crosslink density, shear modulus values calculated by uniaxial 

tension tests were gradually increased with curing time until 450s. After this curing time, the 

changes were very small since the curing was almost complete at 450s. Similar effects were also 

observed on the dynamic mechanical properties. As the crosslink density and the extent of 

reaction increased, the mobility of the polymer chains decreased. Therefore, thermal transition 

temperatures of the materials shifted to higher temperatures as a result of the increase in the 

curing time. It is important to note the effects of curing time on the constitutive properties are 

considerably analogous and the shape of the gel content, shear modulus and α transition 

temperature plots were substantially similar (Figures 3-16, 3-18 and 3-21, respectively).  

The cohesive fracture properties showed important sensitivity to curing time until 450s.  Higher 

SERR values were obtained for the higher curing time specimens due to the increasing stiffness 

of the organogels. However, as the curing time increased, crack growth rate of the materials 

increased significantly. Elastically stored energy at higher crosslink densities or high viscoelastic 
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dissipation at lower curing times are the possible reasons for different cohesive fracture behavior 

of these materials at different curing times.  

The adhesive fracture properties were obtained by wedge tests. The organogel cured for 150s 

showed a decade higher strain energy release rate values since it dissipates more energy than the 

other curing times. The adhesive fracture energy values are lower than the cohesive energy 

values. Therefore, if these specimens are debonded from a cyclo-olefin polymer surface, the 

fracture will most likely to occur adhesively. However, since 150s curing time showed the lowest 

cohesive and highest adhesive fracture energy values, a possible adhesive to cohesive fracture 

transition may occur during debonding of these materials. 
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Chapter 4 : Thermal Properties and the Effect of Solvent Crystallization 

Introduction 

In three dimensional polymer organogels, relatively small organic solvent molecules are 

immobilized within the porous structure of the gel network. Therefore, these types of materials 

are regarded as “semi-solid”. However, they have rheological behavior of solids since physical 

interactions between the polymer network and the solvents prevent the flow of the liquid 

phase[54, 55].  

In the literature, organogels are divided into mainly two categories; physical organogels and 

chemical organogels. Physical organogels are formed by thermo-reversible aggregation of 

solvent molecules whereas chemical organogels are formed by entrapment of solvent molecules 

in the three dimensional crosslinked network structures [56-58]. Since the chemical gels entraps 

solvent molecules within the covalently crosslinked networks, they are more robust and resistant 

to physical deformations[59]. According to these definitions, the silicone semi-IPN material used 

in this study is a chemical organogel which crosslinked in situ in the organogel solvent.   

Markovic et al. studied the thermal properties of different chemical and physical organogels and 

showed the kinetics and the thermal behavior of solvents within the polymer network structure 

[56-58]. In one study, they studied the chemical organogels formed by in-situ crosslinking of 

siloxane monomers in the presence of benzene solvent. As the network scaffolding increased, 

crystallization and melting temperatures of the benzene shifted to lower temperatures and 

respective exothermic and endothermic peaks became broader [58].  Roberts et al. studied the 

thermal properties of core-shell rubber/styrene gels. In this study, rubber/PMMA system was 

used as the absorbing polymer network and styrene monomer was the gel solvent. Similar to the 
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previous study[58], they showed that the melting and freezing points of the styrene shift to the 

lower temperatures. On differential scanning calorimetry (DSC) plots, neat styrene monomer 

showed a sharp melting peak whereas the melting peak of styrene was broader when it was 

present in the rubber network. They also showed an unusual crystallization behavior of the 

styrene when it was in the gel network. The monomer crystallized during the heating scan but 

not during the cooling scan of the DSC. During cooling, crystallization was kinetically hindered 

since the time window between the onset of crystallization and the gel system vitrification was 

small. As the organogel was heated through the glass transition temperature of the material, the 

mobility of the solvent molecules increased, therefore solvent could crystallize upon heating. 

Crystallization upon heating from glassy state to amorphous state is called “cold 

crystallization”[60]. Both the structure of gels and the interaction between solvents and polymer 

network might result cold crystallization of a solvent. 

The interaction of diluents or solvents with the polymer network in an organogel might cause 

melting and crystallization point depression of the diluent or solvent. Vikki et al. studied the 

thermal properties of resorcinol in polyaniline sulfonic acid solvated polymer system. Due to the 

strong hydrogen bonding and phenyl-phenyl interactions between the resorcinol and the polymer 

complex, the melting temperature of the resorcinol shifted to lower temperatures.  For example, 

pure resorcinol has melting point of 115°C, however, melting point of the resorcinol decreased to 

98°C when it was present in 40/60 w% polyaniline/resorcinol mixture. Resorcinol also showed a 

cold crystallization behavior[61]. 

Differential scanning calorimetry (DSC) is one of the most widely used techniques to 

characterize the thermal properties of materials. Since DSC measures the changes in the heat 

flow as a function of temperature and time, a thermal transition should result endothermic or 
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exothermic changes in the heat flow in order to be characterized by a DSC. This technique can 

provide qualitative and quantitative information about glass transition, melting, crystallization, 

curing, reaction kinetics and specific heat capacity of materials. “Heat flux DSC” and “power 

compensation DSC” are the two basic types of differential scanning calorimeters. The heat flux 

DSC measures the enthalpic difference by measuring the temperature difference between a 

sample and a reference whereas the power compensation DSC keeps the temperature of a sample 

and a reference at the same temperature and measures the electrical resistance to calculate the 

enthalpy difference[62].  In this thesis, a heat flux DSC (TA Instruments) is used. 

