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ABSTRACT 

The most prevalent polymerization methods are those which fall under the 

category of thermal polymerizations.  The ease of initiation and the abundant knowledge 

present for these long time standards make implementation straightforward.  However in 

some applications, the drawbacks may be numerous and the use of light induced 

polymerizations may be advantageous.  Because of distinct advantages obtained using 

photopolymerizations as opposed to the more conventional thermally induced 

polymerizations science continues to further the knowledge and applications of 

photopolymers.  Structured illumination is one such expansion of photopolymer 

knowledge and is a method by which variations in light intensity set up differential 

reaction rates evolving in the migration of monomer.  The method can be tailored to 

produce cured systems with enhanced properties such as the reduction of stress or the 

control of gloss.   

Polymerization shrinkage is important for many applications since it leads to 

residual stresses which can deform a system and undermine its optical or mechanical 

properties.  Also, while photopolymerized coatings are generally high in gloss, it is a 

characteristic of a polymer system that can have great impact on its function and 

appearance.  Utilizing the simple method of structured illumination, and thereby 

controlling the coating system for both reductions of stress and gloss, can lead to great 

advantages for the finished product.  This contribution looks at not only producing 

coatings using the method of structured illumination but also characterizes their 

properties by standard and unconventional means, alike.  Mathematical modeling of the 

shrinkage, stress and monomer migration is also present in this work.   
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CHAPTER 1:  INTRODUCTION AND MOTIVATION 

Introduction to Photocurable Processes and their 

Advantages over Thermal Processes 

The most prevalent polymerization methods are those which fall under the 

category of thermal polymerizations.  The ease of initiation and the abundant knowledge 

present for these long time standards make implementation straightforward.  However in 

some applications, the drawbacks may be numerous and the use of light induced 

polymerizations may be advantageous.  With the more common thermal polymerizations 

heat is used to start the reactions and the energy input into these reactions is immense 

when compared to the more efficient use of energy present in photopolymerizations.  

Thermal polymerization initiations are also limited by the rate of heat transfer.  Initiation 

takes place at elevated temperatures and getting to the required temperature takes time 

which is dependent on the transfer of heat.  Conversely, photopolymerizations are 

initiated immediately upon illumination and, depending on the chemistry, can be made to 

either terminate or continue when the light is removed.  Thermal polymerizations take 

time to cease and can be difficult to control.  Directing light on a photopolymerizable 

sample also gives rise to spatial control of reaction.  Directed light is easily accomplished 

using lasers or masks.  Matching this capability using heat is a difficult if not impossible 

task. 

A summary of the common advantages of photopolymerizations includes high 

reaction rates at room temperature, ability to use solvent free formulations to avoid 

environmental or contamination issues, both spatial and temporal control of initiation and 

polymerization, low energy input because of the more efficient use of light energy rather 

than thermal energy, and finally the chemical versatility afforded by an ever increasing 

interest and research base in the photopolymer field. 
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Commercial and Industrial Applications of Photopolymers 

Because of the advantages listed photopolymers have been used as an industrial 

standard in a wide array of products and processes for many years with new applications 

being implemented regularly.  Such standard applications of photopolymers include 

printing, whether applied as photoreactive inks which take far less time to “dry” than 

conventional inks[1, 2] or to make printing plates for flexographic printing.  

Photopolymers have also found permanent homes in optical data storage[3, 4] and 

holography[5].  Rewritable CDs and DVDs use a laser to change the color or reflectivity 

of photoresponsive dyes while holograms use lasers for photopolymerization and take 

advantage of the difference of index of refraction between a monomer and the polymer it 

produces or two separate polymers to create images[6].  Dentistry  is an area in which a 

large volume of research has been conducted involving photopolymers for use in dental 

restoratives[3, 7-9].  Dental researchers have proven that even thick cure systems are 

possible with some systems using a photobleaching initiator[10].  With all photopolymers 

have to offer it is no wonder that their applications are growing daily. 

Thin films and coatings are another area where photopolymers excel.  With thin 

geometries, the added heat from reactions is dissipated quickly, and high reaction rates at 

room temperature allow for solidification and further processing at very rapid rates, 

thereby eliminating the need of storage space for annealing, cooling or drying products.  

At one time the rate limiting step for producing optical fibers was the curing of the 

polymer cladding which was greatly enhanced by the use of photopolymers.  The rate 

limiting step now tends to be winding the fibers for shipment.  A newer and possibly less 

well know application for photopolymers is in the personal care industry.  Fingernail 

polishes and coatings are now being photopolymerized[11, 12].  Also home use of 

photopolymers is being employed by fishermen for sealing a knot on a fishing line or 

applying various colors to their jigs to attract fish.  These photopolymers have the 

capability of harnessing the energy of the sun for a simple and useful purpose. 
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Another common use for photopolymers is in the manufacturing of printed circuit 

boards used in many electronic devices.  The speed and accuracy of photoprocessing a 

printed circuit board makes photopolymers essential for product competitiveness[13-15].  

Optical photopolymers have also been proven useful in certain commercial 

applications[4].  These last two examples represent technological fields in which 

photopolymers are important. 

Current Limitations of Photopolymer Systems 

Polymerization Shrinkage Stress 

As with many polymer systems, polymerization shrinkage can cause problems to 

emerge in a finished product.  This shrinkage comes about during polymerization and is a 

function of the density being higher in the polymer than in the original monomer.  In the 

case of unconfined systems such as films and prototyping, this shrinkage can lead to 

visible deformities in the product[16].  For confined systems such as dental restorations 

or coated surfaces[17, 18] the shrinkage is restrained and a stress is realized.  This stress 

can have painful effects for a person with a restored tooth or coated fingernail.  In the 

case of a dental restoration internal stresses can cause micro cracks to form between the 

tooth and restoration providing sites for additional decay.  During or after a manicure, 

stresses built up from a thick coat of glossy finish can cause pain and a weakening of the 

coated fingernail[12].  Industrially, this shrinkage stress is important in the lifetime and 

durability of coatings[19].  Internal stresses can weaken the coating and in some cases 

cause loss of adhesion between the coating and the substrate[17, 20]. 

A vast majority of shrinkage stress related research has been focused in the field 

of dentistry.  Some studies focused on measuring shrinkage and exploring methods to 

reduce it[21-23], while others have accepted shrinkage and instead measured the stress 

and researched how to manage it[3, 24, 25].  The issue of polymerization shrinkage stress 
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has been deemed important enough to have national standards assigned for its 

measurement[26]. 

In order to combat polymerization shrinkage and shrinkage stress various 

formulations have been tried.  One field of chemistry applied to photopolymers in order 

to combat polymerization shrinkage is cationic polymerization.  Also bulky pendent 

groups, oligomers and large monomer molecules have been incorporated so as to reduce 

the percent volume of reactive groups per molecule.  Additives have been used to reduce 

to percentage of matter undergoing polymerization and hence polymerization shrinkage.  

Additives can also be used to lower the modulus of the polymer therefore causing less 

stress to its confinement.  Stress absorbing adhesives have been used in dental 

applications between the tooth and the dental restorative to reduce the stress realized by 

the tooth.  Each of these methods can be used only in specific circumstances where as the 

use of spatial and temporal patterns of light are applicable to a wide array of 

photopolymerization applications.  Structurally illuminating a photopolymerizable 

sample will be discussed in great detail throughout this work and specifically in Chapter 

5 regarding stress relief. 

Gloss Issues in Photopolymerized Coatings 

In general, neat photopolymerized coatings are very smooth and glossy.  This has 

tremendous advantages for automotive applications and other applications where high 

gloss is desirable.  Many photopolymerized systems such as those incorporating acrylates 

also offer the advantages of durability, scratch resistance and good weathering 

characteristics[20, 27].  These advantages make them desirable in applications many 

applications regardless of gloss.  For low gloss applications additives have been 

commonly used to lower the apparent gloss of the coating by micro-roughening its 

surface.  This is a common practice in the wood coatings industry for products such as 

cabinetry, flooring and furniture[28, 29].  With a concentration gradient being setup in a 
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structurally illuminated sample, one can take advantage of diffusion and shrinkage 

induced monomer migration to micro-roughen the surface of a coating without 

incorporating the possible drawbacks of additives.  This technique will be discussed in 

further detail in Chapters 6 and 8.  



www.manaraa.com

 6

CHAPTER 2:  BACKGROUND 

This chapter will discuss free radical polymerizations, specifically that of 

acrylates, followed by photoinitiation, stress development in polymerizing systems, 

techniques to measure that stress, methods to reduce it with an introduction of structured 

illumination, and finally gloss control techniques and how structured illumination may 

help in this area of research. 

Free Radical Polymerizations 

The mechanism of free radical polymerizations includes three main steps:  

initiation, propagation, and termination.  In the initiation step, free radicals are formed 

which start the reaction and subsequent propagation of the free radical to form a polymer 

chain.  Termination occurs via different reactions in order to stop the reaction resulting in 

a polymerized system. 

In a free racial polymerization the initiation step itself consists of two steps.  First 

an initiator molecule must dissociate in order to form two separate, either similar or 

dissimilar species.  The initiating radical must then combine with a single monomer 

molecule in the association step.  The dissociation step can be represented by the 

following equation where kd is the dissociation rate constant of the initiator (I-I) into two 

free radical initiator species (I●)[30].  A free radical initiator species may also be 

obtained by the abstraction of a hydrogen molecule but will not be discussed here for its 

use will not be needed by the studies revealed in this work[31]. 

•⎯→⎯ 2II-I dk  

Eq 2.1: Dissociation of initiator molecule into free radical initiator species. 
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The association step can then be represented by the following equation where ka is 

the rate constant for monomer association between the monomer (M) and the free radical 

initiator species. 

•⎯→⎯+• IMMI ak  

Eq 2.2: Association of a monomer molecule (M) to the free radical initiator species. 

From Equation 2.1 and 2.2 the rate constants, kd and ka can be combined to get an 

overall initiation rate constant, ki.  Propagation then takes place as represented by Eq 2.3. 

•⎯→⎯+• MIMMIM xx
pk  

Eq 2.3: Propagation of free radical to extend the polymer chain length by one 
monomer unit. 

Here, kp is the propagation rate constant for the addition of a monomer to the 

growing polymer chain (IMx●).  This propagation eventually is halted, generally during 

the termination step.  Termination can occur by three common processes.  One is 

termination by combination which is the process by which two propagating radical chains 

meet and combine to form one polymer chain. 

IMM-MIMIMMMIM 1-y1-x1-y1-x ⎯→⎯•+• tck  

Eq 2.4: Termination of propagating radical chains, IMx-1M● and ●MMy-1I by 
combination to form a polymer chain of length x+y. 
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The propagating radical chains can be of any chain length and their combining 

occurs by creating a covalent bond between the two species from the radical ends.  This 

process is illustrated in the following equation with ktc as the rate constant for termination 

by combination. 

Termination can also take place by disproportionation leaving two separate and 

terminated chains.  This is illustrated in the following equation where ktd is the rate 

constant of termination by disproportionation. 

yx1-y1-x IMIMIMMMIM +⎯→⎯•+• tdk  

Eq 2.5: Disproportionation of propagating radical chains in order to form two separate 
and terminated chains of length x and y. 

Growing polymer chains can also be terminated by chain transfer in which a 

hydrogen is abstracted from an initiator, solvent, monomer or polymer molecule.  This 

reaction is summarized by the following equation. 

•+⎯→⎯+• SMHIMSHMIM 1-x1-x
trk  

Eq 2.6:  Termination via chain transfer by hydrogen abstraction. 

Here ktr is the rate constant of termination by chain transfer and SH represents a 

solvent or other molecule with an abstractable hydrogen atom.  It is also important to note 

that a polymerization reaction can cease to continue in the event that the radical becomes 

entrapped within the self made network thereby not allowing it to react further.   
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Photoinitiation of Free Radical Polymerizations 

Photoinitiation refers to a process by which light is used to dissociate the initiator 

molecule in the first step of a polymerization reaction[32-34].  Dissociation of an initiator 

molecule can occur through many mechanisms including the use of heat, light and 

chemical methods as an energy source for dissociation of the initiator molecule.  The 

photoinitiation of an initiator molecule is represented in the following equation where  

Ia-Ib is an initiator molecule which splits into two separate molecules when light (hυ) is 

incident upon the system. 

•+•⎯→⎯ ba
h III-I ba
υ  

Eq 2.7: Dissociation of an initiator molecule by light energy. 

Here, Ia can be equal to Ib, but such is not often the case.  The overall efficiency of 

the photoinitiation process is a product of the fraction of incident light absorbed by the 

photoinitiator, the fraction of photoinitiator reactive excited-state which produces initiator 

species and the fraction of initiators which initiate polymerization.  It is important that the 

light being emitted by the illumination source be such that it will effectively dissociate 

the initiator molecule.  This effectiveness is a function of the both the wavelength and the 

intensity of the light illuminating the system.  Light being absorbed by the initiator in 

order to initiate a polymerization reaction can often be absorbed by other components of 

the system thereby limiting the effectiveness of the initiator.  Despite these considerations 

the efficiency of energy transfer between the light energy and the initiator molecule is 

quite high making energy input into the system lower than that needed for the more 

common thermal polymerizations.   
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The initiators themselves are often quite expensive but are used in very small 

quantities, generally less than 5% by weight and often at concentrations as small as 0.1%.  

Utilizing photoinitiators rather than thermal not only cuts down on energy costs but also 

on solvent costs since in coating applications and the like, solvents are not needed for 

photopolymer formulations. 

Acrylates:  A Standard in Industrial Applications 

The number of applications in industry involving the use of acrylates is profound.  

Because of their properties acrylates can be found in applications ranging from durable, 

weather resistant coatings to dental composites.  Acrylates are found in home use 

products including adhesives and nail polishes while industrial adhesives, coatings and 

printing inks are also made from acrylates[35-37].  High quality paper finishes, pressure 

sensitive adhesives, and polymer property modifiers are also among the list of growing 

fields for acrylate applications.   

Being a low viscosity liquid at room temperature[33] thereby providing ease of 

storage, transportation and application, Hexane Diol DiAcrylate (HDDA) has become an 

important acrylate monomer in industry.  When cured, HDDA has high impact strength, 

with good weather resistance and scratch resistance[37].  HDDA is a relatively 

inexpensive photopolymerizable monomer[37] that despite its possible health concerns 

has yet to be replaced in many industrial applications[35].   

Polymerization Shrinkage Stress Development, 

Measurement and Methods for Reduction 

In all polymerizable systems one must contend with the possibility of 

polymerization shrinkage and the stresses related to that shrinkage.  Shrinkage occurs 

when covalent bonds are formed between monomer molecules.  These bonds allow two 

or more monomer molecules to take up less space than they otherwise would while 

moving about freely in solution.  This concept of polymerization shrinkage is very 
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important in acrylate systems with a high ratio of reactive bonds to monomer volume, as 

is the case with HDDA.  This shrinkage is a function of the density of the polymer being 

higher than that of the monomer from which it is made.  Knowing the density of the 

monomer and polymer, one can calculate the shrinkage with Equation 2.8[38] where ρp 

and ρm are the polymer and monomer densities, respectively. 

p

mp

ρ
ρρ −

×=100  (%) Shrinkage  

Eq 2.8: Percent shrinkage calculated knowing the densities of the polymer and the 
monomer from which it is made. 

There are varying techniques to measure the shrinkage of a photopolymer system 

including pycnometry, dilatometry[21], the use of a linometer[22], absorbance 

measurements for films[36] and the like[39], however for this contribution the shrinkage 

stress is a more important parameter.  The stress as a result of polymerization shrinkage is 

a function of not only the shrinkage and the monomer conversion leading to that 

shrinkage but also the adhesion to the confinement, the modulus of the polymer system, 

the modulus of the confinement and, as will be revealed, the manor in which the 

polymerization occurs. 

Shrinkage stresses can hinder the longevity and durability of films and coatings 

along with causing internal stresses in intricately designed pieces made during photo-

fabrication using techniques such as the additive layer method.  Shrinkage can also play a 

role in dentistry during the photopolymerization of pastes used in dental restoratives.  

Shrinkage in these pastes cause internal stresses between the tooth and the restorative 

thereby depleting its life.  Finding a method simple to reduce such shrinkage stresses 

would prove quite advantageous.  
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Common Stress Reduction Techniques 

Scientists have been working on this problem and have implemented such 

techniques as using fillers within the polymer matrix.  Fillers are rigid bodies which do 

not shrink during the polymerization process.  With less polymer present per volume 

there is ultimately less total volumetric shrinkage.  This works well for polymers in 

which their properties are not adversely affected by the filler.  Optical properties, for 

example, are often adversely affected by fillers.  In this case the fillers would be 

considered contaminants.  Also the dimensions of the final product must be sufficiently 

larger than the dimensions of the filler.  Thin film coatings for example would not be an 

area in which large fillers would be much help.  Within the field of dentistry scientists 

have also implemented the use of stress absorbing adhesives.  Others have looked at 

using high molecular weight monomers with either long carbon backbones or bulky 

pendent groups.  In either case the idea is again to reduce the percent of the system that is 

undergoing reaction and subsequent shrinkage[40]. 

Preliminary Studies with Stress Measurements 

It has been observed, after photopolymerizing a drop of monomer between two 

glass slides creating a thin film, that Newton’s Rings are visible.  Newton’s Rings come 

about from the constructive and destructive interference of reflected light waves from 

both a curved transparent surface and a flat surface.  Knowing the wave length of light 

being reflected and the spacing of the rings one can calculate the radius of curvature of 

the upper curved transparent surface.  During the polymerization of a drop of monomer 

between two glass slides it is believed that the slides are bending due to the shrinkage and 

stresses from the polymer.  With the use of an ordinary desktop scanner and Adobe 

Photoshop® one can enhance the visibility of the rings and if a direct correlation between 

these rings and the stresses involved in photopolymerization could be made then an easy 

and inexpensive method of measuring polymer stress would be available. 
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Coming up with such a correlation would be quite valuable and could be easily 

implemented into experiments involving partial illuminations and multiple step 

illuminations.  One such way in which a correlation between these observed Newton’s 

Rings and shrinkage stress and strains might be made is to use small strain analyzers on 

the film during photopolymerization.  Strain analyzers relate the bending of the analyzer 

to the impedance of the circuit within the analyzer.  Such analyzers can be quite small; on 

the order of millimeters.  These devices may be useful to measure strain during a 

polymerization and at the same time rings could be counted and a relation could possibly 

be made. 

