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Introduction 
 

Coatings, particularly wood coatings, are typically utilized to provide beautification and 
protection to a substrate.  Beautification is normally accomplished through adept color styling generally 
through accentuation of the wood grain with transparent stains and/or semi-transparent stains, or by 
application of an adeptly styled and designed opaque coating system, combined with a clear or opaque 
coating of excellent flow, leveling, clarity/patina, and appearance.  Protection of the beautified article 
may be accomplished by the application of a clear or translucent coating system having physical 
properties such that environmental and or use stresses that the item may be exposed to are sufficiently 
resisted to maintain the beauty and functionality of the item.  The coating protection property is 
dependent upon the coating having adequate and uniform film build, proper material or physical 
properties, combined with the longevity or durability of such physical properties.  The coating 
beautification property is dependent upon the designed color and/or effect of the coating system, the 
coating having excellent flow and leveling, and, particularly for wood finishes, the coating system 
having excellent finish clarity or patina.  Both the coating beautification and protection properties are 
highly dependent upon the quality of film formed. 
 

Fundamentally, all coatings are composed of essentially four components: 1) a binder, 2) a 
carrier, 3) pigments, minerals, and/or dyes, and 4) additives.  The binder component is the material that 
imparts most of the bulk physical properties to the coating.  It is the component that is principally 
responsible for the protective and functional aspects of the coating such as viscosity, dry speed, 
hardness, toughness, adhesion, chemical resistance, etc.1-3   
 

The unique and advantageous material properties of binders, polymers, and films and the 
coatings made therefrom are a direct consequence of their chemical structure4 and large molecular 
mass5, 6.  For water-based emulsion polymers, the ability to access the inherent high molecular weight 
built into the polymer by a film made therefrom is critically dependent upon proper coalescence of the 
polymer and film. 
 

The film formation process of conventional thermoplastic solvent-based coatings is believed to 
be one in which coatings form a film by polymer chain entanglements as solvent evaporates.  The film 
formation of latex based coatings has been studied by a number of investigators and is believed to take 
place by a multi-step process7 – 16. Conceptually, we may simplistically consider a latex polymer as 
comprised of relatively hydrophobic polymeric particles dispersed in water, ranging in solids content 
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Figure 1. Conceptual Model of an Aqueous Latex and its Film 
Formation / Coalescence  Process. a. Aqueous latex; b. Close 
packing of particles; c. Particle deformation; d. Mechanically 
rigid film 

from about 20% - 50% by weight, Figure 1a.  Upon application in the form of a wet film, water and/or 
solvent evaporates primarily through vapor pressure control up to a solid content of roughly about 65%, 
at which point evaporation of water and/or solvent is believed to occur primarily through capillary 
action with the resulting capillary forces assisting to drive the particles into nearest neighbor distance 
and contact.  The particles continue to come together and with sufficient mobility, deform to a 
honeycomb-like structure.  Throughout this process, water and/or solvent evaporation is believed to 
occur through diffusion and evaporation.  As the solids content approaches approximately 100%, 
particles are believed to continue to inter-diffuse and particle boundaries begin to break up and a rigid 
uniform film continues to form; this process is referred to as coalescence, Figure 1b – 1d.  Evaporation 
of volatiles during this final process is diffusion controlled. 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 



 
Most investigators agree that a key element in the coalescence process is the deformation and inter-
diffusion of the polymer particle chains across boundary particles.  It is expected that the greater the 
inter-diffusion, the better the final properties of the film.  In order for the film formation process in latex 
systems to be energetically favorable, the forces which promote film formation must exceed the 
resistance of the polymer particles to separation, and deformation and flow (or coalescence)7.  
According to Hoy’s particle coalescence theory13, the energy required for film formation (Qff), is the 
sum of the work required for concentration of particles and the work of compaction and coalescence, 
Equations 1- 3.  
 