Conventional DSC measures the total heat flow associated with thermal transitions during DSC 

experiments. In addition to the conventional method, modulated DSC (MDSC) separates the total 

heat flow signal to its thermodynamic and kinetic components. Therefore, overlapping complex 

transitions such as crystallization and melting can be captured. Basically, MDSC applies a 

changing heating rate on top of a linear heating rate in order to measure heat flows that respond 

to the changing heating rate. Equation 4-1 shows the mathematical representation of the heat 

flow[63]. 

                          ),( Ttf
dt

dT
C

dT

dH
p           (4-1) 

where 
dT

dH
is the heat flow out of the sample, 

dt

dT
is the heating rate, pC is the thermodynamic 

heat capacity, t is the time, T is the absolute temperature and ),( Ttf  is the function of time and 

temperature which controls the kinetic response of any transition [63]. Therefore, the heat flow 

has two components; heating rate dependent and absolute temperature dependent. Depending on 

the effect of the heat flow component, transitions are called as reversing and non-reversing, 
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respectively.  For example, glass transition is a reversing transition whereas cold crystallization 

is a non-reversing transition [63, 64]. 

Crystallization behavior of materials can be significantly affected by the heating rate/cooling rate 

of a DSC experiment. Generally, as the heating rate increases, cold crystallization temperatures 

shift to higher temperatures [65, 66]. Since cold crystallization occurs when the samples are 

heated from glassy state to amorphous state, cold crystallization temperatures  should be 

dependent on the segmental mobility of the network[67]. Marosi et al. showed that both glass 

transition temperatures and cold crystallization temperatures shift to higher temperatures with the 

increasing heating rate[67].  

Baba et al. studied the relationship between the solvent freezing point depression and the 

network structure of solvated gels. Volume fraction of the ethylene propylene diene monomer 

(EPDM) elastomer was varied by changing the photo-oxidation time and the relationship 

between the volume fraction and the freezing enthalpy investigated. As the photo-oxidation time 

increased, the volume fraction of the gel increased. The network of the gel became more 

confined and crystallization of the solvent (heptane) inside the gel decreased due to the 

increasing confinement. [68]. Therefore, thermal behavior of a solvent can be used to obtain 

information about the polymer network structure such as degree of crosslinking and mesh sizes 

and distributions. For example, Honiball et al. proposed a method in which solvent freezing point 

depression of swollen rubbers was used to calculate the crosslink densities of materials[69].  

The state of water in hydrogels can be separated into three categories: (1) free, (2) freezing 

bound, and (3) non-freezing bound water. The free water does not form hydrogen bonding with 

the hydrogel therefore its characteristic properties such as crystallization temperature, 



  

47 

 

crystallization enthalpy or shape of the DSC curves are similar to those of pure water. Freezing 

bound water weakly interacts with the polymer network. Non-freezing bound water strongly 

interacts with the polymer through hydrogen bonding and does not freeze when the hydrogel is 

cooled down to temperatures below 0°C [70-73]. Depending on the interaction type and the 

strength of a solvent and an organogel polymer, thermal properties of the solvent can be 

significantly different. Previously, the free and bound states of solvents in organogels were 

investigated by DSC studies [56-58].    

When a polymer is solvated with a liquid such as an organic solvent or water, glass transition 

temperature of the network decreases and the material becomes softer and flexible since these 

low molecular weight liquids disrupt the intermolecular interactions between the polymer chains. 

Therefore, these liquids are used to plasticize rigid polymers to make them useful for practical 

purposes[74].  Previously, it was shown that swollen rubber networks have very low glass 

transition temperatures compared to dry rubber when the swelling solvent is in the liquid state. 

However, if a solvent in a gel freezes, it shows higher glass transition temperatures, close to the 

glass transition temperature of dry polymer. Therefore, plasticizer effect of the solvent 

diminishes when the phase of the solvent changes to the solid state from the liquid state [75]. 

Even though the thermal properties of solvents in swollen gel networks are extensively studied, 

the research on the effects of thermal changes such as phase change of solvents on different 

material properties is limited. If a solvent in a gel freezes, the mechanical properties of the 

system should change significantly since the solvent in the liquid phase will not act as a 

plasticizer anymore. This chapter extensively discusses the thermal behavior of the solvent-A in 

the silicone semi-IPN organogel material and its subsequent effects on the constitutive properties 

of the material. 
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Experimental Methods 

Differential Scanning Calorimetry (DSC) 

Conventional DSC 

In this chapter, DSC was used as the main tool to characterize the thermal properties of the 

silicone semi-IPN organogel. A heat flux DSC (TA Instruments Q-2000) was used to measure 

the changes in the heat flow as a function of temperature and time. About 10 mg of organogel 

sample was cut by a razor blade from a bulk sample prepared in sandwich molds (Chapter-2) and 

weighed out using scales capable of being read to four decimals. Then, the specimen was placed 

on to an aluminum DSC pan (TA Instruments) and capped with a smaller aluminum lid and 

crimped. The empty DSC pan and lid were approximately 30mg. An empty DSC pan and a lid 

were used as a reference during the DSC measurements.  