Considerations for this technique are many.  One, the modulus of the strained 

glass would need to be well known and consistent between the different pieces needed for 

multiple experiments.  Also the cost of the strain analyzers is such that reuse would need 

to be possible.  Permanently affixing them to the glass or polymerizing them between the 

glass slides would not be affordable.  Also the application of the monomer to the glass 

substrates would need to be very consistent.  Inconsistencies in the thickness of the 

polymerizing monomer would cause variations in the ring count.   

Another way to measure the stress development in thin films may be to use a 

stress gauge normally applied in the semiconductor industry.  This gauge relies on 

knowing the mechanical properties of a thin wafer of silicon and measuring its deflection 

when a thin layer of monomer is polymerized on its surface.  This deflection, with the use 

of a few simple equations can reveal the stress induced on the silicon substrate by the 

polymerizing monomer.  Getting an old stress gauge to work proved quite difficult and 

was eventually abandoned.  Even if it were to function properly consistent application 

was still an issue.  Attempts to deal with this were made by the use of a spin coater.   
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Other Techniques for Stress Measurement 

Francis et al outlined a method of using a coated elastic substrate and measuring 

the curvature of deflection of the object[41].  This curvature can be related to the stress 

placed on the substrate due to the polymerization by knowing the elastic properties of the 

substrate.  The radius of curvature can be monitored using expensive analytical 

equipment such as scanning laser devices or x-ray diffraction.  Without the means for 

such expensive equipment a simpler and cheaper method is desired. 

Stolov et al showed not only a way to measure stress using a cantilever beam but 

also a way to monitor the reaction taking place causing the stress.  This cantilever beam 

technique again used a sophisticated setup in order to measure deformation of the 

cantilver beam using a laser and detector[42]. 

Watts et al used a load cell and a displacement transducer to measure stresses with 

compliances taken into account[43] similar to one made by Stansbury et al based on a 

large cantilever beam[25].  Again these techniques would take quite the capital 

investment in order to begin measurements.  Also they were not set up for a film or 

coating geometry. 

ASTM International has also researched methods to measure shrinkage stress.  

One such method uses small thin strips of metal which curve when a coating is applied to 

its surface and subsequently cured[44].  This method is relatively inexpensive and easy to 

implement, however at the onset of this work its creation was not yet complete. 

Similar attributes to all the cantilever beam based measurements are that they 

share use of the Stoney equation[45] and work done by Corcoran[46].  This gives a good 

place to start in determining the best method for stress measurements for experiments 

involving structured illumination. 
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Premise of Structured Illumination 

In order to combat the deleterious effects of polymerization shrinkage stress in a 

confined geometry such as a coating, the method of structured illumination was devised. 

This method involves the use of patterned light chosen specifically for a selected 

monomer/initiator system taking into account key factors such as viscosity and reaction 

rate.  The temporal sequence of illumination is also matched with the pattern to give the 

proper final properties of the cured polymer.   The premise is that structurally illuminated 

light followed by flood cure will leave a system with the same conversion as if it were 

simply flood cured, yet the properties of system will have been changed for the better due 

to monomer migration having alleviated much of the stress found otherwise in a 

conventionally cured sample.  This work will show that monomer migration does indeed 

alleviate polymerization shrinkage stress without significantly changing the conversion 

profile and that optimizing a pattern and temporal sequence for the structured 

illumination scheme is possible for differing monomer/initiator systems. 

The concept of monomer migration is that during polymerization monomer 

molecules flow from masked or non-polymerizing zones within the sample to the 

illuminated and therefore polymerizing regions.  During polymerization there is an 

overall volumetric shrinkage that occurs, driving monomer to migrate towards the 

affected area.  Under correct conditions of structured illumination stress is relieved by 

monomer migration.  This relief has been shown in thick films on the order of 0.6 mm in 

height for samples of HDDA. 

General Guidelines for Stress Reduction via Structured 

Illumination 

It is believed that certain general guidelines can be drawn in order to help choose 

the correct pattern for a particular application.  Below are some examples of masks along 

with a cross-section of the proposed monomer migration and surface morphology 
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resulting from structured illumination.  In order to maximize stress relief, it is proposed 

that there be enough monomer migration to alleviate all of the stress in the structurally 

illuminated regions and also that the fully stressed regions which only undergo 

illumination during the flood cure, be as small as possible.  It is currently thought that 

small, discontinuous regions of stressed polymer will cause less stress to be seen by the 

substrate.  The following figure shows what is likely to happen when the area being 

illuminated is so large that monomer migration does not occur over a long enough length 

scale to maximize stress relief in the structurally illuminated regions. 

 

-Monomer Migration

-Unilluminated Monomer
-Polymerizing Monomer

t = t1

t = 0 

Light

Figure 2.1: Proposed illustration representing structured illumination of a film of 
monomer where the light is turned on at time zero and subsequent monomer 
migration occurs before time t1.  Here migration did not occur along the entire 
length of the illuminated region before conversion of the monomer to polymer 
limited migration of monomer. 

Shown above, the polymerization finished before the monomer movement could 

occur across the entire length of the illuminated region.  Without sufficient monomer 
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migration maximal stress relief in the structurally illuminated region is not achieved.  The 

following figure shows a system in which the migration is sufficient for maximum stress 

relief in the structurally illuminated regions. 

 

-Monomer Migration

-Unilluminated Monomer
-Polymerizing Monomer

t = t1

t = 0 

Light

Figure 2.2: Proposed illustration representing structured illumination of a film of 
monomer where the light is turned on at time zero and subsequent monomer 
migration occurs before time t1.  Here there was sufficient migration for 
maximum stress relief in the structurally illuminated regions, however with 
the large masked regions, subsequent flood cure created stressed zones that 
are relatively large. 

The problem with Figure 2.2 is that the area of uncured monomer left to be 

polymerized in the final flood-cure stage will contribute a great deal to the final stress 

between the coating and substrate.  These areas must be minimized.  So as to minimize 

the effects of stress in the final flood cure step, Figure 2.3 illustrates smaller masked 

areas and the potential problem.  Here a sufficient coating is not realized following the 

flood cure step. 
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Figure 2.3: Proposed illustration representing structured illumination of a film of 
monomer where the light is turned on at time zero and subsequent monomer 
migration occurs before time t1.  Here there may not have been sufficient 
migration for maximum stress relief in the structurally illuminated regions.  
The small masked regions, which are subsequently cured during flood 
illumination, create very little stress; however they may not coat the substrate 
sufficiently. 

-Monomer Migration

-Unilluminated Monomer
-Polymerizing Monomer

t = t1

t = 0 

Light

If the areas masked off during the structured illumination step are too small, then 

there will not be sufficient monomer for migration and maximum stress relief.  What 

little monomer which may be left for flood cure may not make for an acceptable coating.  

There is also the potential for completely depleting the monomer beneath the mask.  This 

concept may be useful in other areas, such as lithography, to eliminate a wash step; 

however for a coating application depleted monomer regions is likely unacceptable. 

With no limitations on migration the minimum percent area masked, that would 

still allow for maximum stress relief, would be equal to the percent shrinkage.  This 

application would not suffice for a coating, because there would be no remaining 

monomer beneath the masked portions for subsequent flood cure.  It is, however, a good 

place to start in our calculations to find the minimum masked, and therefore stressed, 
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regions for optimum stress relief.  Still with no limitations on migration, the optimum 

percent masked area is a function of needed coating thickness and percent shrinkage of 

the given system.  With the limitation to migration given by the uncured monomer 

viscosity and the change in diffusivity of the monomer into the curing polymer, the 

system becomes far more complex. 

Gloss Reduction in Photopolymerized Coatings 

The reduction or control of apparent gloss for coating applications is sometimes 

seen as a value added characteristic.  A glossy finish may cheapen the look of richer 

deeper looking woods.  Utilizing a low gloss coating allow for the richness and texture of 

the wood to show through giving an apparent increase in value to the finished product.  

Low gloss finishes are also popular for wood coatings because they are effective in 

masking blemishes, scratches and defects on wood surfaces.  With the application of 

photopolymerized coatings making a large impact in the wood coatings industry, 

combating or controlling the apparent gloss of inherently glossy UV-cured coatings is an 

issue which has been researched.  The most common technique to reduce gloss is to 

micro-roughen the surface of the coating through the use of additives such as silica and 

micronized waxes.  Upon polymerization of the monomer coating the additives protrude 

from the surface causing irregular distortions.  These distortions lead to a randomizing of 

the reflected light providing a diffuse reflection.  This diffuse reflection is seen as an 

apparent low gloss finish.  Consistent gloss reduction with current additive techniques is 

often difficult, specifically switching a line operation between low and high gloss 

finishes.  As with any coating additive, incorporation, proper loading and optimization is 

needed to ensure a quality product.  In order to produce both low and high gloss finishes, 

generally two separate production lines are implemented to eliminate turnover time 

between runs with differing gloss values.   
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Despite the many considerations for the use of photopolymerized coatings their 

incorporation into main stream industry has seen great gains due to its favor with the 

United States Environmental Protection Agency (EPA).  With little to no volatile organic 

carbons (VOC’s) being emitted during their use, photopolymers have made great strides 

in lessening the industrial impact of coatings on our environment.  This aspect alone 

makes their ever expanding use a priority for many coating companies.  This contribution 

will look at ways to utilize the concept of structured illumination to provide facile control 

of gloss for photopolymerizable coatings while not compromising other characteristics 

through the use of additives.   
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CHAPTER 3:  OBJECTIVES 

Dissertation Research Objectives 

With the significant industrial applications discussed in Chapter 1, a fundamental 

understanding of the advantages and limitations for the use of photopolymers in industrial 

processes is very important.  One major limitation, which is often dependent on the 

selection of monomer and not on the photopolymerization process, is the shrinkage stress 

that must be either tolerated or contested.  Other work has examined methods to combat 

shrinkage stress involving the use of additives, specialty chemistry or stress absorbing 

layers between the substrate, bonded or filled material and polymer sample.  Because 

photopolymers inherently provide a high gloss surface, obtaining a low gloss finish is 

also an issue which some have been forced to face.  Again additives have been used to 

solve this problem in most applications.  The spatial control available in a photocurable 

system allows for unique possibilities to control a polymerization reaction in order to 

change the final characteristics of a polymer sample.  Photopolymerizing a sample with a 

specified illumination pattern and sequence in order to address the aforementioned 

problems, until now, has not been researched in depth.  This processing method has the 

clear advantage of changing surface characteristics without the use of additives or 

specialty chemistry and will be shown to be quite simple in its application to not only 

laboratory processes but also continuous processes found in many industrial applications 

involving films, laminates, coatings and the like. 

This thesis will attempt to reveal the work completed during dissertation research 

at the University of Iowa on structurally illuminating polymer samples in order to 

enhance coating characteristics by either reducing the polymerization shrinkage stress or 

by controlling the apparent gloss of a coating.  It will also tackle the subject of 

conversion and its possible influences on photopolymer sample characteristics.  Finally 
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this writing will attempt to depict a fundamental understanding of monomer migration 

and its effects on surface morphology through mathematical modeling. 
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CHAPTER 4:  A SIMPLE, INEXPENSIVE AND EFFECTIVE 

METHOD FOR POLYMERIZATION SHRINKAGE STRESS 

MEASUREMENTS IN PHOTOPOLYMERIZED COATINGS 

Motivation for Cantilever Beam Setup 

Polymerization shrinkage is important for many applications since it leads to 

residual stresses which can deform a system and undermine its optical or mechanical 

properties.  This paper describes a simple, inexpensive, and effective method for 

characterizing polymerization shrinkage stresses in photopolymerized coatings.  The 

method, which is based upon the deflection of a thin brass cantilever, can be used with 

any initiating light source, and is ideally suited for screening of monomer formulations 

since it can quickly and easily generate comparative data.  The theoretical basis and 

design of the apparatus is presented and considerations for accurate stress measurements 

are discussed. 

Introduction 

Photopolymerization has recently become an industrial standard in many high 

through-put applications because of its efficient use of light energy to rapidly initiate 

polymerizations at room temperature.  Both free-radical and cationic 

photopolymerizations[47, 48] are used in applications that range from thin coatings to 

thick films[10, 49], and from emulsion polymerizations[50, 51] to nanostructured 

materials produced using lyotropic liquid crystals[52].  Photopolymerization is also an 

area of active research designed to address current issues and enable new applications.  

Examples include research on methods for overcoming oxygen inhibition[53], and new 

initiation systems using less energetic visible light[54]. 

The density of the final polymer coating is invariably greater than that of the 

original monomer liquid, and the resulting polymerization shrinkage stress may deform 

the coated product or undermine its optical or mechanical properties.  For example, the 
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coating could warp low modulus substrates or cause delamination or micro-crack 

formation[41].  The polymerization stresses developed in a given system depend upon a 

number of factors, including: the molar volume change upon polymerization, the 

conversion profile, the geometry of the system, the modulus of the cured material and the 

modulus of the substrate or confinement.  For many applications, a simple, inexpensive 

and effective method for measuring the polymerization shrinkage stress in 

photopolymerized coatings is important because it will allow the shrinkage stress 

resulting from different monomer formulations to be quickly compared for screening 

purposes.  This paper describes such a method for characterizing polymerization 

shrinkage stresses in photopolymerized coatings.  The method, which is based upon the 

deflection of a thin brass cantilever, can be used with any initiating light source and 

photopolymerization system. 

Principles of the Cantilever Method for Coating Stress 

Measurements 

The measurement of polymerization shrinkage stress through the deflection of a 

cantilever is a simple concept illustrated schematically in Figure 4.1.  Polymerization of 

the coating leads to shrinkage in the plane of the cantilever.  Because the coating is 

constrained by adhesion to the cantilever, a stress is transferred to the cantilever, causing 

it to deform.  Cocoran et al studied stresses in organic coatings in the 60’s and developed 

a relationship between the cantilever deflection and internal stresses in the organic 

coating.  This relationship was based on Stoney’s equation[45, 55] and includes the 

moduli and Poisson ratios of the coating and the cantilever.   
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Figure. 4.1 Schematic of polymerization shrinkage stress in the plane of a coating causing 
a vertical deflection of a cantilever. 

Bend Height 

Equation 1 shows a modified version of Corcoran’s relationship that will be used 

in this paper: 
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Eq 4.1: Stress related to bend height and physical properties 

In this equation: S represents the internal stress; h is the deflection of the 

cantilever; Es and Ec correspond to the modulus of elasticity for the substrate and coating, 

respectively; γs and γc are Poisson’s ratio of the cantilever substrate and the coating, 

respectively; Ls denotes the length of the substrate between the edge point at which it is 

clamped and point at which deflection is measured; Lc is the length of the coating; t 

denotes the thickness of the cantilever substrate; and c represents the thickness of the 

coating.  The second term in Equation 1 gives a value for the stresses removed as a result 
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of the cantilever deformation while the first term gives a value for the stresses remaining 

in the coating[46].  Equation 1 is based on the assumption that the coated portion of the 

cantilever lies centered along the cantilever’s length. 

Selection of Cantilever Materials and Dimensions 

The dimensions and mechanical properties of a cantilever for stress measurements 

depend upon the magnitude of the stress to be measured.  It is desired that the cantilever 

deflection be easily measurable, but remain within the elastic deformation regime.  In 

addition, it is imperative to have good adhesion between the substrate and polymer 

coating, and the cantilever must not react with or dissolve in the monomer liquid.  Many 

plastic substrates were eliminated due to the latter consideration.  Based upon all of these 

considerations, a brass cantilever substrate was chosen with characteristics listed in Table 

1.  With this design photopolymerization shrinkage stresses generated by acrylates lead to 

cantilever deflections on the order of 10mm. 

Table 4.1: Brass cantilever properties. 

Description Formable Cartridge Brass (Alloy 260), 25 
ft roll, McMaster order #90355K223 

Thickness 0.051 ± 0.008 mm (0.002 ± 0.0003 in) 

Width 12.7 mm (0.5 in) 

Length 5 cm 

 

The selected brass alloy was obtained in a standard roll, and cantilevers were cut 

to the desired length using a small precise table-mounted shear (Figure 4.2).  To ensure 

adhesion between the cantilever and the coating, each brass cantilever was thoroughly 

cleaned using the following procedure.  Oils from machining and handling of the brass 
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were removed by washing in soap and water, followed by a rinse in de-ionized water then 

a rinse with acetone before being stored in sealed vials of acetone. 

 

Figure 4.2: Shear for cutting brass cantilever strips for use in stress measurements. 

Placing the strips in a vial with the curvature of the strips in alternating directions 

allows for good contact between the cantilever and the acetone solvent and also for easy 

removal during stress measurements. 

 

Figure 4.3: Picture of brass cantilever strips stored in acetone so as to keep clean and 
allow for consistent adhesion during stress measurements. 
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Original Cantilever Setup 

It is important, in the setup of a stress measuring device, that all variables be 

accounted for.  Reaction rate and conversion of the photopolymerized coating will 

directly affect the stress in the coating.  Care must be taken to ensure that the intensity 

and distance of the lamp from the sample are consistent.  The preliminary set-up used for 

the cantilever beam experiments utilized an Oriel 200W Hg/Xe arc lamp as the 

illumination source.  Brass cantilevers were positioned on a scribed block of aluminum, 

10 cm from the edge of the beam turner. 

 

200W Hg/Xe 
Arc Lamp 

10 cm 

Scribed guide 
blocks 

Figure 4.4: Original setup for cantilever beam experiments. 

The beam of the arc lamp is focused to a point on the cantilever beam, and the 

brass strip is aligned using scribed lines within the lower aluminum block. 
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Figure 4.5: Guide blocks with brass cantilever and polymer shown placed correctly using 
scribed lines on the bottom aluminum block. 

⅜ in ¼ in ¼ in ¼ in 

Focus 
point of 
lamp 

Milled 
mask 
holder

½ in 

The cantilever is placed between the scribed lines and another aluminum block is 

placed on top of the cantilever to restrict its motion at one end and keep the strip in place.  

The block has a groove milled out of it in order to hold masks used in the structured 

illumination process described in various chapters within this work. 