Qff = Qconcentration + Qcoalescence        (1) 
 

Where   Qconcentration is the work (or energy) required for the concentration stage 
  Qcoalescence  is the work (or energy) of compaction and coalescence 

 
 
 
 And 
 

Qconcentration = ẏ ∫Ф Kc∂ηpaint                     (2) 
 
  Qfilm coalescence = G*

film
  ∆V film Kc 1                (3) 

 
 
 
 Where 
  ẏ is the shear rate in the evaporative stage 

Ф is the polymer/filler volume concentration 
Kc is the onset of critical packing 
∂η is the change in viscosity 

 
 

Where QCoalescence is the work required to cause the polymer to coalesce and G*
film is the complex 

modulus of the film or polymer.  It is equal to complex shear modulus of the film at the 
temperature the film is being formed times the volume change in the film as volume fraction 
goes from Kc to 1(dry film) 

 G* can be thought of as the rigidity of the material 
 Thus, the greater the rigidity, e.g., greater the Tg, the higher the energy barrier to 

coalescence 
 

G* can be modified by, (1) the compositional make-up of the polymer; (2)  It can also be modified by 
the addition of filming or coalescent aids.  The efficacy of a coalescent aid in sufficiently modifying the 
complex modulus of the polymer / film so that the coalescence process becomes more energetically 
favorable, is believed to be determined by7,12  



1) its distribution between the aqueous and polymer phases both initially and at the critical time of 
film formation, 2) its basic plasticizing efficiency for the polymer, and 3) its tendency to evaporate 
during and after film formation.   

The compositional make-up of a polymer may be impacted by modification of polymer particle 
architecture and morphology, polymer molecular weight, and polymer glass transition temperature.  
Aqueous UV-Curable polymers offers an interesting opportunity to develop polymers that potentially 
easily coalesce with minimal addition of fugitive coalescents while simultaneously providing excellent 
film properties after exposure to UV radiation.  Of necessity, removal of water from the polymer before 
exposure to the reaction chamber is required in order to obtain best film appearance and performance 
properties. 
 
Experimental 
 
Evaporative Dynamic Oscillation (EDOT) 
 
 Evaporative Dynamic Oscillation, (EDOT), was utilized to monitor complex viscosity, complex 
modulus, elastic modulus, viscous modulus, and film shrinkage of approximately 150 micron films.  The 
EDOT technique has been described elsewhere17, 18.  Briefly, a liquid polymer or coating is applied to a 
substrate having a uniform well depth of 150 microns followed by leveling the surface of the coating.  
An EDOT probe is dipped to a controlled depth into the liquid. The probe is attached to a rheometer or 
some instrument that is able to impose a controlled strain or stress while simultaneously monitoring the 
response from the liquid imposed on the probe.  In this study, a MCR 301 research grade rheometer 
from Anton Paar GmbH, Graz, Austria, was utilized.  The response from the liquid imposed on the 
probe is monitored under essentially free-evaporative conditions at an air flow rate of 50L/hr.  From the 
response, film properties such as complex viscosity, complex modulus, etc. are determined 
 
Gravimetric Analysis 
 

Gravimetric analysis of films was conducted as follows:  Approximately 6 mil wet films were 
cast onto cleaned, pre-weighed, 8.89 cm by 18.42 cm glass plates, or aluminum panels from Q-Lab 
Corporation, with a 5.1 cm variable thickness film casting knife from BYK-Gardner.  The film thickness 
setting was determined for each coating in advance by pre-casting films until a wet film thickness 
reading was obtained of 5 but not 6 mils as measured with a wet film thickness measuring gage from 
Paul N. Gardner.  After the appropriate setting was obtained for the film casting knife, a test film was 
applied to the test panel, actual film thickness confirmed, and the coated glass or panel transferred to a 
constant temperature and humidity chamber equipped with a balance.  Weight loss and visual dry of the 
test wet film were followed as a function of time. 
 
Results and Discussion 
 
Rate of Volatile Loss 
 
 Figure 2 displays weight percent volatile loss from an aqueous film consisting of a water-based 
UV-Curable polymer.  The figure also displays calculated solids increase of the film as a function of 
time.  The data indicates that there are at least three distinct phases to the drying process for this film as 
monitored by weight loss, (1) an initial linear volatile loss as a function of time; (2) a transition region 



where volatile loss occurs as a function of reciprocal time; (3) a final region displaying extremely slow 
volatile loss from the film as a function of time.  The initial linear region is where evaporation of 
volatiles occurs by a free evaporative mechanism.  For this polymer, the free evaporative region occurs 
up to a solids content of about 52% solids, after which the rate of volatile loss slows dramatically.  In 
this second stage, evaporation follows a reciprocal time mechanism from about 52% solids to about 84% 
solids.  After reaching about 84% solids content, evaporation slows again to a negligible rate. 
 