DSC experimental conditions such as heating rate, minimum and maximum heating/cooling 

temperatures were different for various experiments and these details will be provided in the 

results section with the corresponding DSC plot. Two heating and cooling cycles were performed 

and the second heating and cooling cycles were analyzed since the first cycles may show some 

aging effects. 

Modulated DSC (MDSC) 

MDSC experiments were performed to investigate the overlapping transitions during the DSC 

experiments. The same TA Q-2000 DSC was used to perform the modulated DSC experiments. 

The heating rate was 5°C/min and the temperature range was -80°C to 50°C. Specimen 

preparation for the modulated DSC was the same with the conventional DSC. Temperature 

modulation was 1.00°C every 60 seconds.  
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Dynamic Mechanical Analysis 

The details about the DMA with shear sandwich clamps were given in Chapter-3. In this chapter, 

DMA was used to characterize the effects of thermal changes such as crystallization of the 

solvent on the thermo-mechanical properties of the materials. Depending on the experiment type, 

different heating rate, minimum cooling and maximum heating temperatures were used. These 

experimental conditions will be given with the corresponding DMA plots.  

Optical Microscope with a Thermal Stage 

To investigate the thermal changes such as crystallization and melting, a thermal stage (Linkam 

THMS600) attached optical microscope (Nikon Eclipse LV 100) was used in transmission mode. 

Thin films of organogel was cured between plastic molds and placed on to microscope cover 

glasses. A cooling pump filled with liquid nitrogen was used to cool the specimens (Figure 4-1). 

                         

Figure 4-1: Optical microscope with the Linkam thermal stage 
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During the experiments, temperature of the specimens was equilibrated at -70°C and the samples 

were heated to room temperature at 5°C/min heating rate. The optical microscope was set to 

acquire images at every 15 seconds. An example microscope image with a scale bar is shown in 

Figure 4-2. The images in the results section do not have the scale bars but the magnification and 

the scale of those images are the same with the one in Figure 4-2. 

 

Figure 4-2: Example optical microscope image with a scale bar 

Results and Discussion 

Crystallization and Melting Behavior of Solvent-A 

DSC experiments showed that one of the components of the semi-IPN organogel crystallizes and 

melts during the heating scan. The cold crystallization temperature (Tc) was -24°C and the 

melting temperature of the crystallized component was -8°C for 900s cured specimen (Figure 4-

3). 
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Figure 4-3: DSC plot of 900s cured sample 

Crystallization of the solvent was hindered during cooling since the mobility of the network 

reduced and did not let the solvent to crystallize. However, during heating, the material was able 

to crystallize once the network became mobile again which kinetically allowed the crystallization 

of the solvent. 

To investigate the crystallization process, heating experiments were performed under optical 

microscope. When the sample was equilibrated at -70°C, some crystals grew. However, these 

crystals melted at around -30°C and new, smaller particles started to form. These particles melted 

at around -10°C. Figure 4-4 represents the microscopy images of the specimen at different 

temperatures, showing the two melting processes observed within the organogel material. 
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Figure 4-4: Heating microscope images of 900s cured organogel 

Initially formed crystals at -70°C and their melting at around -30°C did not show up on the 

conventional DSC plot (Figure 4-3). When these crystals melted at around -30°C, a new 

crystallization process started. The newly forming particles were smaller in size. However, they 

were all around the specimen making the specimens darker at corresponding temperatures 

(Figure 4-4). As soon as these particles melted, the sample became light-colored again. The 

melting at -30°C did not show up on the DSC plot because the melting overlapped with the 

crystallization which started at around the same temperatures. To investigate the overlapping 

melting behavior, MDSC experiment was performed (Figure 4-5). 
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Figure 4-5: MDSC second heating scan of 900s cured sample 

Figure 4-5 shows that there is a small endothermic peak at -29°C on the reversible heat flow plot. 

This endotherm is associated with the first melting of the crystals which initially formed while 

the sample was equilibrated at -70°C. The same experiments were also performed with the 225s 

cured sample to compare the thermal behavior by the thermal optical microscope and the MDSC. 

Figures 4-6 and 4-7 show the microscopy images and the MDSC plots of 225s cured sample 

respectively. 
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Figure 4-6: Heating microscope images of 225s cured organogel 

According to Figure 4-6, the crystals first melted at around -55°C and after this temperature, the 

images became darker, indicating new freezing component in the organogel. These particles 

started to melt at around -10°C. 
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Figure 4-7: MDSC second heating scan of 225s cured sample 

Small endotherms which overlapped with the crystallization peaks were captured on the 

reversible heat flows at -29°C and at -53°C for the 900s and 225s cured samples respectively 

(Figure 4-5 and Figure 4-7). These melting temperatures exactly matched with the first melting 

temperatures observed by the optical microscope (Figure 4-4 and Figure 4-6).  