After polymerization through illuminating the sample for a particular timeframe, 

the deflection of the beam is measured. 

Left
Height

Right
Height

Left
Height

Right
Height

 

Figure 4.6: Measurement device for accurate and consistent measurements of deflection 
in the cantilever beams. 



www.manaraa.com

 30

The total deflection is recorded on each side of the beam as shown in Figure 4.6.  

The initial deflection, due to the curvature of the brass strips cut from a role (generally 1-

2 mm), is then subtracted from the value measured to obtain the net deflection, or the 

deflection due to stress, of the cantilever beam. 

Modified Stress Measurement:  Setup and Procedure 

Photopolymerizations were initiated using a 1000 W Hg/Xe arc lamp equipped 

with optics (Newport Corporation, Irvine, CA) which directed the light downward toward 

the substrate.  A mechanical shutter was used to control the length of illumination and the 

light was passed through a water cooled IR filter to reduce heating from the lamp.  A 

cantilever holder was machined from a block of poly(vinyl chloride) and used to secure 

one end of the brass cantilever so that the free end could be measured using the mounted 

rule.  A picture of the experimental apparatus is shown in Figure 4.8 along with a 

diagram in Figure 4.7 showing a detailed view of the custom machined parts.  In Figure 

4.8 the cantilever holder is shown in the position where monomer is applied.  The 

aluminum platform including the cantilever holder and optional filter holder is slid into 

place beneath the lamp prior to illumination 

 

1/2” 

3/8” 

Figure 4.7: Diagram showing both the cantilever holder and the application guide. 
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a

b

c

d 

e 

Photopolymer Cantilever 
Test Apparatus (PCTA) 

f

g

Figure 4.8: Pictures of the cantilever setup for the stress measurements reported in this 
contribution. (a) shutter device, (b) light beam turner, (c) cantilever holder, (d) 
water pump, (e) water-cooled IR filter, (f) application guide, (g) deflected 
cantilever. 

The repeatable application of the monomer to the cantilever substrate was found 

to be an important step in the stress measurement process.  Consistent application was 

ensured using a micropipette to apply precise amounts of monomer (20 μL) to the 

substrate, and a custom machined guide to spread the monomer over a specified area 

measuring 1/2” by 3/8” in a specified location in the center of the brass cantilever 

substrate.  Figure 4.7 shows the various custom machined components.  The two thumb 

screws are used together for tightening the cross member which holds down one end of 

the cantilever strip.  The white applicator guide is used along with a micropipette in order 

to consistently apply the monomer coating which is to be photopolymerized and 

subsequently measured for stress.  The machined guide is removed before 
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photopolymerization occurs so as not to hinder the deformation of the cantilever 

substrate. 

In the first step of the stress measurement procedure a single brass strip is 

removed from the storage media and dried using a delicate task wipe to remove the 

solvent.  The brass strip is then inserted into the holder so that the curvature of the strip is 

concave up.  Next the machined guide is placed atop the strip and monomer is applied in 

a defined area.  Then the machined guide is removed and the bend height of the 

cantilever due to natural curvature of the strip is recorded.  The coated cantilever strip is 

then centered beneath the lamp by sliding the holder into place.  With the optics aligned 

and focused properly, the coating is illuminated for a specified amount of time to give 

consistent monomer conversion between samples.  The bend height for both the left and 

right side of the cantilever strip is measured and recorded.  The original bend height is 

subtracted from that measured after polymerization to obtain net deflection of the 

cantilever.  These values can either be compared between experiments to show which 

systems result in greater stress or they can be used in Equation 1 to obtain a stress value. 

For structured illumination studies a mask was used to control the intensity of 

light illuminating the various regions of the coating surface.  Making masks worked best 

using Adobe PhotoShop & Adobe Image Ready.  Alternately, Microsoft PowerPoint has 

been used to make masks.  The masks are printed on a high resolution, Xerox Tektronix 

Phaser 7300 D/N (2400 DPI) printer on acetate (transparency paper).  In order to hold the 

masks, they were cut and placed into photo slide holders.  The holder was then placed in 

a milled slot in the top aluminum block in the original setup.  For the setup used in 

reported experiments in this work, masks were punched out in one inch diameter circles 

and held by a fixed mask holder shown below. 

When designing masks, line thickness and spacing are the key variables.  When 

using software such as PowerPoint, it is only possible to space lines based on center to 

center spacing, or edge to edge.  Also, the thickness of the lines is only controllable by 
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font size, which is problematic when estimating the actual thickness of the lines.  

Therefore, using Adobe software is desirable, since line thickness and blank space can be 

easily controlled by selecting a specified resolution (i.e. pixels/length) and controlling the 

line thickness by controlling the number of pixels used to create the line thereby 

obtaining a characteristic length for masked areas.  Illuminated areas are controlled by the 

number of pixels between printed pixels. 

 

Figure 4.9: Mask holder used for stress measurements shown from above (right) and side 
view (left).  The distance the mask is held from the sample is kept constant for 
a series of experiments. 

Conclusions 

In this contribution, a simple and inexpensive cantilever apparatus for 

photopolymerization shrinkage stress measurements is described.  The apparatus, which 

is designed for stresses typically encountered in photopolymerizations of acrylates, can 

provide a very consistent means of comparing the shrinkage stresses that arise from 

different coating formulations.  The method can be used with any initiating light source, 

and is ideally suited for screening of monomer formulations since it can quickly and 
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easily generate comparative data.  This apparatus and method was used for a systematic 

study of photopolymerization shrinkage stress presented in the next chapter. 
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CHAPTER 5:  STRUCTURED ILLUMINATION FOR REDUCTION OF 

POLYMERIZATION SHRINKAGE STRESS IN PHOTO-CURED 

ACRYLATE COATINGS 

Introduction to Stress Reduction in Polymer Coatings 

Light-induced polymerizations have become the standard for high through-put 

coating applications on a variety of substrates including paper, metal, plastic, glass, and 

wood.  Advantages of photopolymerization include solvent-free formulations, high 

reactivity at room temperature, spatial and temporal control of initiation, a wide variety 

of commercially available monomers, and initiators effective in the visible and ultraviolet 

regions of the spectrum.  The solvent-free nature of photopolymerization minimizes 

shrinkage due to evaporation; however, stresses may occur due to the polymerization 

shrinkage associated with the increase in density as the liquid monomer is converted to a 

solid polymer coating.  Homopolymerizations of acrylates exhibit polymerization 

shrinkage as high as 20% as a result of the double bond consumption during the 

polymerization reaction.  The combination of polymerization shrinkage and the 

constraints of a rigid substrate due to adhesion of the coating can lead to significant 

stresses which can undermine the properties of the coated system.  Current techniques for 

reducing polymerization shrinkage stress generally focus on limiting the polymerization 

shrinkage by either reducing the fraction of the system that undergoes polymerization 

(through use of fillers, large monomers, oligomers or bulky pendent groups[7, 56, 57]), or 

by using specialized reactions such as ring-opening polymerizations[58, 59].  These 

techniques rely on specific low-shrinkage formulations and are not generally applicable 

since they do not encompass all photopolymerizable monomers. 

In this contribution, a novel approach for reduction of polymerization shrinkage 

stress is presented.  This new method, in contrast to methods which are based upon a 

change in the formulation to reduce the total amount of shrinkage, is focused on reducing 
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the stress produced by the shrinkage that will inevitably occur.  Specifically, the 

“structured illumination” method is based upon a two-stage illumination process in which 

the coating is first illuminated in a pattern of light and dark regions.  Since active centers 

are produced only in the illuminated region, these are the areas in which the 

polymerization occurs.  During this structured illumination stage, unreacted monomer 

from the dark region will migrate in response to the polymerization shrinkage and 

concentration gradient setup by the reaction, thereby limiting the development of stress.  

At the end of the structured illumination stage, the system contains patterned regions of 

stress-free polymer among pools of unreacted monomer.  Next, during the flood cure 

stage, the entire system is illuminated to achieve a consistently high conversion 

throughout the coating.  Shrinkage stress may develop during the flood cure step, 

especially in the regions that were previously masked; however, the total stress is greatly 

reduced since much of the polymerization took place during the stress-free structured 

illumination stage.  The overall shrinkage stress that will develop depends upon a number 

of variables including the illumination pattern, the structured illumination time, flood 

cure time, the monomer mobility, and the polymerization rate. 

In contrast to traditional approaches for shrinkage stress reduction, such as the 

development of specialty low-shrinkage monomers[59] or the use of fillers[40], the 

structured illumination approach is quite general and is applicable to all 

photopolymerization coating systems regardless of coating formulation or the reaction 

mechanism.  However, for each reaction system the illumination pattern must be 

optimized to ensure that monomer migration will occur during the timescale of the 

polymerization over the characteristic length of the pattern.  In this contribution, the 

structured illumination method for polymerization shrinkage stress reduction will be 

presented and a systematic study of variables contributing to stress relief will be 

discussed.  
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Structured Illumination for Polymerization Shrinkage 

Stress Reduction 

The use of specially designed patterns to control the directions along which 

polymerization shrinkage occurs is extremely versatile with a multitude of possible 

illumination patterns and resulting stress profiles.  Figure 5.1 helps to illustrate the 

general concept with a relatively simple structured illumination pattern. 

y 
x 

 

Figure 5.1: Schematic representation of a two-dimensional plane parallel to the film 
surface illustrating the pattern of monomer migration during structured 
illumination through a mask consisting of alternating zones of dark and light.  
Here the arrows represent monomer migration towards the photo-induced 
polymerizing regions. 

This figure corresponds to a two-dimensional plane parallel to the film surface, 

and illustrates the general pattern of monomer flow during structured illumination 

through a mask consisting of alternating zones of dark and light.  Upon illumination and 

subsequent polymerization, shrinkage will occur both in the x- and y-directions, however, 

stresses will be developed principally in the y-direction.  The stresses in the x-direction 

will be largely alleviated by monomer migration, as indicated by the arrows in Figure 5.1.  

The final complete cure of the sample can be achieved by flood illumination of the entire 

sample, or by subsequent patterned illumination.  Line pattern illuminations will lead to 
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differential stresses in the x- and y-directions and a higher stress relief in the direction 

perpendicular to the illuminated lines.  Figure 5.2 shows an example of a pattern that is 

not continuous in either the x- or y-direction. 

 

Figure 5.2: Schematic representation of a two-dimensional plane parallel to the film 
surface illustrating the pattern of monomer migration during structured 
illumination through a mask consisting of an array of illuminated circles.  
Here the arrows represent monomer migration towards the photo-induced 
polymerizing regions. 

Here a high degree of stress relief is possible along both axes since monomer 

migration will not be limited to one axis.  This approach to the relief of shrinkage stresses 

for all possible patterns depends upon the local, micro-scale migration of monomer from 

the masked regions to the polymerizing zones during the time of structured illumination.  

The driving forces for this monomer migration arise from the conversion of monomer to 

polymer in the illuminated regions, the resulting monomer chemical potential gradient 

provides a driving force for diffusion, and the local polymerization shrinkage itself 

provides a driving force for flow of the unreacted monomer into the illuminated region.  

Therefore, the factors that affect the ability of the monomer to migrate will determine the 

effectiveness of this method and a fundamental understanding of the system is necessary 

to optimize the structured illumination pattern and temporal sequence for each monomer 
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system under consideration.  It is certainly clear that the viscous and diffusive properties 

of the monomer system will affect the monomer migration, and the reaction rate will 

dictate the timescale over which much of the migration must happen in order to relieve 

polymerization shrinkage stress. 

As a general guideline, the structured illumination pattern and temporal sequence 

should be selected to maximize the low stress regions created by the monomer migration.  

Therefore, it is generally desired to maximize the illuminated regions before the final 

flood cure.  However, the pattern must also allow sufficient monomer migration from the 

shaded regions (in the necessary timescale), thereby requiring a minimum shaded area for 

a given pattern.  If the masked areas are too small there will not be enough volume of 

monomer to migrate.  Even with enough monomer for stress relief, the length scale of the 

illuminated regions must not be so large that it prevents effective monomer migration 

during the timescale of the reaction.   

 

Figure 5.3: Schematic representation of the film cross-section during structured 
illumination.  Immediately upon illumination (t=0) monomer migrates from 
the dark regions in response to polymerization in the illuminated regions.  At 
subsequent times, t1>0, the polymerizing region is raised relative to the dark 
regions.  The raised patterned has been experimentally observed in the final 
flood-cured polymer. 

Light

-Monomer Migration 

-Unilluminated Monomer
-Polymerizing Monomer 

t = 0 

t = t1
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These requirements must be properly balanced in the spatial and temporal 

structured illumination protocol.  Figure 5.3 represents a well designed system in which 

there is both sufficient monomer for migration due to adequate spacing of illuminated 

regions and the size scale is such that monomer migration can affect the entire 

illuminated region.  For systems in which the shrinkage stress is greatly reduced by 

structured illumination, it has been experimentally observed that the regions that are 

structurally illuminated prior to flood cure are raised in the final cured polymer.  This 

observation verifies the occurrence of monomer migration during alleviation of shrinkage 

stress. 

Experimental Methods 

Materials 

The monomer, 1,6 hexanedioldiacrylate (HDDA), was chosen because acrylate 

monomers are standard for a wide variety of photopolymerized coating applications, and 

the cured polymer has a substantial modulus of elasticity (~10000MPa).  This monomer 

exhibits polymerization shrinkage on the order of 17% at full conversion.  In addition, the 

vapor pressure of HDDA is low (0.015 mm of Hg); therefore no significant evaporation 

occurs at room temperature.  An α-amino ketone (BDMP or Irgacure 369, CIBA 

Chemicals), was chosen as the photoinitiator because it is a commonly-used initiator 

tailored for emission from a mercury/xenon arc lamp.  

Shrinkage Stress Measurements  

The method presented in Chapter 4 based upon the deflection of a well-

characterized cantilever beam was used to characterize the shrinkage stress reduction 

achieved using structured illumination.  The method, which is briefly described below, is 

very similar to an ASTM standard[26].   
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The brass cantilevers were 5 centimeters long, 12.7 mm wide and 0.0508 mm 

thick (standard half inch, 2 mil precision brass foil).  To ensure consistent adhesion of the 

cured coatings to the brass substrate, the cantilevers were washed in soap and water 

followed by a rinse with DI water and acetone before storage in acetone.  Twenty 

microliters of HDDA monomer containing 1 wt% BDMP initiator was placed near the 

middle of the cantilever covering the 12.7 mm (1/2”) width and measuring 9.525 mm 

(3/8”) in length.  Polymerization was initiated using light from a 1000W Hg/Xe Oriel arc 

lamp controlled by a shutter then passed through a water-cooled IR filter and directed 

onto the monomer pool with a beam turner.  The UVA intensity was measured using a 

Uvicure Plus (EIT, Inc.) at 0.38 W/cm2.  This lamp system was used for both the 

structured illumination and the flood cure stages.  The masks for the structured illuminate 

step were prepared by printing black lines onto acetate sheets using a Xerox 7300 D/N 

Phaser printer in the high resolution color setting.  Line widths varied from 0.127 mm to 

1.016 mm (5-40 mils) and line spacings ranged from 0.254 mm to 1.27 mm (10-50mils). 

The described setup in Chapter 4 was allowed to illuminate the surface of all 

samples for 10 seconds during flood cure and additional illumination was done prior to 

flood cure during the structured illumination step.  This allowed the samples that were 

structurally illuminated to see more light and therefore were given more time to 

polymerize than those samples which were simply flood cured.  This ensures that 

reductions in stress are not related to a reduction in the degree of polymerization[24] and 

is proven by the use of a thin film calorimeter (TFC)[33] and Raman Spectroscopy 

techniques[60] which will be elaborated upon in Chapter 7. 

For the cantilever beam experiments, the analysis of Corcoran et al. was used to 

estimate the percent reduction in shrinkage stress achieved using structured illumination.  

This modified relationship is shown in Equation 5.1.  In this Equation 5.1: S represents 

the internal stress; h is the deflection of the cantilever; Es and Ec correspond to the 

modulus of elasticity for the substrate and coating, respectively; γs and γc are Poisson’s 
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ratio of the cantilever substrate and the coating, respectively; Ls denotes the length of the 

substrate between the edge point at which it is clamped and point at which deflection is 

measured; Lc is the length of the coating; t denotes the thickness of the cantilever 

substrate; and c represents the thickness of the coating. 
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Eq 5.1: Stress related to bend height and physical properties 

The second term in Equation 5.1 gives a value for the stresses removed as a result 

of the cantilever deformation while the first term gives a value for the stresses remaining 

in the coating[46].  Equation 5.1 is based on the assumption that the coated portion of the 

cantilever lies centered along the cantilever’s length 

Statistical Design of Experiments 

A statistical design of experiments (DOE)[61] analysis was performed based upon 

the Box-Behnken method[62] for structured illumination of HDDA polymerization 

systems.  This analysis, aided by Minitab® Statistical Software[63, 64], allows efficient 

characterization of how important process variables affect resulting stress reduction.  The 

process variables chosen for this analysis are readily controllable, and include: line 

thickness (width of the dark lines during the structured illumination step); line spacing 

(distance between the mask lines thereby defining the illuminated regions during 

structured illumination); S.I. time (duration of the structured illumination step); and mask 

orientation (the convention for the angle of orientation is illustrated in Figure 5.4). 
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Figure 5.4: Illustration of the angle convention adopted to define the line mask orientation 
relative to the length of the brass cantilever. 
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Results 

Figures 5.5 through 5.8 illustrate the effects of the process variables as 

characterized using the statistical design of experiments analysis described above.  For 

each figure, the abscissa corresponds to the spacing between mask lines (illuminated 

area), the ordinate is the line width (masked area during structured illumination) and the 

shaded contours correspond to regions for which the normalized deflections lie within the 

indicated ranges.  Since the deflections are normalized by the value obtained for a flood 

cured sample, the maximum value of the normalized deflection is unity.  In all figures, 

the high stress regions are presented by light shades, while low-stress regions are 

represented by darker shades.  The range of values for the abscissa and ordinate shown in 

the figures are determined by the range of values used in the experiments.  Therefore, 

very little extrapolation beyond experimental conditions are shown. 