 
 
 
 
 
 
Figure 3 compares percent weight loss as a function of time for UV-Curable Polymer 1 and a second 
UV-Curable Polymer 2.  The two polymers display similar evaporation phases with the following 
differences noted: (1) the linear evaporative dry phase of UV-Curable Polymer 2 occurs at a slower rate 
than that for UV-Curable Polymer 1; (2) UV-Curable Polymer 2 retains less final amount of volatile 
over the period tested.   
 
Combined Gravimetric Analysis and Evaporative Dynamic Oscillation (EDOT Analysis) 
 

Figure 4 displays weight loss, solids evolution, and complex modulus evolution of UV-Curable 
Polymer 1 as a function of time.  The data shows an interesting correlation between the first inflection 

Figure 2.  Comparison of Volatile Loss Vs Solids Content for Aqueous UV-Curable Polymer 1; 
Solids and Volatile Loss Parameters: 6 mil film on Plate Glass; Flash at 31 ° C, 12-18% RH;100 
L/hr. Air Flow into Environmental Chamber. 



area of the complex modulus curve and the linear-reciprocal transition in the weight percent volatile loss 
curve.  Our hypothesis is that the linear-reciprocal transition represents the end of a purely vapor 
pressure controlled evaporation mechanism and perhaps the initiation of particles approaching nearest 
neighbor distance in the film formation process mechanism.  The reciprocal / diffusion transition 

  

 
 
 
 
 
 
is hypothesized to represent the nearest neighbor particle distance and the beginning of particle 
compaction, deformation, and coalescence.  Figure 5 displays weight loss, solids evolution, and complex 
modulus evolution of UV-Curable Polymer 2 as a function of time.  Table 1 summarizes the dry and 
film formation process differences between the two polymers.  The data indicates that UV-Curable 
Polymer 2 reaches a higher non-volatile content and has a lower complex modulus than UV-Curable 
Polymer 1 in the dry stage before the polymers would be subsequently UV-cured.  This may result in 
improved cure efficiency for UV-Curable Polymer 2 and subsequently improved film properties 
compared to UV-Curable Polymer 1.  It is interesting to note that we found significantly improved MEK 
double rub resistance for UV-Curable Polymer 2 compared to UV-Curable Polymer 1. 
 
 

Figure 3.  Comparison of Volatile Loss for Two Aqueous UV Polymers; Volatile Loss 
Parameters: 6 mil film on Aluminum or Glass Panel; Flash at 29 - 31 ° C, 12% - 18% RH;100 
L/hr. Air Flow into Environmental Chamber. 



 
 
 
 
 
 
 

  
 

Figure 4.  Comparison of Volatile Loss, Solids Evolution, and Complex Modulus 
(G*) for Aqueous UV Coating Polymer 1; Solids and Volatile Loss Parameters: 6 mil 
film on Plate Glass; Flash at 31 ° C, 12-18% RH; 100 L/hr. Air Flow into 
Environmental Chamber; G* Parameters: 150 micron Film Thickness, 30 C, 12%RH, 
50L/hr Air Flow 

Figure 5.  Comparison of Volatile Loss, Solids Evolution, and Complex Modulus (G*) for 
Aqueous UV Coating Polymer 2; Solids and Volatile Loss Parameters: 6 mil film on Plate Glass; 
Flash at 29 ° C, 13% RH;100 L/hr. Air Flow into Environmental Chamber; G* Parameters: 150 
micron Film Thickness, 30 C, 12%RH, 50L/hr Air Flow 



 
Table 1.  Comparison of Dry and Film Formation Differences Between UV-Cure Polymers 1 and 2 
from Figures 3 - 5. 
Polymer UV-Curable Polymer 1 UV-Curable Polymer 2 
Initial Dry Rate, grams volatile 
loss/min 