Water or solvents may show more than one melting processes when they are present in hydrogels 

[70-73] or in organogels [56-58] respectively. This behavior is due to the type and the strength of 

intermolecular interactions between low molecular weight solvents/diluents and the polymer 

network. Also, heterogeneity in the network such as different mash sizes may cause different 

melting processes[68]. Two different melting processes observed with the solvent in the 

organogel network may be caused by different types and strengths of the interactions and/or 

different mash size of the crosslinked semi-IPN network. 

To investigate the melting component in the organogel network, a monomer mixture without 
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extra Solvent-B. The melting point of Solvent-B is below the test range temperatures of these 

experiments, so it should not show any melting peaks at around -10°C. An optical microscopy 

and a DSC study were performed using the formulation without Solvent-A to investigate the type 

of the freezing component.  

 

Figure 4-8: Heating microscope images of 900s cured formulation without Solvent-A 

Unlike Figure 4-4 and 4-6, there were no traces of crystallization or melting in Figure 4-8 since 

Solvent-A is the crystallizing component in the organogel. These results were also supported by 

the DSC experiments (Figure 4-9). 
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Figure 4-9: DSC plot of 900s cured organogel without Solvent-A 

The organogel specimen without Solvent-A did not show any crystallization/melting during the 

thermal microscopy and DSC experiments. Therefore, it is concluded that Solvent-A was the 

component that showed crystallization and melting during the experiments.  

Microscopy images showed two different melting processes and the results were supported by 

MDSC experiments. When the areas under the melting peaks of the first and the second melting 

were compared, the area under the second melting curve (at -8°C) was much larger than the area 

under the first melting curve (at –29°C) indicating that the amount of the second crystallized 

component was much larger than the amount of the first crystallized component. Therefore, only 

the second melting component (the only melting peak observed by the conventional DSC 

experiments) will be discussed on the following experimental results. 
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between solvent molecules and a polymer network. To investigate the melting point depression 

of Solvent-A, DSC plots of (1) pure Solvent-A, (2) organogel formulation with double Solvent-A 

(40w% Solvent-A) and (3) original formulation (25w% Solvent-A) were compared (Figure 4-10) 

Heating rate was 5°C/min for all of the DSC experiments.  

 

Figure 4-10: Melting point depression of Solvent-A 

The melting point of Solvent-A depressed to 10°C and -8°C from 33°C for the double Solvent-A 

(40w%) and the original formulations(25w%) respectively. Intermolecular interactions such as 

hydrogen bonding between a polymer and a solvent may shift the melting point to lower 

temperatures[61].In addition, the original organogel formulation (25% Solvent-A) showed a cold 

crystallization behavior whereas the pure solvent and 40% Solvent-A formulation did not. At the 

lower concentrations of Solvent-A, solvent molecules were more kinetically hindered to 

crystallize upon cooling.  
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Effect of Curing Time and Network Structure 

In Chapter-3, it was shown that, as the curing time increases, gel contents of the materials 

increase as a result of higher extent of reaction. Constitutive mechanical properties also increased 

with the curing time possibly due to the higher extent of reaction and the increased crosslink 

density. Therefore, it is expected that, at higher curing times, the gel network should be more 

confined which may affect the crystallization and melting behavior of Solvent-A in the 

organogel material. To investigate the effect of curing time on the thermal properties, DSC plots 

were obtained for the different curing times at 5°C/min heating/cooling rate. Figure 4-11 and 4-

12 show the heating and cooling scans respectively. 

 

Figure 4-11: DSC heating scans of organogel materials cured for different times 
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Figure 4-12: DSC cooling scans of organogel materials cured for different times 

Except the 150s curing time, all the curing times showed only cold crystallization of the Solvent-

A. Due to the system confinement and the mobility of the gel network, crystallization was 

kinetically inhibited during cooling. However, Solvent-A showed a different thermal behavior 

when it was in the 150s cured network. 150s cured material has the lowest gel content and the 

crosslink density. Therefore, at this curing time, solvent crystallization was not completely 

inhibited kinetically during the cooling. 150s curing time showed crystallization during both the 

heating and the cooling scans. Also, cold crystallization peaks of other curing times were much 

broader than the 150s curing time crystallization peak. Gel network mobility and heterogeneity 

in the distribution of network confinement[57] may result broadening of a crystallization peak.    
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Increasing confinement with the increasing curing time also showed a significant effect on the 

crystallization temperatures and the amount of crystallized Solvent-A molecules in the network. 

Table 4-1 summarizes the crystallization temperatures and the crystallization enthalpies. 