A representative contour plot obtained from the design of experiments analysis is 

shown in Figure 5.5, which illustrates the dependence of normalized deflection on line 

mask variables (line spacing and line width) for a structured illumination time of 8 

seconds at an orientation of 90°.  Each dot in the figure corresponds to a point at which 

an experimental measurement was made as defined by two independent sets of modified 

Box-Behnken design experiments.  Figure 5.5 illustrates that, for this case of 8 second 
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structured illumination, the maximum stress relief occurs in a finite region corresponding 

to normalized deflections between 0.1 and 0.2.  The region of maximum stress relief 

assumes an elliptical shape due to the quadratic fit used to model the experimental data.  

The model effectively gives an idea of the best masks for efficiently eliminating 

polymerization shrinkage stress for the given system.  Each successive contour 

representing a boundary to a region of increasing normalized deflection assumes a 

concentric ellipse of larger size with the same major axis slope.  Note that the spacing 

between successive boundaries decreases as the normalized deflection increases. 

Comparison of Figure 5.5-5.7 will illustrate the effect of the structured 

illumination time on the resulting stress relief (as characterized by the normalized 

deflection). 
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Figure 5.5: Contour plot illustrating the dependence of the observed stress reduction on 
the mask characteristics for an 8 second structured illumination through a line 
mask with a 90° orientation.  The abscissa is the spacing between mask lines 
(the illuminated area), the ordinate is the line width (the masked area) and the 
shaded regions correspond to normalized deflections within the indicated 
ranges.  High stress reduction corresponds to a low normalized deflection. 
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Values that can be used to characterize the normalized stress contours for 

different conditions:  slope of the axis of the major axis (less than one may mean that 

illuminated area must be larger than masked region of optimize stress relief), minimum 

value of the normalized stress (some have a minimum value of 0 to 0.1), center of 

optimal region. 

The illuminated area during structured illumination needs to be larger than the 

masked regions thereby allowing for larger regions of stress-free polymer, however, the 

size of these regions is limited by the available monomer from the masked regions.  This 

slope defines the relationship between the concepts of available monomer and 

maximizing stress-free regions.  The reason for the pattern not being continuous across 

the range of mask feature sizes is that as the illuminated and masked regions get larger 

the ability of monomer to migrate across the entire surface ceases.  This ability is 

dependent on factors involved in reaction kinetics and viscosity.  Also as the masked 

regions get smaller diffusion of light through the mask becomes a larger factor, as it is 

being held a finite distance above the monomer sample.  Diffusion of light through a 

small enough mask pattern could actually lead to the entire sample being flood cured.  

Another reason for optimum stress relief not being attained at smaller mask feature sizes 

is the thickness of the system being studied.  Thicker systems require larger amounts of 

monomer to migrate in response to polymerization shrinkage stress thereby creating 

larger variations in thickness.  These larger variations in thickness can only be facilitated 

at certain larger periods of illuminated and masked regions due to factors involved in 

surface energy.  In other words, the sharp curvatures necessary to facilitate the large 

volume differences over small lengths between the structurally illuminated areas and the 

masked areas may not be possible. 

As is seen in Figure 5.6, stress relief is observed with even as little as 1 second of 

structured illumination.  Stress relief here is not near as great as is seen with longer 

structured illumination times because substantial conversion and monomer migration 
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does not occur for this system within the 1 second of structured illumination.  Full 

conversion in the structurally illuminated regions must be attained during structured 

illumination for maximal stress relief.  Uncured monomer in the structurally illuminated 

regions will lead to a large continuous stress development during the flood cure stage.  

For faster reacting systems with little resistance to monomer migration, 1 second of 

structured illumination may suffice for obtaining optimal stress relief.  This would be due 

to the ability of the monomer to migrate on that short of a time scale and also the 

reactivity of the system leading to a fully cured structurally illuminated region within the 

1 second of structured illumination.   
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Figure 5.6: Contour plot illustrating the dependence of the observed stress reduction on 
the mask characteristics for a 1 second structured illumination through a line 
mask with a 90° orientation. 

Figure 5.7 shows that with 15 seconds of structured illumination, smaller values 

of normalized deflection are observed indicating greater stress relief.  Here virtually 
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complete conversion is attained in the structurally illuminated regions thereby not 

allowing stress to build in those regions during the flood cure step.  As stated previously 

all samples were flood cured for 10 seconds following the structured illumination step 

leading one to surmise that despite those samples in Figure 5.7 having undergone longer 

total illumination times and hence more time for cure, the internal stress of the systems 

are greatly reduced as evident by the decrease in deflection.  Figure 5.7 shows normalized 

deflection values of less than 0.1 which, in these experiments, corresponds to a net bend 

height of less than 2 mm.  Compare that to systems which are simply flood cured having 

consistent net deflections of approximately 19 mm and it is easily apparent that structured 

illumination relieves polymerization shrinkage stress. 
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Figure 5.7: Contour plot illustrating the dependence of the observed stress reduction on 
the mask characteristics for a 15 second structured illumination through a line 
mask with a 90° orientation. 
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Despite the large change in net deflection between Figures 5.5, 5.6 and 5.7, 

comparing experiments show that the more important variable in stress relief using line 

patterns is the orientation of the mask lines to the direction of measure.  When mask line 

orientation is held at 0°, meaning the lines run parallel to the cantilever beam, he best 

experimental results for this orientation at 8 seconds of structured illumination are in the 

0.4-0.5 normalized deflection range corresponding to a far higher stress than seen when 

measuring the stress perpendicularly to the line mask.  These results show the differential 

stresses realized when illuminating a line pattern during the structured illumination step 

and that although stress is relieved in all directions, the stress in the direction of monomer 

migration achieves maximal relief.   

An orientation of 45° was also studied and again confirmed differential stress 

relief.  In all samples illuminated using the 45° orientation the left edge of the cantilever 

deflected more than the right edge.  Upon examination of Figure 5.4 this observation 

should be expected since it has been shown with the 0° and 90° orientations that maximal 

stress relief occurs in the direction perpendicular to the mask direction.  Differences 

between the two edges of each sample were generally 0.1 for normalized deflection 

which in these experiments corresponds to approximately 2 mm.   

Figure 5.8 shows the optimum values for the variables within the ranges studied 

in the aforementioned experiments, as depicted by the low and high values.  There is an 

obvious diminishing return on the addition of structured illumination time which has also 

been seen in prior experiments.  One can also deduce that if orientation was further 

studied past 90° on to 180° that, due to symmetry, the direction of the minimization curve 

would reverse and follow itself back upwards leaving 90° as the optimum.  The best line 

spacing and thickness for this particular setup (including monomer/initiator system, 

illumination equipment and illumination protocol) was optimized at 38.2 and 26.9 mils 

respectively. 
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Figure 5.8: Predicted minimum of net deflection within the range, as indicated by the high 
and low values, of the experimental variables:  line width, line spacing, 
orientation and structured illumination time.  

These results pinpoint the best line patterned mask for the height of the mask over 

the substrate and the intensity and type of light used in the cantilever setup.  It is also 

important to note that the minimization of stress is precisely applicable to this 

initiator/monomer system.  A change in initiator concentration or a change in the initiator 

itself would affect the reaction rate and the time for monomer migration.  A change in the 

monomer could change the reaction rate and the viscosity, which would change the rate 

of monomer migration. 

Discussion 

It is believed that certain general guidelines can be drawn in order to help choose 

the correct pattern for a particular application.  In order to maximize stress relief, it is 

proposed that there be enough monomer migration to alleviate all of the stress in the 

structurally illuminated regions, and also that the fully stressed regions which only 

undergo illumination during the flood cure be as small as possible.  It is currently thought 

that small, discontinuous regions of stressed polymer will cause less stress to be seen by 

the substrate.  The length scale over which monomer migration will occur in order to 

relieve stress is determined by monomer viscosity, reaction kinetics and resultant 
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polymer viscosity and monomer/polymer diffusivity.  If the area being illuminated is so 

large that monomer migration does not occur across the entire length of the sample then 

stress regions will build in the structurally illuminated regions thereby not maximally 

relieving stress.  Also if there is not enough available monomer for migration in the 

masked regions either insufficient monomer migration will occur or there will be 

insufficient monomer left in the masked regions to provide a suitable coating. 

With no limitations on migration, the minimum percent area masked that would 

still allow for maximum stress relief, would be equal to the percent shrinkage.  This 

application would not suffice for a coating, because there would be no remaining 

monomer beneath the masked portions for subsequent flood cure.  It is, however, a good 

place to start in our calculations to find the minimum masked and therefore stressed 

regions, for optimum stress relief.  Still with no limitations on migration, the optimum 

percent masked area is a function of needed coating thickness and percent shrinkage of 

the given system.  With the limitation to migration given by the uncured monomer 

viscosity and the change in diffusivity of the monomer into the curing polymer, the 

system becomes far more complex. 

Conclusion 

With no significant difference in degree of cure and very significant measures of 

reduction in polymerization shrinkage stress it has been shown that structured 

illumination is a viable method for improving the production of low stress 

photopolymerized coatings.  The hope is that control of polymerization shrinkage stress 

will ultimately lead to better products. 
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CHAPTER 6:  A NOVEL METHOD FOR CONTROL OF GLOSS IN 

PHOTOPOLYMERIZED COATINGS, FILMS AND SURFACES 

Introduction 

This chapter describes an invention of a method for controlling gloss in 

photopolymerized coatings over the entire range from high gloss to matte finishes.  The 

method of structured illumination is generally applicable to photoinitiated systems and is 

independent of chemical composition of the resin or monomer.  Wavelengths of light 

ranging from ultraviolet through infrared (including visible) can be used in this method.  

Photopolymerized (also referred to as photocured or light-induced) systems, with few 

exceptions[65, 66], tend to produce high gloss surfaces, however low gloss finishes are 

often more desirable.  Common methods to reduce gloss involve the use of additives such 

as silica or micronized waxes which may reduce the gloss, but may also undermine other 

physical, optical or chemical properties of the system[67-69].  Other methods of gloss 

reduction involve either additional or complex processing steps.  These steps may include 

but are not limited to embossing, chemical etching/dissolution, mechanical abrasion 

(sanding, blasting, etc.) and a wash step[70, 71].  This invention avoids extra processing 

steps to achieve the desired gloss reduction, thereby eliminating waste generation. 

The structured illumination methods described in this invention disclosure makes 

use of the spatial and temporal control afforded by photopolymerization to produce a 

textured surface of specified gloss.  Structured illumination involves the patterning of 

light on the surface of a photopolymerizable system.  This patterning sets up alternating 

regions of light intensity which in turn initiates polymerizations at differential rates 

across the system.  Areas not undergoing significant polymerization provide monomer for 

migration to those areas that are.  This causes changes in the surface morphology which 

when illuminated correctly gives a micro-roughening of the surface; a common trait of 

low gloss systems.  This structured illumination step is generally followed by a flood cure 
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step in which the entire system is illuminated at an intensity such that the final cured 

product is uniformly converted.  This micro-rough surface gives a diffuse reflection of 

light and an apparent low gloss characteristic.  This method can be used with any 

monomer system including but not limited to industrially important acrylate monomers 

which are typically high in gloss.  The method which will be described will not require 

expensive light sources or intricately designed systems yet will be amendable to 

continuous processes and high through-put. 

Background:  Need for Gloss Control 

Relative gloss is a characteristic of a polymer system that can have great impact 

on its function and appearance.  For example, in the automotive industry high gloss 

finishes are desirable, while for applications involving the use of finished wood, such as 

cabinetry, flooring and furniture, a high gloss surface is often considered to undermine 

the apparent value of the product by making it look “plastic” or “unnatural.”  Display 

technology is another more technically advanced area where control of gloss is needed.  

Anti-reflective or low-gloss films are used for glare reduction for a wide variety of 

displays and optical systems or components[72, 73]. 

Smooth shiny surfaces reflect light in a specular manner which gives an 

appearance of a high gloss, mirror-like finish while low gloss surfaces tend to be micro-

rough which diffusely reflect light.  This concept is portrayed in Figure 6.1. 

Specular Reflection  Diffuse Reflection  
Smooth Micro-rough 

 

Figure 6.1: Pictorial representation of specular and diffuse reflection from a smooth and 
micro-rough surface, respectively. 
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A gloss meter measures the specular reflection of directly illuminated light at an 

angle dependent on the type of surface being measured.  Measurement angles are 

recorde

Figure 6.2: 
illumination and detection of reflected light are done at specified angles 
depending on the level of gloss for the surface. 

A c

addition of silica fillers[67-69].  This micro-roughening causes a more diffuse reflection 

of inci

d as their deviation from normal to the surface of interest.  High gloss is measured 

at an angle 20° from normal while semi-gloss and matte finishes are measured at 60° and 

85° respectively.  High gloss numbers in the 20° geometry represent very glossy systems 

where as low gloss numbers in the 85° geometry are from low gloss systems.   

 

Illumination and detection scheme carried out when using a glossmeter. Direct 

ommon method to reduce gloss by producing a micro-rough surface is the 

dent light providing a decrease in the apparent gloss.  One drawback may be 

absorption of light by the filler, depending on the loading, thereby altering the curing 

characteristics.  Figure 6.3 portrays the micro-roughening obtained by the use of silica in 

a polymerized coating or film.   

20° 

60° 

85° 

Illumination Detection 
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Figure 6.3: Pictorial representation of silica fillers micro-roughening the surface of a 
polymer system giving matte finish. 

Wet Silica Filled Film

Cured Silica Filled Film
Micro-rough = Matte 

Structured Illumination as a Novel Method for Gloss 

Control 

Structured illumination provides a means of producing a micro-roughened surface 

without the use of additives.  The micro-roughening obtained using structured 

illumination is due to the monomer migration from areas which are masked during the 

structured illumination step to those which are illuminated.  This concept is portrayed in 

Figure 6.4.  After structured illumination has taken place a flood cure step is generally 

needed to uniformly cure the entire coating giving raised areas where structured 

illumination first occurred.  

By using structured illumination there is no need for the use of additives and 

therefore no drastic change in the curing kinetics of the system.  The texture or roughness 

obtained using structured illumination is affected by the pattern of the light incident on 

the surface of the monomer, the intensity of the light, the thickness of the coating and the 

concentration of initiator.  Shown in Figure 6.5 is a simple diagram portraying the 

concept of how structured illumination can mimic the surface modifications achieved 

with additives, resulting in gloss reduction. 
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Light 

-Monomer Migration 

-Unilluminated Monomer 
-Polymerizing Monomer 

t = 0 

t = t1 

Figure 6.4: Illustration representing structured illumination of a film of monomer where 
the light is turned on at time zero and subsequent monomer migration occurs 
before time t1.   

Cured Film via Structured Illumination
Micro-rough =Matt 

Wet Film

Cured Film
Smooth =Glossy 

 

Figure 6.5: Illustrative cross-section comparison of standard flood cured system and a 
structurally illuminated system showing the potential of structured 
illumination as a method to reduce gloss in photopolymerized coatings. 
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Selection of Spatial Patterning for Structured Illumination 

For effective gloss control by structured illumination, the spatial illumination 

pattern (a variation in light intensity as a function of location in a two-dimensional plane) 

plays an important role in determining the surface morphology, texture, or roughness in 

the final cured product.  The pattern may be most easily generated by illumination 

through a mask, however it could also be produced by projection or by an interference 

pattern from two or more light sources.  There are many key variables in the design and 

selection of the illumination pattern.  Some of the variables include feature size and 

feature shape, which are indicative of each individual pattern.  The optimize size and 

shape may depend upon the specific polymerization system, monomer formulation, 

comonomers, additives, dyes or pigments.  Also the spatial relationship between the dark 

and light regions and whether or not there is a clearly defined difference or if there is an 

intensity gradient between the two.  There are essentially an unlimited number of 

illumination patterns (including mask designs) available for use with this invention.  With 

that comes a high degree of flexibility in the final characteristics of the system.  A wide 

range of apparent gloss can be obtained on the surface of the system.  Differential gloss, 

depending on viewing angle, which will be discussed further in the following section, can 

be obtained.  Also different gloss values depending on spatial location due to different 

patterning on various sections of the system can be produced.   

Anisotropic Gloss Reduction 

We have shown that line masks give not only less gloss reduction than a multi-axis 

pattern, but a differential gloss reduction depending on the angle of measure.  This idea is 

shown in Figure 6.6, below.  Higher gloss is seen when making a measurement parallel to 

the direction of the patterned lines while rotating the sample 90° in order to measure at an 

axis perpendicularly to the patterned lines gives a lower apparent gloss. 
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Figure 6.6: Schematic showing measurement angles with respect to the line-patterned 
polymer surface whereby higher gloss readings are measured in the parallel 
axis when compared to the perpendicular axis of measure. 

Multi-directional texturing of the surface, which will give a more diffuse 

reflection of light, can be obtained by mask patterns such as cross-hatch and camouflage 

patterns.  Such patterns have shown greater ability than line patterns to reduce gloss with 

far less of a dependence on viewing axis.  Examples of gloss reduction using a cross-

hatched mask pattern will be discussed further in the Demonstration of Invention section.   

Illumination System 

For effective gloss reduction using structured illumination, the light source must be such 

that significant cure takes place during the time in which structure illumination takes 

place.  For a given photopolymerization system, the illumination variables include the 

intensity or irradiance, illumination time, and wavelength.  If the wavelength of light 

being emitted does not match that of light which is absorbed by photoinitiation system 

then sufficient cure will not take place.  Even if the light is of the correct wavelength the 

length of the structured illumination and the intensity of the light must be sufficient in 

order to cause enough polymerization to take place in the illuminated regions to set up a 

concentration gradient for diffusion or cause enough shrinkage for monomer microflow.  

There is a possibility that even in the masked regions there is sufficient light for 
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polymerization to take place however if there is enough of a cure differential then surface 

distortions could appear that reduce gloss.  This would lead to negating the next criteria 

which is that the mask must be removable or that the mask must end so that a subsequent 

flood cure can take place. 

Structured Illumination using Masks in Continuous (Web) 

Processes 

Some processes call for continuous production in which case a web process is 

desired.  In the simplest case, masks for such processes, unless they are line masks 

running parallel to the axis of production, cannot be stationary.  They must move along 

with the product in order to give the proper illumination pattern which best reduces gloss.  

Processes which are stationary in application are far less involved, but do share some of 

the same concerns as web processes.  In both cases the distance of the mask from the 

coated surface is important.  Faithful representation of the mask on the surface of the 

coating is best achieved by placing the mask as close to the coating as possible.  

Touching the coating is not a likely option in that this may hinder monomer migration 

unless the mask is a non-wetting substance in which case one can imagine it aiding the 

movement of monomer to the illuminated regions. 

A more involved process could incorporate a stationary mask in a continuous 

process if a flash lamp is used.  The pulsed illumination from this lamp would need to be 

synchronized to the speed of the belt in order to illuminate a well defined pattern on the 

surface of the system.  Again considerations for degree of cure during structured 

illumination would have to be taken into account for each short pulse and the total pulsed 

illumination time.   

Specific Example Using HDDA and BisA Epoxy Acrylate 

Studies were carried out on formulations involving two widely used monomers in 

industrial coatings.  Hexane Diol DiAcrylate (HDDA) and BisA Epoxy Acrylate (EA) 
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were used in a one to one ratio by weight and initiated with a BisAcylPhosphineOxide 

(BAPO) added to the mixture at 1% by weight.  These monomers and initiator are shown 

in Figures 6.7-6.9. 
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Figure 6.7: Molecular structure of Hexane Diol DiAcrylate (HDDA), a widely used 
industrial standard in coating applications. 
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Figure 6.8: Molecular structure of BisA Epoxy Acrylate (EA), a widely used industrial 
standard in coating applications.  
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Figure 6.9: Molecular structure of Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide 
(BAPO), a commercially available photoinitiator with absorbance peaks at 
295 and 370nm.  
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Both monomers are difunctional acrylates which undergo cross-linking providing 

a very tough, mar resistant, yet somewhat brittle coating.  Coatings made from these 

acrylates via a conventional photopolymerization process tend to give high gloss finishes.  

By adding matting agents one can reduce the gloss; however this may create problems in 

the mixing stage or during application in that the system is no longer a homogenous 

liquid mixture.  

BAPO is a commercially available initiator made by Ciba under the brand name 

IrgaCure 819.  It undergoes alpha cleavage at the phosphor and initiates a free radical 

polymerization when near UV illuminates the system.   

Experimental Setup and Procedure 

Experiments were completed on 3 in. by 6 in. stainless steel Q-panels (Q-Lab, 

Cleveland, OH).  The panels were coated with red epoxy spray paint to reduce the gloss 

of the panel and eliminate the interference in measurement as a result of reflection from 

the bare metal substrate.  500 μL of our system was applied in a thin line near the top of 

the Q-panel using a P-1000 precision pipette.  Care was taken to ensure that the line 

covered approximately the same width on the panel during each trial to ensure a 

consistent coating thickness and coverage.  

A #80 wire wound applicator rod was then used to distribute the monomer across 

the panel in a thin, evenly distributed layer.  The Q-panel was then placed in a sealed 

inerting chamber beneath a Hybrid Technologies Corp. model 63-10 ultraviolet light 

source.  The UVA intensity of the light source was measured at 160 mW/cm2 and the 

panels were placed at a distance of approximately 10 inches from the light source optic, 

centered under the 6in. quartz window which makes up the top of the inerting chamber.  

This distance was chosen due to the height of the brass sieves being used as masks.  The 

coated Q-panel was placed as close to the sieve as possible (<1 mm spacing) using spacer 

blocks.  Figure 6.10 illustrates the experimental setup that was used. 
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Figure 6.10: Pictorial representation of the experimental setup including the light 
source, inerting chamber, brass sieve (mask openings not portrayed in 
drawing) and coated Q-panel. 
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For structured illumination ASTM standard brass sieves, of which the dimensions 

are well established, were used.  The wire thicknesses and mesh openings for the various 

mesh numbered sieves used in our gloss reduction experiments are shown in Table 6.1. 

Table 6.1: ASTM standard sieve dimensions of mesh opening and 
wire diameter. 

MESH OPENING WIRE DIAMETER U.S. Sieve # Wire 
Mesh Size inches mm inches mm 

80 0.007 0.18 0.0052 0.131 

100 0.0059 0.15 0.0043 0.11 

120 0.0049 0.125 0.0036 0.091 

140 0.0041 0.106 0.003 0.076 

170 0.0035 0.09 0.0025 0.064 

200 0.0029 0.075 0.0021 0.053 

230 0.0025 0.063 0.0017 0.044 

270 0.0021 0.053 0.0015 0.037 

325 0.0017 0.045 0.0012 0.03 
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A cover was placed over the inerting chamber to prevent any light from reaching 

the coating while the panel was being inerted by nitrogen for approximately 5 minutes to 

eliminate the effects of oxygen inhibition on the photopolymerization process. This is an 

important step because our interest is in a surface property and oxygen inhibition affects 

surface cure[74].  After completing the inerting step, the cover was removed and the 

coated panel structurally illuminated (with mask) for 60 seconds. The brass sieve was 

then removed and the system underwent a 60 second flood cure (no mask) in order to 

complete the polymerization. 

Gloss measurements were made by using a Byk Gardner micro-tri-gloss meter 

which also has the capability to measure thickness on both ferrous and nonferrous metal 

substrates. This meter measures, within seconds, gloss readings at the 20°, 60°, and 85° 

geometries and gives a thickness measurement. The 20° geometry is used for high gloss 

finishes, while the 60° geometry is used for semi gloss and the 85° geometry for matt 

finishes (see Figure 6.2).  Each sample was measured a total of six times; three times 

perpendicularly to the length of the coated panel and three times parallel to its length. 

Results 

Upon structurally illuminating, for 60 seconds, the inerted samples through the 

various sieves, followed by a 60 second flood cure in the aforementioned setup, six gloss 

measurements were taken on three samples for each of the sieves.  The average results 

are shown in the Table 6.2 along with average coating thicknesses which have a standard 

deviation of 6 µm. 

Clearly one can see the dramatic gloss reduction achieved upon structured 

illumination of the samples shown in Table 6.2.  By simply flood illuminating the 

HDDA/EA system, an extremely high gloss surface is produced.  Structured illumination 

followed by flood cure gives a range of apparent gloss readings with the lowest being 

well within the range thought of as low gloss finishes. 
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Table 6.2: Gloss measurements for the three common measurement angles and 
thickness readings taken for HDDA/EA samples structurally illuminated 
beneath various sieves. 

U.S. Sieve # 
Wire Mesh Size 

20° 
(High Gloss) 

60° 
(Semi-Gloss) 

85° 
(Low Gloss) 

Thickness 
(um) 

none 91.4 95.9 97.6 143 

80 4.9 26.6 32.0 141 

100 4.7 26.7 30.3 147 

120 4.5 24.5 25.1 143 

140 4.6 23.8 22.9 138 

170 5.6 32.2 38.4 145 

200 4.1 23.3 32.0 140 

230 7.4 41.7 57.9 137 

270 7.0 46.7 68.3 139 

325 72.6 94.8 94.6 142 

 

Summary of Invention 

The above discussion illustrates that utilizing structured illumination as a method 

to prepare photopolymerized surfaces one can achieve different values of gloss ranging 

from high gloss to matte finishes.  Our experimental results demonstrate that we were 

able to achieve low gloss finishes for an acrylate system which otherwise would produce 

a very glossy surface.  In addition, we were able to describe straightforward 

implementation to a continuous process.  And finally, the method and understanding of 

why gloss control is achievable is unique but fairly simple. 

Current methods for reducing gloss in polymer coatings, films and surfaces 

generally involve additives or secondary mechanincal or chemical processing steps.  

Additives are commonly present in the form of inert matting agents such as silica or 

micronized waxes.  Besides reducing gloss, additives may also undermine other 

important properties of the system.  Secondary processing steps used to reduce gloss 
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include sanding, grinding, blasting, machining and other mechanical abrasion techniques 

in which a micro-roughened surface is achieved.  This type of gloss reduction is capable 

of producing waste material in varying quantities.  Embossing or transfer molding is also 

a common technique to micro-roughen a surface in order to reduce gloss.  Here cleaning 

of the embossing tool or mold can be an issue along with the capital expense of the 

embossing or molding system.  Chemical methods can also be used to reduce gloss such 

as chemical etching and dissolution.  These methods will almost certainly generate 

chemical waste.  Structured illumination as a method to reduce gloss eliminates waste 

generation and can be a simple, inexpensive method to reduce gloss without adversely 

affecting other properties of the polymer system. 

Structured illumination, which is the patterning of incident light on the surface of 

a photopolymerizable system, has not been taught in prior art.  Its important aspects 

include feature sizes of both the illuminated and dark areas and the time of structured 

illumination.  Choosing the correct spatial and temporal patterning parameters will allow 

for variable gloss reduction in the finished product. 

The idea of structuring the illumination of a photopolymerizable system for gloss 

control is unconventional.  Generally, the composition of a photopolymerized system is 

changed in order to change the appearance of gloss.  This method focuses on the 

processing, not the components of the system, in order to obtain desired characteristics of 

gloss.  This method, however, is not a mechanical processing such as embossing, 

sanding, blasting, etc., which also may be used to create a low gloss surface.  Structured 

illumination is in general a non-contact chemically driven processing method for 

reducing gloss in photopolymerizable coatings that does not involve a wash step or 

chemical etching/dissolution.  Masks used in this process can be very inexpensive and 

because of the non-contact nature may never need cleaning.  Structured illumination by 

its nature of being a photopolymerization process caries along with it the many 
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advantages of photopolymer processing in that it is generally quick, inexpensive, and can 

be considered in some applications as a green chemistry.   

Conclusion 

Applying structure illumination is straight forward in most applications as 

described in the Structured Illumination using Masks in Continuous (Web) Processes 

section of this work.  It can be used in continuous and batch configurations with high 

production rates.  Because of the ease of application, areas where this method may be 

used include most photopolymerization processes.  Key areas have been mentioned 

which include display technologies involving films which reduce glare and wood 

coatings industries where low gloss may be preferred over higher gloss coatings.  This 

method is not limited to but may be included in areas of paint and clear coats to provide a 

variety of finishes, printing to produce textured images, optical films such as light 

diffusers, anti-reflective and directionally reflective films, packaging and any film or 

coating industry where an aesthetically pleasing look or feel may be desired.  

At the onset of this writing all samples used for gloss reduction experiments were 

acrylate formulations.  Studies have been carried out on different substrates including 

coated and uncoated metals, wood of different varieties and plastics.  With the exception 

of one experiment which was carried out to simulate a web process, all others were done 

under the setup described in the Experimental Setup and Procedure section of this work.  

Future studies should concentrate on simulating a web process and industrially applicable 

formulations for display films and wood coatings. 
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CHAPTER 7:  CHARACTERIZATION OF STRUCTURALLY 

ILLUMINATED THIN AND THICK FILM PHOTOPOLYMERS 

Photo Differential Scanning Calorimetry 

A long time standard for measuring the conversion of monomer to polymer during 

a photopolymerization process has been the use of a photo differential scanning 

calorimeter (photo-DSC)[75-77].  With its ease of use and its principles based in the 

fundamentals of chemistry, photo-DSC has been used reliably for many years.  It is an 

adaptation of a standard DSC[78] where the main difference is that an illumination 

source is mounted atop the unit with a shutter controller and a quartz window placed over 

the sample tray so as to allow light to enter while preventing convective cooling of the 

sample.  Photo-DSC reaction rates and conversion measurements can be acquired at any 

initial temperature required within the range of an ordinary DSC due to reactions being 

induced by light energy and not thermal energy.  Reaction rates and overall conversion of 

monomer to polymer are calculated from the heat evolved during the reaction. 

Possible problems with the current photo-DSC setup are that it gives a bulk 

measurement and the geometry of the measured sample may cause differences in reaction 

rate and conversion measured when compared to the sample it is representing.  Bulk 

measurements give an average conversion and reaction rate which may be all that is 

required.  For those applications where there may be a sizable difference in properties 

due to differences in the conversion throughout the sample thickness or other dimension, 

a DSC will not suffice.  Raman Spectroscopy gives an adequate alternative when 

properties such as conversion of a small region of a larger sample are required. 

Comparing the reaction rate and overall conversion of a DSC sample to that of a 

process may bring about discrepancies.  Thin films will not evolve a large change in 

temperature analogous to an isothermal measurement attainable with the use of a DSC; 

however, larger geometries with a sizable exotherm may cause a substantial increase in 
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temperature, thereby changing the kinetics of the reaction.  This is not easily measurable 

in a DSC where the size of the sample is small.  Even with the correlation between thin 

films and the isothermal measurement of the DSC, there may be differences in how the 

reaction is initiated.  Photopolymerizations give the ability to initiate specific portions of 

the sample at different rates by varying the intensity across the surface of the monomer.  

To measure an overall conversion of the sample with these variations, such as in 

structurally illuminated coating samples, a larger surface geometry is needed than is 

provided by the photo-DSC.  Here a Thin Film Calorimeter is useful and will be 

discussed further in a following section. 

Raman Spectroscopy 

Short Raman Study of Conversion 

It is well known that photons of light interact with molecules causing a transition 

between energy states.  When the photon induced excited state molecule transitions back 

to the initial state, a photon of light equal in energy to the original photon which caused 

excitation, is released thereby creating Rayleigh scattered light.  In a less common 

phenomenon, energy is either absorbed or released by the molecule (i.e. transitioning 

from the excited state to a state other than the initial state) and Stokes and Anti-Stokes 

scattering is observed, respectively.  In Stokes scattering a lower energy, higher 

wavelength photon is emitted.  From a polarizable molecule this scattered light occurs 

due to a change in vibrational energy and that change in energy is equal to the diminished 

energy in the photon which is emitted.   

The Stokes band, as it is referred to, is larger than the Anti-Stokes band and 

therefore is generally measured in Raman Spectroscopy.  A very intense monochromatic 

light source must be used in order to obtain a detectable signal from the Stokes scattering.  

This is due to the fact that a very small fraction of light undergoes Stokes scattering and 

the difference in energy between the excitation light and the Stokes scattered light is 
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small.  Detection is done with a device called a photomultiplier tube which allows for the 

transformation of light into an electric signal.  A photon of light incident to the 

photomultiplier tube creates a shower of electrons which is captured as the digital signal 

of a photonic event.  A monochromator or spectrograph and multichannel detector can be 

used to distinguish light of varying energies.   

Some of the advantages of Raman Spectroscopy are that sampling is inherently 

small and, because it is a scattering process, it does not require a certain size or 

transparency of the sample.  Also any place a laser light can be directed and collection of 

scattered light can be obtained, a Raman Spectrograph can be produced.  This includes 

remote sensing through the objective of a microscope with confocal abilities giving rise 

to Confocal Raman Spectroscopy.  This is obtained through the use of fiber optics.  Also, 

Raman Spectroscopy in larger areas can be done.  One such example is the sensing of 

emissions from a smoke stack by directing a laser at the plume rising above it[20, 60, 79].  

For structurally illuminated samples Raman Spectroscopy allowed for facile acquisition 

of data due to the ease or lack of sample preparation.  Both composition and conversion 

of the monomer to polymer were examined.   

Initial studies using the Raman to look at conversion differences of masked 

samples were done on glass slides.  This was unsuccessful due to the fluorescence of the 

glass and as a result brass slides were used.  Brass allowed for the different characteristic 

peaks of the polymer to be seen.   

A short Raman study was done on two samples illuminated with differing mask 

types.  The first was a simple line mask and the second was a dot mask both made from 

acetate paper.  Each sample consisted of 75 μL of a solution of HDDA and 1% by weight 

of IrgaCure 369 spread over an area of approximately 0.75”x1.5” on a 1”x3”x0.015” 

brass slide.  These samples were put on a sled that was placed on a lab jack set up to be 

13 cm from the 200W medium pressure Hg/Xe arc lamp.  The samples were structurally 

illuminated through one of the two masks for 240 seconds and then passed through the 
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Fusion System at a belt speed of three feet per minute for flood illumination.  After 

correction of the baselines (Figure 7.1B) and doing a peak ratio to compensate for signal 

intensity differences due to the difference in thickness of the peak and valley (Figure 

7.1C), the signals of the two measurements were nearly identical.  This leads one to 

believe that the conversion is the same in both the structurally illuminated and flood 

cured areas of the sample after it has been passed through the Fusion.  The light intensity 

is so great that conversion must be nearly complete and any small differences are not 

ascertainable within the capabilities of the Raman. 
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Figure. 7.1: Three graphs showing the steps of correcting Raman data taken of an 
HDDA sample which was first mask illuminated followed by a full 
illumination done using the Fusion to show the similarities between the two 
spectra taken at both the peak and the valley of the illuminated sample. 
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Here the Fusion was used to ensure that the samples were solid for use in other 

analytical measurements such as profilometry which will be discussed later in this 

chapter.  When illuminating with the arc lamp only, the samples retain a greasiness that is 

attributed to short chained molecules.  This lack of consistent chain length is due to 

oxygen inhibition.  During the Raman studies the surface of the polymer could be easily 

seen on the computer screen.  It was observed that under a dot illumination the surface of 

the polymer seemed to have risen, collapsed and then risen once more.  This left the 

surface looking like a dome within a donut-like annulus.  This could be attributed to 

varying light intensities as light is shown through a small aperture and diffraction occurs. 

Involved Mapping Study of Conversion 

A more involved conversion study was carried out using samples that were first 

measured for total conversion using a thin film calorimeter, discussed later in this 

chapter.  The samples, which were prepared on sheets of aluminum, were mounted on 

glass slides and a mapping technique was carried out to determine conversion across the 

surface of a structurally illuminated sample.  As with all samples studied the structured 

illumination was followed by a standard flood cure period.  For the study line masks were 

used and were illuminated in the same manor as was done for stress studies mentioned in 

Chapter 5.  A structurally illuminated sample with masked lines 762 μm wide and 

illuminated lines 1016 μm wide was mapped for conversion.  Essentailly five line scans 

running parallel to one another and spaced 25 μm apart were done perpendicularly to the 

direction of the mask lines.  The scans were set to be 3600 µm so as to encompassed two 

full on-off cycles for the structurally illuminated sample.   