Table 4-1:  Crystallization temperatures and enthalpies of Solvent-A in organogels cured for different 
times 

Curing 

time 

Crystallization temperature, 

Tc(°C) 

Crystallization enthalpy, 

∆H(J/g) 

150s   -50*   13.5* 

225s -42 11.4 

300s -34 9.3 

450s -26 4.1 

900s -25 3.6 

1800s -24 3.7 

* Not cold crystallization 
 

 

As the curing time increased, the Solvent-A crystallization temperatures shifted to higher 

temperatures and crystallization enthalpy values decreased indicating that less solvent crystallize 

at higher curing times. During heating, at temperatures where the gel network mobility increases 

significantly due to a thermal transition (such as glass transition), cold crystallization process 

starts since the solvent molecule mobility increases accordingly [60]. At the lower curing times 

(225s and 300s), the gel network became mobile at lower temperatures during heating, therefore 

cold crystallization temperatures were at lower temperatures. Also, the crystallization enthalpies 

showed a direct relationship with the gel confinement. As the extent of reaction and the crosslink 

density increased with the curing time, the amount of the crystallized Solvent-A decreased since 

crystallization was hindered by the confined gel network. Baba et al. [68] previously showed a 

linear relationship between the gel content of an organogel and the solvent crystallization 
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enthalpy. A similar relationship was also obtained in this study (Figure 4-13). Therefore, it is 

shown that the gel network has significant effect on the solvent crystallization of an organogel. 

 

Figure 4-13: Effect of gel network on the solvent crystallization enthalpies 

Changes in the gel network structure, thermal transition temperatures of the gel and the 

interactions between the polymer and the solvent can affect the thermal properties of the solvent 

in the organogel. Figure 4-13 shows that there is a linear relationship between the volume 

fraction of the gel varied by photo-curing time and the crystallization enthalpy (∆H) of the 

solvent. Crystallization temperatures were also plotted as a function of the gel contents and 

another empirical linear relationship was observed between the crystallization temperatures and 

the gel content (Figure 4-14).  
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Figure 4-14: Effect of gel network on the solvent crystallization temperatures 

In Chapter-3, it was shown that the curing time affects the gel content, constitutive mechanical 

properties and the fracture properties of the organogel. Generally, the changes after 450s curing 

time were insignificant since the material was almost fully cured after this curing time. Similarly, 

Solvent-A crystallization temperatures and melting enthalpies were not affected significantly by 

the curing time after 450s curing. 
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the leathery region, at some temperatures, shear modulus of the material showed an abnormal 

increase. The increase in the shear modulus in the leathery region was due to the solvent 

crystallization and in this section, the effect of the crystallization on the thermo-mechanical 

properties are discussed in detail. 
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same solvent content however, it has only solvent-B which does not show any thermal phase 

changes in the DMA test temperature range. Figure 4-15 shows the comparison of the DMA 

heating scans of the original organogel formulation and the formulation without Solvent-A. Both 

of the materials were cured for 900s and the heating rate of the DMA experiment was 2°C/min. 

 

Figure 4-15: Effect of solvent-crystallization on thermomechanical properties 

As the original organogel formulation was heated from the colder temperatures, at around -32°C, 

the decrease in the shear storage modulus stopped and a slight increase was observed until about 

-23°C. As previously discussed, Solvent-A in the organogel crystallizes when it is heated from 

colder temperatures. The observed increase in the shear storage modulus is due to the freezing of 

this component. The effect of crystallization on the shear modulus is significant when the 

original formulation is compared with the formulation without the Solvent-A (Figure 4-15). 

Honiball et al. showed that the unfrozen solvent can act as a plasticizer when they are present in 

an elastomer network and lowers the glass transition of the materials. However, when the solvent 

solidifies due to the crystallization, the plasticizer effect may be lost [75]. Increase in the shear 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.01

0.1

1

10

100

-125 -100 -75 -50 -25 0 25 50 75 100

Ta
n

 d
el

ta
 

Sh
ea

r 
st

o
ra

ge
 m

o
d

u
lu

s(
M

P
a)

 

Temperature(°C) 

"Organogel without solvent-A: Shear
storage modulus

Original  formulation:Shear storage
modulus

"Organogel without solvent-A: Tan
delta

Original  formulation:Tan delta



  

65 

 

modulus on Figure 4-15 is due to the loss of plasticization effect of the Solvent-A due to the 

crystallization. Also, frozen solvent particles may reinforce the gel network, increasing the 

stiffness of the material. 

Since both of the formulations have the same amount of solvent, the rubbery modulus and the 

glassy modulus of the materials were about the same. Also a shoulder was observed on the 

original formulation tan delta plot at a temperature where the crystallization was observed. This 

tan delta peak will be discussed in the following sections. 

DSC plot on Figure 4-5 shows that Solvent-A in the organogel does not crystallize during the 

cooling scan however, crystallization occurs during the heating scan (cold crystallization). Figure 

4-16 compares the cooling and heating DMA scans of the organogel.  

 

Figure 4-16: Comparison of the DMA heating and cooling scans 

The modulus difference between the heating scan and the cooling scan at temperatures between -
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in shear modulus was observed due to the crystallization during the heating scan. However, this 

effect was not present on the cooling scan since there was no crystallization during cooling. An 

additional tan delta peak also appeared at the crystallization temperatures and this transition was 

not observed on the cooling plot. Also, the heating scan α transition tan delta peak was at -9°C 

whereas the cooling scan α transition peak was at -20°C. As previously discussed, the solvent 

losses its plasticizer effect when it solidifies. Therefore, during heating, the gel network became 

stiffer than the gel network during cooling. Since more energy is required for the relaxation of 

stiffer chains, the transition was observed at higher temperatures on the heating scan.  