Peaks representative of the double bond and the cyclical structure in the 

photoinitiator were determined to be present at approximately 1630 and 1600, 

respectively.  The cyclical structure in the photoinitiator remains unchanged throughout 

the reaction and therefore makes a good reference peak.  To find the ratios of the peak 
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areas a Sav-Golay second derivative method[80, 81] was used to reduce the noise in the 

raw signal so that the peaks areas can be correctly determined.  The double bond 

conversion was then determined using Equation 7.1. 
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Eq 7.1: Double bond conversion calculated using Raman Spectroscopy. 

Here DBp and DBm represent the areas of the double bond peaks in the polymer 

and monomer, respectively.  Rp and Rm are the areas of the reference peaks.  The averages 

of the five points are shown as one line scan in Figure 7.2 providing insight into the 

variation of conversion across the bumpy surface of two full cycles of masked and 

illuminated areas.   
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Figure 7.2: Double bond conversion across a structurally illuminated sample of HDDA. 
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The scan across the surface of the sample varies by less than ±1% and there is no 

noticeable pattern indicating a difference in conversion between the structurally 

illuminated portion of the sample and that which simply undergoes flood illumination.  It 

is also interesting to note that measurements taken from a sample which was simply flood 

cured shows that within the error of measurement there is no difference in conversion.  

The flood illuminated sample had a conversion that fell within the range of 90-92%.   

Raman Studies of Monomer Migration 

In order to understand the migration of monomer which is taking place and 

causing distortions in the surface of the polymer coating, a study using Raman 

Microscopy to track the concentrations of the two species shown in Figures 7.3 and 7.4 

was attempted. 
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Figure. 7.3: Bis-A Epoxy Acrylate used in migration of monomer studies not only for 
its industrial significance but also for its large molecular weight. 
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Figure. 7.4: 2-(DiMethylAmino) Ethyl Acrylate (DMAEA) used in migration of 
monomer studies because of its small molecular weight and its distinctive 
Raman peaks when compared to Bis-A Epoxy Acrylate. 



www.manaraa.com

 73

Both species are acrylates and are photopolymerizable when mixed with Irgacure 

369 (done at 1% by weight), however the Bis-A Epoxy Acrylate is a far larger molecule 

and therefore much more viscous than the 2-(DiMethylAmino) Ethyl Acrylate 

(DMAEA).  This inhibits both the viscous flow and diffusional flow of the epoxy acrylate 

during the structured illumination step.  After structurally illuminating the surface of the 

coating, thereby inducing monomer migration, and flood curing the samples, studies were 

done on the photopolymerized sample.  The cross-section of a coating subject to a simple 

line pattern appears much like the following figure, with peaks where structured 

illumination took place and valleys where monomer was depleted in order to combat 

polymerization shrinkage stress.  Scanned profiles of this phenomenon will be shown in 

the profilometry section of this chapter. 

The idea was to first take measurements at both the peak and valley to compare 

areas which received structured illumination followed by flood cure to those which only 

underwent flood illumination.  This, in practice, was easy to do once reference points 

were scribed onto the polymer sample in order to discern peak from valley when viewing 

through either the 10X or 50X objectives.  The comparison of the Raman data retrieved 

from these points showed no distinguishing differences so a point scan across the sample 

from the masked region to the structurally illuminated region was done to capture data 

closer to the boundary between the illuminated and unilluminated regions during 

structured illumination.  This scan is depicted in Figure 7.5. In order to study the workup 

of the data acquired using Raman spectroscopy, a peak representing the amino peak in 

the DMAEA was compared to the peak representing the ring structures in the epoxy 

acrylate.  By setting one of these peaks for every point in the scan to 1000 and comparing 

the height ratio of it and the other peak any concentration difference should be seen.  

Below are graphs of such a workup showing the raw data and a blow up of the important 

peaks for a mixture of DMAEA and epoxy acrylate at a weight ratio of 1/1. 
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Figure. 7.5: Pictorial representation of the cross-section of a patterned surface with six 
Raman scan points as marked. 
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Figure. 7.6: Raman Spectrum of 1/1 weight ratio of DMAEA and Epoxy Acrylate 
scanned from valley to peak on a structurally illuminated sample.   

After correcting the data for thickness differences by setting the peak height of the 

epoxy acrylate to 1000 and zooming in on the area between 1400 and 1700 one can 

clearly see that the only difference in height of the DMAEA peak falls within the noise of 

the Raman scan. 
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Figure 7.7: Raman scan showing no measurable difference in molecular composition in a 
scan from valley to peak on a structurally illuminated polymer sample. 

The implications of these results point to the possibility of accidentally matching 

the differences between the viscous and diffusive properties of the two monomers with 

their differences in reactivity.  The higher reactivity due to multiple double bonds in the 

epoxy acrylate may have led to a higher concentration difference during structured 

illumination and therefore a higher chemical potential between the illuminated and 

unilluminated portions of the coating.  This may have counter acted the slower mobility 

of the epoxy acrylate monomer. 

Another possibility is that diffusion plays far less of a role than does microflow 

and the 100 µm spacing of the scan was not sufficiently small to pick up any differences 

in microflow between the two monomers occurring only at the boundary of the 

structurally illuminated areas and the masked areas. 

Thin Film Calorimetry 

Following the lead of Todd Roper a thin film calorimeter was constructed for the 

measurement of heat flow from photopolymerizations[33].  At the heart of the device is a 
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heat flux sensor obtained from Omega (HFS-4).  It produces 6.5μV/BTU/Ft2Hr and has a 

type K thermal couple on its surface.  It is a flexible flat device measuring 0.007” X 1.38” 

X 1.12”, with a response time of 0.6 seconds.  It also has a low thermal capacitance and 

resistance of 0.02 BTU/Ft2Hr and 0.01°F/BTU/Ft2Hr respectively, which makes it ideal 

for the application of measuring even very small amounts of heat flow from a thin layer 

of polymerizing monomer.  Placing this device on an aluminum heat sink and recording 

an amplified output signal is the basis for the results that follow. 

Figure 7.8 is an overhead representation of the heat flux sensor nested in the 

aluminum heat sink.  An aluminum mask has been added over top of the sensor to reflect 

any excess light not necessary for the polymerization and the unwanted heat from that 

light so as to make the device more sensitive.  The four small black circles represent 

alignment posts to ensure consistent placement of the mask.  This mask is used to 

eliminate unnecessary light from affecting the very sensitive heat flux measurement.  The 

wires are routed through a signal amplifier and voltmeter before going to an analog to 

digital converter and entering the computer for recording. 

In order to save the heat flux sensor for multiple measurements the 

polymerization takes place atop a thin foil of aluminum which is thermally coupled to the 

heat flux sensor via a thermally conductive paste (OT-201 from Omega).  This device can 

be placed beneath most light sources for quick and easy comparison measurements of the 

heat generated by a photopolymerization.  The following results will show a comparison 

of the heat generated from photopolymerizing samples of 1% IrgaCure 369 in HDDA 

applied to the foil in a geometry similar to that of the stress measurements in order to 

show the extent of cure for both flood cured samples and ones which were first 

structurally illuminated. 
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Figure. 7.8: Thin Film Calorimetry diagram showing the heat flux sensor thermally 
coupled to an aluminum heat sink being masked by an aluminum plate.  All 
data is acquired through the use of a computer. 
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Comparison Study of the Structured Illuminated Process to 

the Standard Flood Cure Method 

Figure 7.9 shows three experiments where the monomer was spread on the TFC 

and the heat evolution during illumination with the same kilowatt arc lamp used in the 

stress experiments is recorded.  An illumination time of 10 seconds was used to mimic 

the stress experiments.  As can be seen by the output data in Figure 7.9 the 

polymerization is virtually complete during the 10 second duration.  This substantiates 

the choice of flood curing for 10 seconds during the stress experiments.  The overlap of 

the three runs is quite good considering they were the first three runs done with little to 

no optimization done to the measurement process. 
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Figure. 7.9: Amplified signal from a heat flux sensor, representing the heat given off 
by reacting monomer during a 10 second flood cure of a sample containing 
1% IC369 in HDDA. 

Figure 7.10 shows the heat evolution during structured illumination followed with 

a flood cure.  As is clearly shown, the illumination protocol includes 10 seconds of 

structural illumination followed by 5 seconds of no illumination so that the mask can be 

removed.  Then there is a 10 second flood cure where most if not all the observable stress 

takes place, depending on the pattern of the structured illumination.  It is obvious that 

much of the actual polymerization takes place during the structured illumination step for 

this experiment.  This is a function of the illuminated area during the structured 

illumination step.  In this experiment the area of the illuminated region when compared to 

the area of the masked region is approximately 150% larger.  Add to that the diffraction 

of the light as it passes through the mask and it is easy to understand why most of the 

polymerization takes place in the first step.  Again the exotherms of the three experiments 

track rather well with one another.   
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Figure. 7.10: Amplified signal from a heat flux sensor, representing the heat given off 
by reacting monomer during a 10 second masked illumination followed by a 
10 second flood cure of a sample containing 1% IC369 in HDDA. 

In order to understand how simply flood curing a sample differs from structured 

illumination followed by flood cure, the signals for the two illuminations in the second 

protocol are added together and the following graph was produced.  Here it is clearly 

shown that the initial intensity of heat and therefore the initial rate of polymerization is 

somewhat smaller than that of the simply flood cured samples.  However, the breath of 

the polymerization peak is larger and appears to diminish less rapidly giving an overall 

area under the curve, representing conversion, of equal value to that of the flood cured 

samples. The areas under the curves of Figures 7.9 and 7.11 are shown in Table 7.1 

immediately following Figure 7.11.  Statistically the areas are equal meaning the 

conversion of the various samples are equal, thereby showing that stress relief is possible 

without compromising conversion. 
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Figure. 7.11: The summation of amplified signals from a heat flux sensor for a 10 
second masked illumination and a 10 second flood cure, representing the heat 
given off by reacting monomer of a sample containing 1% IC369 in HDDA. 

Table 7.1: Areas under amplified signal curves representing conversion of 
monomer during the 10 second photopolymerizations.  

Illumination Protocol 
Average Area 
Under Curve 

Standard 
Deviation 

Flood Cured 9.11 0.45 

Structurally Illuminated followed by Flood Cured 9.34 0.38 

 

In all the aforementioned results involving the use of a TFC, the heat evolution 

due to simply illuminating the surface of the aluminum foil is subtracted from the data 

taken during polymerization by first doing an illumination without monomer for every 

run, both structured and flood, depending on the illumination protocol.  The timing of 

these illuminations is where much of the error is likely produced.  The shutter timing was 

done manually and will need to be changed to a more consistent automated system in 

order to reduce error.  This should eliminate the intermittent rise in heat sometimes 
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shown immediately following the 10 second mark when the light is shuttered off after 

subtracting the light energy.  In this way, true polymerization decay may be realized. 

TFC Comparison Study of Different Line Masks Used in 

the Structured Illumination Process 

Using the general method of analysis just described two different line patterns 

were studied.  Both had the same mask line width (masked region), but the line spacing 

was varied thereby varying the structurally illuminated region.  This gave rise to two 

masks, one which masked 75% of the light and the other which masked only 43%.   

Table 7.2: Data showing dependences of stress deflection on when 
conversion took place during the structured illumination process. 

75% Masked 43% Masked 

Structured Illumination Time (sec) 8 15 8 15 

% of Total Conversion During 
Structured Illumination 68.7% 73.6% 82.8% 88.2% 

% of Total Conversion During 
Flood Cure 31.3% 26.4% 17.2% 11.8% 

Normalized Deflection 0.58 0.3-0.4* 0.19 0.06 

*As determined by a cubic model fit 

 

As can be determined intuitively and proven by the values in the table, the longer 

one structurally illuminates the more conversion takes place during the structured 

illumination step.  Also the less masked region again, the greater the percent conversion 

taking place during the structured illumination step.  The interesting results represented 

by the data is that for these two masks the more conversion that takes place during the 

structured illumination step, the less stress is measured as evident by the lower values for 

normalized deflection.  This is exciting evidence leading to a conclusion that as long as 
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there is sufficient monomer for migration, polymer formed during structured illumination 

is virtually stress free. 

Profilometry 

Curious as to how much the surface of the polymer is distorted during masked 

illuminations; methods to measure the surface profile were explored.  Since structurally 

illuminated samples are in the macro range for bumps on a surface a profilometer was 

found to be ideal[82].  Profilometry measurements were taken to characterize the surface 

of the polymer coatings prepared when both stress and gloss experiments were being 

carried out.  Studies were done using a Sloan DEKTAK 3030 profilometer within the 

Microscopy Lab at the University of Iowa. 

In order to obtain a profile of a coated surface some considerations were made in 

the preparation of the sample.  Ideally the coating needed to be applied to a smooth level 

substrate.  Stress experiments resulted in bent cantilevers so their profiles were not 

directly measured.  Experiments mimicking their reaction parameters and coating 

preparation were done on thicker non-deforming brass substrates prior to profilometry 

experiments.  Gloss experiment samples were done on flat, level Q-panels and were very 

easily measured by the profilometer when the thickness of the coating was relatively 

consistent. 

Consistent coating application was done using a wire-wound applicator rod.  As 

illustrated in Figure 7.12 this device consists of a wire, tightly wrapped around a stainless 

steel rod.  The coating is created by monomer passing through the grooves or spaces left 

between the round wire coils as the rod is dragged across a pool of monomer.  The 

monomer subsequently congeals on the other side to form a smooth, uniformly thick 

coating.  The thickness of the coating depends on the diameter of the wire, the speed of 

draw and the viscosity of the solution.  
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Profilometry studies gave an idea of the relative bump heights attained with 

structured illumination depending on the thickness of the coating and the feature sizes of 

the mask being used in the structured illumination process.   
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Coated Surface
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Direction 
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Figure 7.12: Illustration of a wire-wound applicator rod coating a substrate with a thin 
layer of monomer. 

Figure 7.13 shows one of the relatively thick polymer samples which were done 

to replicate stress relief studies.  One can easily see the curvature of the sample because 

of its thick geometry and relatively small surface area (approx. 1/2” X 3/8”).  The size of 

the mask repeat pattern can be seen to be approximately 1mm by looking at the x-axis 

with an amplitude of 200,000 angstroms or 0.02 mm. 

Figure 7.14 shows a sample in which the thickness was lessened and the monomer 

spread out over a larger area.  This resulted in a smaller amplitude, and the mask used 

here had too large of a structured illumination area thereby not allowing for monomer 

migration across the entire illumination area, resulting in a double humped profile within 

each structurally illuminated region. 
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Figure 7.13: Profilometry scan of a sample meant to simulate stress reduction 
experiments via structured illumination.  The x-axis is in micrometers and the 
y-axis is in angstroms.   

 

Figure 7.14: Profilometry scan of a sample with a structurally illuminated area that was 
too large to allow for optimal stress relief.  The x-axis is in micrometers and 
the y-axis is in angstroms.   

Still other scans were done on thinner coating samples in order to study the 

variations in bump amplitude with respect to structured illumination time.  These thinner 

coatings led to flatter, more uniform profiles.  Times were set to 1, 2, 5, 10, 20, and 60 

seconds.  With the exception of the 2 second structured illumination run all bump 
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amplitudes fell within the range of 35,000±3000.  This leads us to believe that with as 

little as 1 second of structured illumination reduced gloss can be obtained. 

Conclusion 

Characterizing a product is an important part of any commercial application and is 

also extremely helpful in determining the fundamentals of a process.  This chapter has 

shown that the conversion of a structurally illuminated sample has not been compromised 

in order to reduce stress or control gloss.  It has also shown that properties can be 

changed with as little as 1 second of structured illumination.   
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CHAPTER 8:  MATHEMATICAL MODELING OF 

POLYMERIZATION SHRINKAGE, STRESS AND MONOMER 

MIGRATION 

Motivation for Mathematical Modeling 

Mathematical modeling used in conjunction with today’s ever expanding 

computer technology is a powerful tool for obtaining an excellent understanding of 

complex processes.  The interactions of many facets of a process can be computed and 

deciphered at a much higher rate than is possible with even the most exquisitely planned 

experiments.  Some of the best and easily obtainable software for use of understanding 

structured illumination and its applications in stress relief and gloss control include 

FlexPDE, FemLab and MatLab.  Each program had a part in adding to the knowledge 

base of not only the structured illumination process, but also to understanding modeling 

in general.  The knowledge gained and the shortcomings of each of these software 

programs will be discussed further in this chapter.   

FlexPDE Modeling of Shrinking Polymer and Subsequent 

Deformation of a Cantilever Substrate 

FlexPDE is a user defined, finite element model builder and numerical solver.  Its 

advantages over other software is that the user may input any partial differential equation 

(PDE) system into the software and the PDE system will be converted into a finite 

element model, solved, and the results presented in a graphical and tabular output[9].  

Realizing the similarities between polymerization shrinkage and thermal 

expansion we attempted to demonstrate the effects of polymerization shrinkage of an 

acrylate coating on a brass cantilever beam by use of a thermal expansion model.  We 

adapted to our system, a model designed for showing the deformation of a bimetallic part 

during a change in temperature.  By setting the thermal expansion coefficient of the brass 

cantilever substrate to zero and that of the acrylate coating to a negative number, a 
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shrinking polymer is realized.  During the modeling of a temperature rise the polymer 

portion shrinks and forces determined using the Young’s Modulus of the polymer act 

upon the substrate causing a deflection.  In this model, the cantilever is allowed to move 

freely in space; however a Young’s Modulus is defined for the cantilever to resist 

deformation.  Other important variables include the geometry of the system, including 

both the cantilever and the polymer coating.  Also the temperature rise and thermal 

expansion coefficient are important to be set such that a specified shrinkage is obtained. 

Changing the value of the negative thermal expansion coefficient for the polymer 

coating for a given temperature rise to match the percent shrinkage seen during 

polymerization gives this model facile control of an imperative parameter.  Modeling the 

free polymer and calculating the percent shrinkage allows matching to a real world 

experiment.  When coupled to a brass cantilever substrate a deflection is then realized.   

It is interesting to note that even though the geometry of both the shrinking 

polymer and the substrate are rectilinear, the resulting X-displacement profile shows a 

radial pattern.  This is shown in Figure 8.1 with the color scale ranging from purple to red 

showing both positive and negative displacement since the geometry is not constrained 

and is allowed to freely move about in space.  Laboratory experiments do not support the 

radial pattern of displacement seen here, but it does seem to be an excellent concept for 

modeling shrinkage. 

Figure 8.2 is a 3D rendering of the previous displacement model given by 

FlexPDE.  Again, a radial displacement, not substantiated by experimental observations 

is shown. 

Experimentally the short axis of the cantilever (z-axis in the case of Figure 8.2) 

has been observed as the easiest axis around which to bend and little or no deformation 

manifests itself around the long axis (y-axis). 
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Figure 8.1: X-displacement of a cantilever beam resulting from polymerization shrinkage 
being modeled similarly to thermal expansion. 

 

Figure 8.2: Output from FlexPDE showing a representation of displacement in three 
dimensions. 

The software is only limited by the input from the user.  Our input, although quite 

adept at simulating the shrinkage, does not adequately represent the deformation of a 

cantilever beam from our experiments.  This could be due to the experimental cantilever 
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beam being held in place on one end (at y = 2.5 or -2.5), thereby keeping it flat about the 

y-axis not allowing for displacement in the x-direction. 

FemLab Modeling of Stresses in Cantilever Beam 

Experiments 

The intention of this study, using FemLab Multiphysics Modeling[83, 84], was to 

develop a correlation between bend height deflection of a cantilever beam induced by a 

shrinking photopolymer coating, and the resulting stress imparted on the cantilever beam 

by the shrinking polymer.  While a standardized ASTM test (D6991) exists for this type 

of experiment, the laboratory experiments were completed over a year before the 

publication of this standard.  As discussed in prior chapters, the experiments completed 

did not exactly match the criterion specified by the ASTM standard[26]. 

Developing the Structure 

In order to accurately model the cantilever beam experiments done within the lab, 

the exact geometries and mechanical properties of the system needed to be entered into 

the software package.  The first step in building a model for the bending cantilever beam 

was to draw the structure in FEMLAB drawing mode.  FEMLAB contains built-in 

features that allow for the construction models without the use of an outside CAD 

program, such as ProEngineer or AutoCAD.  The substrate (cantilever beam) was drawn 

first as shown in Figure 8.3.  

The polymer was then added to the substrate previously built for the model 

(Figure 8.4).  The polymer was modeled as a solid permanently fixed to the top side of 

the substrate, centered across its length as was done during experimentation.  Since 20μL 

of monomer was used, the proper height of the polymer was calculated from the known 

length and width of the monomer pool.  This calculated height, not taking into account 

curvature due to surface tension, is 0.0165cm. 
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Figure 8.3: 3D substrate geometry as drawn within the drawing program of FemLab. 

 

Figure 8.4: 3D substrate/polymer geometry where the substrate and polymer are affixed to 
one another at their interface. 

Figure 8.4 shows the completed drawing of the cantilever beam and polymer 

coating, but not without some inaccuracies.  First, the cantilever is depicted as a flat, 

rectangular polyhedron, which is not exactly the case in the lab.  The actual cantilever 

beams used are slightly arced upward because they are cut to length from a roll of brass 
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foil.  Second, the coating is not a rectangular polyhedron.  In the lab, the monomer 

(before illumination) and polymer surface (after illumination) is curved due to surface 

tension.  While these inaccuracies are known beforehand, their effects are likely 

secondary and are ignored for the purpose of creating a model from first principles. 

After the geometry was entered, constraints were applied in order for the system 

to behave according to experimental observations.  The leftmost edge of the substrate in 

Figure 8.4 was held in place, which served to hold the left end of the cantilever down, 

while the right end was allowed to move freely in 3 dimensions.  Constraining the left 

edge simulated the condition in the lab where one end of the cantilever was fixed in place 

using a clamp. 

Before the geometry could be solved, the model was meshed.  Meshed model 

geometry is depicted in Figure 8.5. 

 

Figure 8.5: Manually meshed 3D cantilever beam structure taking into account the vast 
difference in the relative size of the z axis with the other two. 

FEMLAB assigns a standard mesh size to all portions of a model geometry based 

on the smallest dimension, which in this case is the z-direction.  Because the z-direction 
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thickness is approximately 1000 times smaller than the x-dimension length, the default 

mesh number exceeded the maximum allowable number of meshes.  Therefore, the 

meshes in the z-direction were manually altered to be smaller than those in the x and y-

directions so that the system of equations could be solved. 

After meshing the geometry, the modeling environment was implemented.  First, 

the Structural Mechanics module was loaded into FEMLAB, utilizing a solid, stress-

strain transient analysis environment described by Equations 8.1-8.15  Note that a 2D 

model can similarly be built.  The difference between the 2D and 3D models is that there 

is no y-direction in the model geometry depicted in Figures 8.3, 8.4 and 8.5 for a 2D 

analysis and that Equations 3—17 simplify into two dimensions. 

 

Figure 8.6: 2D substrate geometry drawn in the drawing package included in the FemLab 
software. 

 

Figure 8.7: 2D substrate/polymer geometry again affixed to one another at their interfacial 
boundry. 

 

Figure 8.8: Meshed 2D cantilever beam structure.  Here there is no need to manually 
change the mesh size in the two axes. 
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Structural Mechanics Module 

A structural mechanics module was used within the FemLab software in order to 

realize a deflection and stress in the cantilever substrate.  The module solves partial 

differential equations for strain tensors in order to determine the strain development.  The 

relationship between displacement and strain for the x, y, and z directions are given in the 

following equations: 

x
u

x ∂
∂

=ε  

Eq 8.1:  

x∂
v

y
∂

=ε  

Eq 8.2:  
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Eq 8.6:  

Here, u, v and w signify the x, y and z-direction displacement, respectively.  xε , 

yε  and zε  are the shear strains in the x, y and z-directions.  xyε  represents the x-y shear 

strain tensor, yzε  the y-z shear strain tensor and xzε  the x-z shear strain tensor.  xyγ  

corresponds to the x-y shear strain tensor in engineering form, yzγ  the y-z shear strain 

tensor in engineering form and xzγ  the x-z shear strain tensor also in engineering form.  

Equations 8.1-8.6 form the symmetric strain tensor matrix, ε, which contains the shear 

stresses in the x, y, and z directions, as well as the strain tensors, xy, yz, and xz. 
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Eq 8.7:  

The symmetric stress tensor, σ, is defined in Equation 8.8 where, yxxy ττ = , 

zxxz ττ =  and zyyz ττ =  all via symmetry.  xσ , yσ  and zσ  correspond to the x, y, and z 

direction normal stress, respectively.  xyτ  signifies the x-y shear stress while xzτ  is the x-z 
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shear stress and yzτ  the y-z shear stress.  The stress-strain relationship is then determined 

as is shown in Equation 8.9 from the cross product of the elasticity matrix, D, and the 

vector forms of the strain tensor, ε, and the stress tensor, σ, in their respective vector 

forms. 
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Eq 8.8:  
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Eq 8.10:  

ν  and E symbolize Poisson’s ratio and Young’s modulus, respectively in 

Equation 8.10. 
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Eq 8.11:  

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

=

xz

yz

xy

z

y

γ
γ
γ
ε
ε

ε

⎤⎡ xε

 

Eq 8.12:  

At equilibrium, the 3D forces are determined from Equations 8.13, 8.14 and 8.15. 
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Eq 8.13:  
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Eq 8.15:  

Here  stands for the x-direction volume force,  the y-direction volume force 

and  the z-direction volume force.  For a two-dimensional model, the governing 

equations for the Structural Mechanics module in 2-dimensional space are similar to 

those for a 3D analysis (Equations 8.1-8.15).  A 2D model only considers the x and y 

directions; therefore, the width of the sample is negated for a 2D model and the equations 

simplify accordingly.  Due to symmetry, little error is incurred by using a 2D model to 

simulate a 3D process, however large gains in computing time due to fewer equations are 

obtained.  Reductions in an order of magnitude are common when simulating a 2D model 

as opposed to a 3D one. 

xF yF

zF

Structural Mechanics Simulations 

The first attempt made to simulate the bending cantilever beam was made by 

applying forces to the polymer film.  By applying these forces, stress was induced in the 

cantilever beam, which bent in order to accommodate the induced stresses.  The forces 

applied are depicted in Figures 8.9 and 8.10.  For the 3D model depicted in Figure 8.9 

forces were applied to all sides of the polymer coating while in the 2D model (Figure 

8.10) the only sides available to apply forces to were the ends.  Effects of this fact were 

only seen if different forces were applied in the x and y directions in the 3D model. 

It turns out that simulating shrinkage stress in this way, although easy, is actually 

quite representative of actual shrinkage stresses.  All forces are transferred from the 

coating to the substrate in a realistic manner.  The physical properties of the system 

determine the amount of stress in the system. 
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Fy

 

F Fx x

Fy

Figure 8.9: Schematic of forces acting on the 3D cantilever beam structure. 

 

F F

Figure 8.10: Schematic of forces acting on the 2D cantilever beam structure. 

As previously stated, the forces acting on the polymer caused the unrestrained 

side of cantilever beam to deflect vertically.  Figures 8.11 and 8.12 show the deflection of 

the cantilever beam after the model has been solved. 

Results and Discussion 

Figures 8.11 and 8.12 show what typical model results were and the deformation 

of the geometry.  As expected, the cantilever beam deflects upward as an increasing load 
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is applied.  Figure 8.12 shows a surface plot where the color scheme correlates to the y-

direction displacement of the end of the cantilever beam with red being the largest 

deflection and blue being the least.  Figure 8.11 is analogous to Figure 8.12 with the 

exception that it is an edge displacement plot of the 2D model. 

 

Figure 8.11: Solved 3D cantilever beam model:  edge deflection. 

Here Equal forces were applied to all sides of the polymer coating acting in the 

positive and negative directions in the x and y axes.  For the 2D model equal forces were 

applied in the positive and negative direction parallel to the plane of the non-deformed 

cantilever.  In both cases the left most edge of the cantilever had to be restricted from 

movement in order to correctly model the actual experimental setup used in the 

laboratory. 
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Figure 8.12: Solved 2D cantilever beam model:  Displacement. 

Figures 8.11 and 8.12 show how the cantilever beam structure deforms as forces 

are applied to the polymer coating.  By varying the forces acting on the polymer, a trend 

between stress and bend height deflection was determined.  The color maps of these 

figures show the deflection of the cantilever beam, with red and blue representing the 

highest and lowest deflection, respectively. 

Two-Dimensional Structural Mechanics Analysis 

In order to develop a correlation between stress and deflection height, a series of 

increasing forces acting on the polymer was simulated within the Structural Mechanics 

Module.  For two dimensions, the force F, increased following a pattern of 

8F 3F,..., 2F,  F,F,...,21Fi =  to produce nine data points.  This amount of increase was 

chosen so that the range of deflections modeled encompassed the entire range of 

deflections observed in the laboratory of 1.5mm-18mm. 
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The resulting models shown in Figure 8.13 were obtained. 

 

Fi=1/2F Fi=F 

 

Fi=2F Fi=3 

 

Fi=4F Fi=5F 

 

Fi=6F Fi=7F 

 

Fi = 8F 

Figure 8.13: 2D varying force simulation results. 
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Figure 8.13 shows a combination plot of boundary deflection and surface von 

Mises stress, however the stress is not able to be seen in Figure 8.13.  An enlarged plot 

makes the stress visible to the eye.  The colors on the edges correspond to deflection (the 

right color code) and the colors of the surfaces correspond to the von Mises stress (the 

left color code). 

 

Figure 8.14: 2D solved model enlargement. 

A similar plot can also be developed in three dimensions for the 2D model; the y-

axis shows the deflection and the z-axis (upwards) shows the von Mises stress which can 

also be determined using the color scale. 
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Fig 8.15: 3D contour plot of displacement and von Mises stress for 2D model. 

As Figures 8.14 and 8.15 show that the most significant stress buildup on the 

substrate is the region where the polymer and brass meet.  Inspection of Figure 8.15 

shows that the maximum stress occurs at the left edge of the polymer.  This is expected as 

the left end of the substrate is constrained from freely deforming, the most stress should 

occur at the boundary of the polymer nearest the constraint. 

With the data from Figure 8.13, a plot of stress versus deflection height was 

constructed in order to determine the correlation between the height of deflection and the 

stress imparted on the substrate.  Here normalized stress was used which was determined 

by dividing the stress value for each force applied by the modeled stress value for the 

maximum deflection seen in a particular set of laboratory experiments. 
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Figure 8.16: Normalized stress versus deflection height, 2D model. 

Because the key concept in our experiments is reducing the stress of an otherwise 

highly stressed and unusable system, normalized stress is plotted to show the percent 

decrease in stress as the system bends the substrate to a lesser degree due to structured 

illumination. 

Figure 8.16 shows that there is a linear relationship between deflection height of 

the cantilever beam and the stress induced on the substrate.  The relationship is now 

expressed as: 

            2 hD ⋅∝ ωσ  

Eq 8.16: Stress relationship where ω is 0.0556, σ2D is the induced stress and h is the 
deflection height. 
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Three-Dimensional Structural Mechanics Analysis 

Similar to the simulations completed for 2D geometries, forces acting on the 

polymer were varied so that a correlation between stress and cantilever deflection could 

be constructed.  An example of the output, which has von Mises stress plotted on the 

surface and deflection height plotted on the edges of the geometry, is as follows. 

 

(a) 

(b) 

(c) 

(d) 

Figure 8.17: 3D solved model showing stress on surfaces and displacement on edges, 
(a)xyz-plot, (b)yz-projection, (c)xy-projection, (d)xz-projection. 
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Like the simulations completed in two dimensions, the maximum stress on the 

substrate occurs at the left edge of the polymer where it meets the substrate.  It is not 

understood why the stress seems to randomly vary across the width (y-direction) of the 

sample, since the forces are symmetric and opposite.  This could likely be due to an error 

in the meshing of the system. 

Due to the highly linear relationship of the 2D model and the first few points of 

the 3D relationship, only a few simulations were run.  The resulting correlation plot 

showed approximately the same slope as Figure 8.16. 
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Figure 8.18: Normalized stress versus deflection height, 3D model. 

Like the 2D plot, normalized stress is plotted rather than actual stress.  Figure 

8.18 clearly shows that there is a linear relationship between deflection height of the 

cantilever beam and the stress induced on the substrate.  The relationship is now 

expressed as is in Equation 8.17. 
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            3 hD ⋅∝ ωσ  

Eq 8.17: Stress relationship where ω is 0.0555, σ3D is induced stress, and h is the height 
of deflection. 

Heat Transfer Module 

The Heat Transfer module of FEMLAB provided a means for analyzing shrinkage 

stress as was done with the FlexPDE model by modeling thermal shrinkage of the 

polymer.  When this module is coupled with the Structural Mechanics module, stress due 

to thermal shrinkage can be determined.  The Heat Transfer module can solve for thermal 

effects due to conductive, convective, as well irradiative thermal effects.  For the model 

being considered, the transient conduction environment was used.  In this module, the 

governing equation for thermal effects is the heat equation: 

( ) QTk
t
TCts =∇⋅∇−
∂
∂ρδ  

Eq 8.18:  

Where T  denotes the temperature, ρ  the density, C  the heat capacity,  

symbolizes thermal conductivity,  characterizes a heat source or heat sink and 

k

Q tsδ  

represents a time-scaling coefficient.  If the thermal conductivity is anisotropic (not the 

same in all directions), then k becomes the thermal conductivity tensor k, which is 

represented by the matrix in Equation 8.19.   represents the x-direction thermal 

conductivity tensor,  represents the y-direction thermal conductivity tensor,  

represents the z-direction thermal conductivity tensor,  represents the x-y thermal 

xxk

yyk zzk

xyk



www.manaraa.com

 108

conductivity tenso,r  represents the x-z thermal conductivity tensor and  represents 

the y-z thermal conductivity tensor. 
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Eq 8.19:  

For a two-dimensional model, the governing equations for the Heat Transfer 

module in 2-dimensional space are similar to those for a 3D analysis (Equations 18 & 

19).  A 2D model only considers the x and y directions, therefore the width of the sample 

is negated for a 2D model and the equations simplify accordingly. 

Multiphysics Coupling 

In order to use the Structural Mechanics module and the Heat Transfer module 

simultaneously (i.e. multiphysics), the two environments were coupled.  Navier’s 

equation including the thermal effects is: 

( ) KTuc =−∇⋅∇− α  

Eq 8.20:  

Hereα  is the thermal expansion matrix and K is the volume force while c is the 

matrix for Young’s modulus and Poisson’s ratio.  The default settings for FEMLAB set 

the α-matrix set to zero, therefore the two environments are not automatically coupled.  

By manually adding expressions for the α-matrix, the thermal effect from the Heat 
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Transfer module was determined in the Structural Mechanics module.  The stress, 

including the effect of heat is: 
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Eq 8.21: 

In this equation D represents the elasticity matrix.  When the reference 

temperature was then set equal to zero, Equation 21 became: 
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Eq 8.22: 

From the Subdomain Settings in FEMLAB, the above expressions can be entered 

so that the model incorporates the thermal stress in the structural analysis. 

Multiphysics Simulations 

The Multiphysics simulations are analogous to the structural simulations 

previously discussed.  In this case, however, a heat is applied to the entire surface of the 
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polymer, which is assigned a negative thermal expansion coefficient (or, effectively a 

thermal contraction coefficient).  Applying a heat will cause the polymer to shrink while 

the cantilever beam substrate deforms, and therefore deflects, due to the stresses induced 

on the substrate.  Figures 8.19 and 8.20 depict this for 3D and 2D models, respectively. 

 

Fy, T 

Fy, T 
Fx, T 

Fx, T 

Figure 8.19: Schematic of forces and temperature acting on the 3D cantilever beam 
structure. 

 

T 

F, T F, T 

Figure 8.20: Schematic of forces and temperature acting on the 2D cantilever beam 
structure. 
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Multiphysics Analysis 

Using both the Structural Mechanics Module and Heat Transfer Module, 

multiphysics analysis was attempted.  Simulation times in 3D were inconsistent, varying 

from one or two minutes to thirty or more minutes.  The 2D simulation times were 

consistent and the results interesting.  The multiphysics analysis produced the same 

results as the Structural Mechanics Module alone.  Therefore it was assumed that the 

application of forces to the edges of the polymer section of the model would suffice in 

determining stress in the cantilever substrate.  Figure 8.21 shows a typical plot obtained 

for the 2D multiphysics analysis and Figure 8.22 shows a contour plot of displacement. 