The dynamic mechanical properties of viscoelastic materials are sensitive to both the temperature 

and the frequency of deformation since polymer chain mobility is affected by both of the factors. 

Storage moduli and thermal transitions (tan delta peak max) of the materials usually shift to 

higher temperatures with the increasing frequency. On Figure 4-15 and 4-16, a tan delta peak 

was observed at the temperatures where the crystallization occurs. First-order transitions such as 

melting and crystallization does not show frequency dependence unlike the second-order 

transitions such as glass transition[76, 77]. To investigate the effect of frequency of deformation, 

DMA heating plots were obtained at different frequencies (Figure 4-17 and Figure 4-18). 
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Figure 4-17: Effect of frequencies of deformation, tan delta heating scans 

Figure 4-17 shows that the γ and α transitions shift to higher temperatures with the increasing 

deformation frequency. However, the β transition was not affected by the changes in the 

frequency. The summary of the thermal transition temperatures are shown in Table 4-2. Solvent 

molecules in the organogel increase the free volume in the system. High frequency dependence 

of the α transition temperatures can be correlated with high available free volume. 

Table 4-2: Tan delta transition temperatures at different frequencies 

Frequency (Hz) 0.1 1 10 100 

α transition tempearature 

(°C) -20 -9 0 9 

β transition tempearature 

(°C) -29 -29 -30 -31 

γ transition tempearature 

(°C) -77 -71 -63 -57 
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Figure 4-18: Effect of frequencies of deformation, shear storage modulus heating scans 

The storage moduli of viscoelastic materials shifted to higher values with the increase in 

frequency. However, in the temperature range of -32°C to -23°C, there was no shift with the 

frequency since the crystallization was not affected by the frequency of deformation of the DMA 

experiments. Therefore, it is concluded that the β transition at -30°C is a frequency independent 

transition which occurs as a result of the cold crystallization of the material. 

Effect of Heating Rate and Minimum Cooling Temperatures 

In order to investigate the effect of heating rate, DSC and DMA tests were performed at different 

heating rates. The DSC heating rates were 1,2,4,8 and 16°C/min and DMA heating rates were 1,2 

and 4°C/min. Since, larger specimens are used for the DMA experiments, thermal lag is a 

problem therefore the maximum selected heating rate was 4°C/min. Figure 4-19 and Figure 4-20 

shows the effect of heating rate on the crystallization of Solvent-A and its effects on the thermo-

mechanical properties. 
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Figure 4-19: Effect of heating rate on crystallization of Solvent-A 

DSC crystallization enthalpies and crystallization temperatures were obtained from Figure-4-19. 

Using the crystallization enthalpy of the pure Solvent-A (165 J/g), the percentage of the 

crystallized Solvent-A in the organogel material was obtained. Table 4-3 summarizes the effect 

of heating rate on crystallization of Solvent-A.  

Table 4-3: Effect of heating rate on crystallization of Solvent-A 

Heating rate 

(°C/min) 

Crystallization 

temperature 

(°C/min) 

∆H(J/g) 
% crystallized Solvent-A in the 

organogel 

1 -39 8.6 20.9 

2 -33 6.6 16 

4 -26 3.6 8.7 

8 -20 0.9 2.2 

16 - - - 
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As the heating rate increased, the crystallization temperatures of Solvent-A shifted to higher 

temperatures. However, the crystallization enthalpy decreased with the increasing heating rate. 

Therefore, lower percentages of Solvent-A crystallized at the higher rates. Cold crystallization 

depends on the segmental mobility of the chains in the gel network. As the heating rate increases, 

thermal transition temperatures shift towards to higher temperatures. Therefore higher cold 

crystallization temperatures were observed at the higher heating rates. Since crystallization is a 

kinetic phenomenon, the amount of the crystallized Solvent-A decreased with the increasing 

heating rate. At 16°C/min heating rate, crystallization was not observed by DSC. 

Previously, the effect of crystallization on the mechanical properties of the organogel was 

discussed in detail. In this section, the effect of subsequent changes in the crystallization 

behavior as a result of changing heating rate on the thermo-mechanical properties is discussed. 

Figure 4-20 shows the DMA plots obtained at different heating rates.  

 

Figure 4-20: Effect of heating rate on the thermo-mechanical properties 
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DSC results showed that the crystallization temperatures shift to higher temperatures at higher 

heating rates. Figure 4-20 indicates that the onset of modulus increase due to crystallization of 

Solvent-A increases with the increasing heating rating.  

Table 4-4: Comparison of crystallization temperatures and the onset of modulus increase due to 
crystallization 

Heating rate (°C/min) 
DSC crystallization temperature 

(°C) 

DMA onset of modulus 

increase (°C) 

1 -39 -43 

2 -33 -33 

4 -26 -17 

 

Table 4-4 shows that the onset of modulus increase temperatures observed by the DMA is 

relevant with the DSC results. The difference between the temperatures at 4°C/min heating rate 

was probably caused by the thermal lag at high heating rates.  