 

Figure 8.21: 2D model solved with multiphysics. 

Comparing Figures 8.21 and 8.22 to Figures 8.13, 8.14, and 8.15, it is apparent 

that the graphs contain the same information.  Figure 8.22 shows that the maximum stress 

imparted on the substrate occurs at the left edge of the polymer, as does Figure 8.15.  

From close inspection of Figure 8.21, it appears that the polymer did not shrink when the 

heat was applied to it.  It seems that the multiphysics coupling instead converted the 

thermal stress into a force acting on a boundary, which is exactly the procedure used in 

the 2D Structural Mechanics analysis.  Although this method of modeling did not work as 

expected, it proved that at this level of analysis, the coupling of the two environments is 

not necessary. 
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Figure 8.22: 3D contour plot of displacement and von Mises stress for 2D multiphysics 
model. 

MatLab Modeling of Monomer Migration 

One-Dimensional Diffusion Model 

Monomer/monomer and monomer/polymer diffusion were first determined using 

a simple one-dimensional diffusion equation given by Fick’s second law within MatLab 

software[85].  In Equation 8.23 DAB is the diffusion coefficient of A into B and cA is the 

concentration of component A. 

2

2

x
cD

t
c A

AB
A

∂
∂

=
∂
∂  

Eq 8.23: One-dimensional diffusion equation 



www.manaraa.com

 113

Upon polymerization the diffusion coefficient (DAB) changes dramatically from 

that of monomer/monomer diffusion shown here to almost no diffusion at all during the 

time frame of structured illumination as is represented by modeling monomer/polymer 

diffusion or polymer swelling.  The following figure illustrates the best possible scenario 

attainable with a specified monomer because it is known that the diffusion rate will 

decrease with conversion of monomer and also here is modeled the diffusion of differing 

species; meaning monomer A is diffusing to a region completely void of other monomer 

A. 

 

Figure 8.23: Plot showing concentration of one monomer diffusing into another 
monomer over a period of 10 seconds.  Every variation in shade represents 1 
second of diffusion. 
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Because of the vast difference in the diffusion coefficient (DAB) for the case of 

monomer/monomer diffusion and monomer/polymer diffusion, and the fact that 

monomer is diffusing to a region with both a combination of like monomer and polymer 

from that monomer in the structurally illuminated samples, a far more complex model 

needed to be developed that incorporated a change in the diffusion rate as the 

polymerization reaction occurred[86]. 

Dynamic Reaction Diffusion Model 

Introduction 

In order to better understand the fundamental reasoning for migration of monomer 

as a result of structured illumination a mathematical model was prepared.  This model 

was adapted from the work done by C.M. Leewis[6, 87, 88].  His work focused on 

monomer diffusion essential in making polymer gratings for use as optical devices.  By 

modeling our laboratory work, knowledge of the relative importance of key variables in 

the structured illumination process was established[89].  This fundamental understanding 

helped in the application of structured illumination for not only stress reduction but also 

as a method of gloss control 

For our system of HDDA and initiator the components which must be tracked and 

calculated are the concentrations of both the monomer and polymer in the structurally 

illuminated regions and those masked off in darkness.  During subsequent flood cure the 

model assumes no additional monomer migration occurs.  In order to track the changes in 

monomer and polymer concentrations Flory-Huggins theory is employed.  This theory 

was developed to describe mixtures of polymer and/or solvents.  In our case the solvent is 

the monomer of the polymer that is being formed.  It takes into account degree of 

crosslinking for the polymer system, concentrations of components and swelling to reveal 

chemical potentials giving rise to migration of monomer.  The model assumes constant 

ambient pressure and constant temperature which are fair assumptions when working 



www.manaraa.com

 115

with thin films on metal substrates which will quickly dissipate any heat caused by the 

exothermic reaction of the system.  Also the reactions are being carried out at 

atmospheric conditions resulting in virtually no change in ambient pressure over the time 

scale of reaction.  The model also assumes a constant total volume of the system which is 

not the case in a high shrinking monomer such as HDDA.  In trying to deal with this 

shortcoming all attempts yielded little improvement in the model.  Despite this fact, the 

model is very enlightening and helps to portray the important factors in designing a 

structured illumination system that will either reduce stress or control gloss or both. 

Background 

With the prior assumptions made the chemical potentials for a time (t) during a 

reaction in both the structurally illuminated and masked regions are shown in the 

following two equations.   
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Eq 8.24: Equation showing the change in chemical potential in the structurally 
illuminated region for a step in time. 

00 =− m
mask
m μμ  

Eq 8.25: Equation showing the change in chemical potential is equatl to zero for those 
regions masked off in darkness. 

Within these equations µ represents the chemical potential with subscripts m and 

p signifying a property of the monomer and polymer phases, respectively and 
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superscripts SI, mask and 0 representing structured illumination region, masked region 

and initial conditions, respectively for all characters within these equations.  φp is the 

volume fraction of polymer while v symbolizes the number of monomer or polymer 

segments depending on the subscripted character.   
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Eq 8.26: Chemical potential equation after eliminating terms associated with the ratio 
of monomer segments to polymer segments and the χ parameter. 
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Eq 8.27:  

For a dynamic reaction diffusion model a more general form of Fick’s second law 

was used and is seen in Equation 8.28 
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Eq 8.28: General form of Fick’s second law. 

Here D symbolizes the diffusion coefficient, k is the Boltzmann’s constant, c is 

the concentration, T the temperature and µ the chemical potential.  The diffusion 
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coefficient was determined as a function of the degree of polymerization as shown in 

Equation 8.29. 
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Eq 8.29: Diffusion as a function of degree of polymerization 

Here, Dp represents the monomer diffusion coefficient in pure polymer and φm the 

monomer volume fraction, while K1 and K2 are positive constants described in free 

volume theory. 

Surface energy was also taken into account with the following relationship.  After 

being relieved of some of the monomer in the masked regions the remaining monomer 

will redistribute itself in a manor that depends on surface tension.  This redistribution will 

have effects on how much monomer will be available for migration to the structurally 

illuminated regions. 
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Eq 8.30: Chemical potential due to surface energy 

The surface energy is symbolized by γ, while molecular volume of the migrating 

species is v, the surface curvature is κ and h represents the height. 
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Modeling Procedure 

Using the aforementioned equations, the procedure for a dynamic reaction 

diffusion model starts with determining conversion of monomer to polymer in the 

structurally illuminated regions, considering the reaction rates, and then determining the 

new volumes of the monomer and polymer in the structurally illuminated regions during 

a time (Δt) by the following equations. 

( ) ttxRVtxVttxV mmm Δ−=Δ+ ),(),(,  

Eq 8.31:  

( ) ttxRVtxVttxV mpp + Δ = + Δ),(),(,  

Eq 8.32:  

Next the cross-linking density is calculated in the structurally illuminated regions. 
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Eq 8.33:  

Where φp
*(x,t) is defined in Equation 8.34. 
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( ) ( ) ( )
initial
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Eq 8.34:  

Then the chemical potential is determined in both the structurally illuminated 

regions (Eq. 8.35) and the masked regions (Eq. 8.36).   
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Eq 8.35:  
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Eq 8.36:  

Next the diffusion coefficient is determined using the volume fraction of polymer 

produced by the reaction. 
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Eq 8.37:  
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Knowing the diffusion coefficient and chemical potentials the new volumes of 

monomer and polymer in all regions are then calculated with the following equation  
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Eq 8.38:  

The surface chemical potential is then calculated with Equation 8.39 and used in 

determining a volume change associated with diffusion due to surface chemical potential 

as illustrated in Equation 8.40. 
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Eq 8.39:  

The volume change leads to the surface deformations seen as bumps on the final 

cured polymer coating.  This process is then repeated by again initiating a reaction for a 

time Δt and recalculating all the parameters and new volumes associated with the change 

due to reaction[6]. 
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Eq 8.40:  

Modeling Results and Discussion 

By inputting parameters for the structural illumination experiments into the model 

results were obtained and will be studied here.  Some of the parameters which are system 

specific include:  reaction rate, diffusion coefficient, sample thickness, mask feature size, 

surface energy and system specific constants[3, 89, 90].  By specifying constants and 

parameters indicative to the HDDA system results were obtained and varying those 

parameters gave a general idea of the relative importance of each. 

As the thickness of the system was increased so to did the vertical size of the 

surface features for a constant mask feature size.  However, the ratio of vertical size of 

the feature to thickness of the system decreased slightly.  This is shown in the following 

figure.  Within the graphs in Figure 8.24 the abscissa is the position, in µm, with respect 

to the mask features and the ordinate is the ratio of the height after polymerization to the 

original height before any reaction took place.  These results are all associated with the 

same illumination protocol including line width (10µm) and spacing (µm).  All other 

factors and input parameters such as reaction rate, diffusivity and surface tension forces 

are also held constant. 
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Figure 8.24: Model output showing the relative vertical size of the feature with respect 
to the overall thickness of the sample to be decreasing. 

The increase in vertical surface feature size with an increase in thickness is 

expected because there is more available monomer for migration.  The decrease in ratio 

of feature height to sample thickness is likely due to surface energy causing a tendency to 

reduce curvature. 

Also studied was the effect of diffusion on the surface characteristics.  In Figure 

8.25 the y-axis is the height of the polymer surface in metersX10-5 giving an average 

thickness of 50 µm.  As is evident in Figure 8.25 the lower the diffusivity the less 

monomer will migrate thereby affecting the surface to a lesser extent. 

500 µm 100 µm 

50 µm 25 µm 
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Figure 8.25: Decreasing monomer diffusivity from left to right (2 orders of magnitude) 
and the resulting profile for a 50µm initial sample thickness. 

One important consideration for stress relief was the idea of a mask feature being 

too large for monomer migration to occur across the feature therefore giving less 

shrinkage stress reduction.  This idea of a feature being too large is represented in the 

following figure where an increase in mask feature is shown with a resulting profile.  The 

central regions for both the structurally illuminated and masked regions show little 

change in height.  We know that in the masked regions flow would occur much more 

readily than has been simulated, leaving a meniscus shape showing that the model is 

somewhat inaccurate, however we have seen this “devil horn-shaped” profile in the 

structurally illuminated region in profilometry experiments. 

 

Figure 8.26: Increasing mask line and spacing thickness from 0.2 – 0.6 mm from left to 
right for the simulated system and the resulting profile. 
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Another key concept in both relieving shrinkage stress and reducing gloss is the 

idea of monomer migrating in the time of the reaction.  Below is shown how increasing 

the reaction rate by an order of magnitude decreases the time available for migration to 

occur and ultimately leaves a flattened surface profile. 

 

Figure 8.27: Increase in reaction rate by an order of magnitude resulting in a flattened 
profile. 

All previous results are those of a non-cross-linking system because one 

substantial shortcoming of the model was that when a cross-linking system was modeled 

all migration ceased.  This would only occur in reality if the system cross-linked so fast 

that diffusion could not occur before an impenetrable network was set up.  In all 

likelyhood this is not the case and considerations for cross-linking had to be incorporated 

into the model.  A cross-linking factor was introduced in order to initiate cross-linking 

immediately, thereby quickly cutting off diffusion, or simulate cross-linking occurring at 

a later time in the reaction.  Figure 8.27 shows how changing the cross-linking factor 

effects the percent of cross-linking that occurs.  The value of one on the cross-linking 

axis represents a system which is completely cross-linked and no longer allows for 
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monomer diffusion.  A value of zero does not impede the migration of monomer above 

and beyond what is already modeled due to viscosity, surface tension and diffusional 

factors.   

 

Figure 8.28: Plot showing the Cross-Linking variable as a function of volume fraction 
of polymer for different Cross-Linking Factors (CLF). 

Figure 8.28 shows that by changing the CLF from -10 to +10 a system can be 

modeled that cross-links quickly or one that cross-links only when the polymerization 

reaction is nearly complete.  By varying the CLF expected changes in the surface profile 

are modeled.  The more rapidly cross-linking occurs, the less monomer migration occurs 

thereby creating a flatter surface profile as seen in Figure 8.29.  This fact along with the 

other process variables may be used to tailor systems which have a relatively smooth 

surface or ones that are micro-rough leading to reduction in gloss of an otherwise shiny 

surface when flood illuminating the system as is standard practice.   
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Figure 8.29: Variations in the Cross-Linking Factor (CLF) and the resulting surface 
profile of the simulation showing that delaying the decrease in monomer 
diffusion due to cross-linking gives larger surface features. 

Another shortcoming of the model, which is not apparent when looking at the 

output profiles, is that the reaction rate was input as a constant.  Photopolymer reaction 

rates generally increase sharply to a maximum then decrease and tail off towards final 

cure.  This inaccuracy was dealt with by using DSC plots of reaction rate over time and 

fitting them with a high order polynomial in order to more exactly represent reaction 

diffusion. 

This model only represents the monomer migration due to reaction setting up a 

concentration gradient leading to a difference in chemical potential across the system.  It 

CLF=-10 

CLF=1 CLF=10 

CLF=-1 
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does not address the fact that shrinkage is occurring and the possibility of stress playing 

an important role in flow of monomer. 

Conclusion 

With all the modeling that was done within the timeframe of this contribution a 

far better understanding of deformation, stress and monomer migration was developed.  

Although much more work could be done on modeling polymerization shrinkage stress 

and structurally illuminated systems, what was done contributed greatly to the 

understanding of most every facet of this work. 
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CHAPTER 9:  CONCLUSIONS AND RECOMMENDATIONS 

Obtained Research Objectives 

Within this contribution the concept of combating the common problem of 

polymerization shrinkage stress, through the use of a processing method termed 

structured illumination, has been addressed.  In the example system, structured 

illumination was shown to be effective in eliminating over 90% of the polymerization 

shrinkage stress seen the conventionally cured system without compromising conversion.  

The understanding of stress relief was pursued and conclusions of which are to follow.  

Structured illumination was also studied as a method to reduce or control gloss in 

otherwise high gloss coating systems.  Again common acrylate coatings were studied 

including HDDA and a Di-epoxy Acrylate.  Results showed that by using masks with 

various feature sizes, structured illumination could be used to create a coating with gloss 

ranging from extremely high gloss systems, obtained via conventional 

photopolymerization methods to low gloss systems generally only attainable through the 

use of additives.  This method was shown not to rely on the use of additives or a change 

in the chemical makeup of the system.  Finally, mathematical modeling was effectively 

used to assist in the understanding of monomer migration and its role in both stress relief 

and gloss control for structurally illuminated samples.   

Conclusions and Recommendations Supported by Research 

Experience 

Monomer migration is believed to be the reason for both stress relief and gloss 

control in structurally illuminated photopolymerizable coatings.  It is brought about from 

both diffusion, setup by a concentration gradient and a change in chemical potential 

across the volume of the coating, and monomer microflow in response to the shrinking 

polymer.  Each is likely to play a varying role depending on the system being studied. 
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For structured illumination as a method of stress relief the pattern chosen has a 

great impact on the directionality of stress relief.  Feature size of the pattern also plays an 

important role in determining the extent of stress relief.  A pattern that relieves stress in 

two dimensions is often preferred; however obtaining stress reduction in one dimension is 

far simpler.  The ratio of feature sizes of structurally illuminated to masked regions is 

important in that there must be enough monomer present in the masked regions to 

maximally relieve stress.  Also the masked regions should not be so large that during the 

flood cure step a significant amount of stress is realized.  The size scale of these features 

is also important.  The size must be such that monomer migration can occur to an extent 

that the entire volume is impacted.  For fast reacting, very immobile monomers this size 

scale is smaller than for slower reacting more mobile monomers.   

Many variables affect the outcome of stress relief when using structured 

illumination.  The ability of the monomer to migrate in response to the polymerization 

shrinkage stress is a key concept.  Factors which affect this ability ultimately affect stress 

relief.  The viscosity of the system both before and during reaction is important to 

monomer migration.  Viscosity is a function of many factors including the size of the 

monomer molecules and any non-covalent bonding which may occur between molecules.  

Molecular entanglement can also play a role.  Also, light intensity can change the 

reaction rate which affects the migration of monomer leading to differences in measured 

stress.  Reaction rate determines not only the change in viscosity of the system but also 

affects the time scale from migration to occur.   

For structured illumination as a method to control gloss, the monomer migration 

and subsequent distortion of the surface must be on a size scale such that light is diffusely 

reflected.  This means that sufficient deformation must occur in a short length across the 

surface of the sample.  Again, reactivity, mobility (diffusivity, viscosity), light intensity, 

surface energy, thickness and cross-linking ability all play important roles in the 

migration of monomer.   
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The research presented within this contribution is not intended to encompass all 

possibilities for structured illumination as a processing technique to control 

photopolymerized coating characteristics.  In fact it is recommended that further studies 

be done with industrially significant systems.  Although structured illumination as a 

method to control gloss has been studied and proven successful, further implementation 

into a continuous process would verify industrial significance.   

Application to other less common photopolymerized systems may also prove 

beneficial.  Cationic systems, with long lived active centers, may provide a means of 

structurally illuminating a photopolymerized system to enhance physical properties 

without the need for a flood cure step.  This would provide unique processing advantages, 

requiring but one illumination step to see changes in properties depending upon the 

pattern of illumination.   

Various types of illumination sources could be studies which include light 

emitting diodes (LEDs), Lasers and flash lamps.  The use of LEDs has become an 

important topic in the photopolymerization industry due to their low energy input.  Using 

an array of LEDs may prove cost effective in both production costs and initial capital 

investments.  The array of LEDs could be designed to impart varying light intensities 

across the surface of a coating negating the uses of conventional masks.  Lasers could 

also be used to mimic line patterns on the surface of a web process.  This would allow for 

all the light energy to be used instead of masking it off and potentially wasting the light.  

Flash lamps in conjunction with stationary masks could be used to provide two 

dimensional patterning on the surface of a continuous process.  Timing of the flashes 

with the speed of the process would be critical.   

More specific properties of coated products could be addressed such as the 

coating of a fiber to allow for lower friction during bundling[91] or the micro-roughening 

the surface of a plastic sheet for reduced glare in display applications.  Also wear and 
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weathering characteristics of various coatings using structured illumination as a 

processing method could be examined.   
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