The mechanical properties of the organogel material can be altered by freezing the Solvent-A 

which loses its plasticizer effect in the solid state. Since Solvent-A showed a cold crystallization 

behavior, in order to induce the crystal formation, the material should be cooled down to a 

certain temperature and heated back to higher temperatures. In this section, the effects of 

minimum cooling temperature on the crystallization behavior and thermo-mechanical properties 

are studied. The minimum cooling temperatures used for the DSC and DMA studies were in the 

range of -25°C and -60°C. Figure 4-24 shows the DSC plots of 900s cured specimens which 

were heated from different minimum temperatures at 5°C/min heating rate. 
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Figure 4-21: Effect of minimum cooling temperatures 

Figure 4-21 shows that Solvent-A does not crystallize when the material is heated from -45°C or 

above. However, when the organogel was heated from -50°C or below, crystallization and 

melting peaks were observed. Therefore, in order to induce the crystal formation and in order to 

increase the modulus of the material by solidifying the solvent, the material should be cooled 

down to minimum temperature of -50°C. It should be noted that, the amount of freezing Solvent-

A increased as the minimum cooling temperatures are decreased (Table 4-5) 

Table 4-5: Effect of minimum cooling temperature on Solvent-A crystallization enthalpies at 5°C/min 

heating rate 

Minimum cooling temperature(°C) Crystallization enthalpy(J/g) 

-50 3 

-55 5.1 

-60 6.3 
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The effect of minimum cooling temperatures on the thermo-mechanical properties were studied 

by DMA. At a given range of -20 to -60°C, an increase in the storage modulus due to the solvent 

solidification was only observed with the -50 and -60°C minimum cooling temperatures (Figure 

4-22). These temperatures were consistent with the DSC experiments shown in Figure 4-22. 

 

Figure 4-22: Effect of minimum heating temperature on thermo-mechanical properties 

Conclusions 

In this chapter, crystallization and melting behavior of Solvent-A and its subsequent effects on 

the thermo-mechanical properties were studied in detail.  Solvent-A showed a cold 

crystallization behavior since the crystallization was kinetically hindered during cooling due to 

the reduced network mobility. By comparing the original formulation and the formulation 

without Solvent-A, it was confirmed that, the crystallization and melting observed by DSC and 

thermal optical microscopy are due to the phase changes of Solvent-A in the organogel. 

Additionally, two melting transitions were observed at around -30°C and -10°C by thermal 

optical microscopy and this behavior was also confirmed by MDSC. The two melting transitions 
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were correlated with the different types of interactions of Solvent-A and the gel network as well 

as the heterogeneity of the organogel network. However, the amount of the component which 

melted at around -10°C (second melting) was much larger than the first melting component. 

Therefore, in this study, that transition and its effects on the mechanical properties were studied 

in detail. The melting point of the Solvent-A depressed to -8°C from 33°C when it was present in 

the organogel network. Depression in the melting point was correlated with the intermolecular 

interactions between the solvent and the polymer network.  

The effect of curing time on the mechanical, viscoelastic and fracture properties of the organogel 

was studied in Chapter-3. In this chapter, it was shown that, curing time also significantly affects 

the crystallization behavior of Solvent-A. As the curing time increased, the crystallization 

temperatures of Solvent-A shifted to higher temperatures since the gel network became more 

confined due to the higher crosslink density and the higher extent of reaction. Also, less Solvent-

A crystallized at higher curing times. A linear empirical relationship was showed between the 

solvent crystallization temperatures/crystallization enthalpies and the gel contents for the 

materials cured for different times. 

In the gel network, Solvent-A acts as a plasticizer and lowers the stiffness of the material. 

However, when it was solidified by cold crystallization, it did not act as a plasticizer anymore 

and the modulus of the material increased. DMA plots showed an increase in the shear storage 

modulus at the crystallization temperatures. However, the increase was only on the heating scans 

but not on the cooling scans since Solvent-A crystallizes only during heating from colder 

temperatures. Also, a frequency independent tan delta peak associated with the crystallization 

was observed. Since crystallization is a first order transition, the tan delta peak did not shift to 

higher temperatures at higher frequencies.  
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Finally, the effect of processing parameters such as the heating rate and the minimum cooling 

temperatures on the crystallization and the thermo-mechanical properties were studied. As the 

heating rate increased, the crystallization temperatures shifted to higher temperatures and the 

amount of the crystallized Solvent-A molecules decreased. DMA tests also performed at 

different heating rates and the onset of modulus increase temperatures were relevant with the 

crystallization temperatures observed by the DSC. Additionally, crystallization of Solvent-A was 

observed only when it was heated from temperatures of -50°C and below. Similarly, the effect of 

crystallization on the thermomechanical properties was apparent when the specimens were 

heated from -50°C and below.  
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Chapter 5 : Conclusions 

Conclusions 

In this chapter, key observations and conclusions are summarized. In Chapter-2, silicone semi-

IPN organogel material preparation for the bulk and adhesive fracture testing was explained. 

Chapter-3 was focused on the effect of curing time on the constitutive and fracture properties of 

the organogel. Curing time is an important parameter which has significant effect on the 

properties of the material. The important conclusions from Chapter-3 were: 

 Gel contents of the organogels increased with the increasing curing time due to the higher 

extents of reactions.  

 Uniaxial tensile behavior of the organogels was characterized by neo-Hookean material 

model. Significant increase in the shear modulus of the organogels was observed with the 

increasing curing time.   

 Increase in the mechanical properties was also observed by DMA. Shear storage modulus 

in the rubbery and leathery regions were higher at higher curing times due to the higher 

extent of reaction and crosslink density. 

 Because of the reduced chain mobility at higher curing times, thermal transition 

temperatures shifted to higher temperatures. 

 The shape of the gel content, shear modulus and glass transition temperature vs. curing 

time plots were very similar to one another (Figures 3-16, 3-18 and 3-21). The changes in 

the material properties were insignificant after 450s curing time since the material was 

almost fully cured at this curing time. 
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 Cohesive fracture properties were characterized by constrained fracture tests. Higher 

moduli at the higher curing times resulted greater strain energy release rates. However, 

due to the increasing crosslink density, organogels became more brittle and crack 

propagation rates increased. 

 Adhesive fracture properties between the organogel and a cyclo-olefin polymer were 

characterized by wedge tests. The SERR values were found to be the same for all the 

curing times except the 150s curing time. At this curing time, due to the higher 

viscoelastic dissipation, SERR values were higher at given crack propagation values. 

In Chapter-4,  thermal properties of Solvent-A in the organogel studied in detail. DSC, thermal 

optical microscopy and DMA were used to characterize the phase change of the solvent and its 

effects on the mechanical properties. From the thermal properties of Solvent-A, important 

findings were obtained about the properties of the gel network. The key findings of these studies 

were: 

 Crystallization of Solvent-A was confirmed by DSC and thermal optical microscopy 

through the characterization of the formulations with different Solvent-A contents. 

 Solvent-A crystallized during the heating scans but not during cooling scans since the 

crystallization was kinetically hindered during the cooling scans (cold crystallization). 

 Solvent-A showed two different melting transitions possibly due to the different types of 

interactions and network mesh sizes. However, the amount of the second melting 

component (at around -8°C) was much larger than the first melting component (at around 

-29°C). 
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 The melting point of Solvent-A shifted to -8°C from 33°C when it was in the gel 

network. The melting point depression was possibly due to the intermolecular 

interactions between the solvent and the gel network. 

 Increasing curing time made the gel network stiffer which shifted the crystallization 

temperatures to higher temperatures and lowered the amount of  the crystallized Solvent-

A in the organogel. 

 A linear relationship was observed between the crystallization temperatures/enthalpies 

and the gel contents of the organogels cured for different curing times. 

 When Solvent-A solidified as a result of the cold crystallization, stiffness of the 

organogel material increased since the solvent did not act as a plasticizer in the network, 

in the solid form. Another reason for the increase in the mechanical properties would be 

the reinforcing effect of the solid solvent particles. 

 A tan delta peak associated with the crystallization of Solvent-A was observed on the 

DMA heating scans. Since crystallization is a first order transition, the tan delta peak was 

frequency independent. 

 Increasing heating rate shifted the crystallization temperatures to higher values and 

decreased the amount of crystallized Solvent-A. The onsets of modulus increase 

temperatures from DMA were relevant with the crystallization temperatures from the 

DSC experiments.  

 In order to induce crystallization at 5°C/min heating rate, organogels should be heated 

from at most -50°C. Within the range of -50°C to -60°C, as the minimum temperature 

was lowered, the amount of the crystallized Solvent-A increased. Similar results were 

also obtained by DMA on the stiffness increase due to the solvent crystallization.  
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Future Work 

This study provided important insights on some of the properties and manufacturing variables of 

the organogel material. However, there are some important areas to understand the properties of 

the material and its components, as well as the manufacturing parameters of this type of 

materials. The prospective future work includes: 

 Curing the organogel at different temperatures and characterizing the constitutive and 

fracture properties of resulting materials. 

 Characterizing cohesive and adhesive fracture properties after thermal processing is 

applied to solidify Solvent-A. 

 Implementing digital image correlation and finite element analysis methods to fully 

understand the changes in the viscoelastic properties of different organogels which are 

fabricated using different manufacturing parameters such as curing time. 

 Analyzing curing shrinkage and thermal shrinkage of the organogel and their subsequent 

effects on the fracture of the material. 

 Characterizing the thermal properties of Solvent-A in different gel systems for further 

understanding of cold crystallization behavior and interactions between the solvent and 

the gel network. 
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Appendix A: Thermal Expansion of the Organogel 

Thermal expansion of the 900s cured organogel material was measured by a TA Instruments 

Q400 Thermo-mechanical analyzer. A quartz macro-expansion probe with a diameter of 6 mm 

was used for the measurements (Figure A-1). 

 

Figure A-1: Macro-expansion probe and the organogel specimen for TMA measurements 

Organogel materials were heated at 5°C/min heating rate and the thermal expansion was 

constantly measured by the instrument. A representative TMA plot is shown in Figure A-2. 

 

Figure A-2: Thermomechanical analysis plot of 900s cured organogel 
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From the thermomechanical analysis results, the linear coefficient of thermal expansion of the 

organogel was found to be 6.29 x 10
-4

 1/°C. 