3.89  3.12 

Solids Content at Linear / Reciprocal 
Transition Region 

≈52% ≈54% 

Solids Content at Reciprocal / 
Diffusion Transition Region 

≈84% ≈90% 

Residual % Volatile Remaining at 
end of test period 

≈6% ≈4.5 % 

G* at Linear / Reciprocal Transition 
Region 

≈308 Pa ≈56 Pa 

G* at Reciprocal / Diffusion 
Transition Region 

≈8229 Pa ≈607 Pa 

 
Impact of Addition of Nepheline Syenite Mineral addition to UV-Curable Polymer on Pre-UV Light 
Exposure Properties 
 
 Figure 6 displays the impact of Nepheline Syenite addition on the complex modulus of a UV-
Curable Polymer.  Figure 7 is an overlay plot comparing the impact of 12.20% Nepheline Syenite 
addition on percent weight volatile loss, solids evolution, and complex modulus evolution for the UV-
Curable Polymer.  Table 2 summarizes the impact of Nepheline Syenite addition on dry and film 
formation properties as a function of pigment concentration. 
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Figure 6.  Impact of Nepheline Syenite (NS) Concentration on Complex Modulus Evolution of 
UV-Curable Polymer 3 as a Function of Time; Blue Curve – 0% Wt NS; Red Curve – 6.12% Wt 
NS; Green Curve 12.2% Wt NS on Total Resin Solids; G* Parameters: 150 micron Film 
Thickness, 30 C, 12%RH, 50L/hr Air Flow

 



 
 
 
 
 
 
 
Table 2.  Impact of Nepheline Syenite Loading on Aqueous UV-Curable Polymer Dry and Film 
Formation Prior to UV Light Exposure 
Nepheline Syenite Wt % on Total 
Resin Solids 

0 6.12 12.20 

Calculated Formula PVC 0  2.20  4.28 
Initial Dry Rate, grams volatile 
loss/min 

5.51  5.66  5.79 

Solids Content at Linear / Reciprocal 
Transition Region 

≈48% ≈46% ≈53 

Solids Content at Reciprocal / 
Diffusion Transition Region 

≈87% ≈81% ≈82 

Residual % Volatile Remaining at 
≈70 Min Dry Time 

≈6% ≈8 % ≈8% 

G* at Linear / Reciprocal Transition 
Region 

≈9 Pa ≈3 Pa ≈6 Pa 

G* at Reciprocal / Diffusion 
Transition Region 

≈115 Pa ≈125 Pa ≈181 

G* at ≈70 Min Dry Time ≈32520 Pa  ≈45590  ≈58910 

Figure 7.  Comparison of Volatile Loss, Solids Evolution, and Complex Modulus 
(G*) for Aqueous UV Coating Polymer 3 Modified with 12.20% Nepheline Syenite on 
Total Resin Solids; Solids and Volatile Loss Parameters: 6 mil film on Aluminum 
Panel; Flash at 31 ° C, 13% RH; 100 L/hr. Air Flow into Environmental Chamber; G* 
Parameters: 150 micron Film Thickness, 30 C, 12%RH, 50L/hr Air Flow 



The data of Figures 6 and 7 and Table 2 show that Nepheline Syenite has the net effect of increasing the 
rate of the initial evaporative dry of the sample while maintaining a lower complex modulus for a 
slightly longer time period.  Further the data indicates that as Nepheline Syenite concentration increases, 
film formation modulus at the reciprocal / deformation / chain diffusion stage of the film formation 
process increases slightly as well. Finally, the data indicates that the final modulus (e.g., stiffness) of the 
film before UV exposure is increased as well (e.g., at approximately the 70 minutes time frame).  The 
data seems to indicate that Nepheline Syenite incorporation results in the net effect of slightly increased 
amounts of residual volatile remaining in the film.  It is interesting to compare the thermal response of 
the 0% and 12.2% Nepheline Syenite modified samples after the samples have aged 24 hours without 
UV curing.  Figure 8 shows this comparison.  The data indicates that addition of 12.2% Nepheline 
Syenite stiffens the polymer to the point that the product does not display an elastic-viscous transition, 
whereas the polymer without Nepheline Syenite does display this transition.  Further, the 12.2% Wt 
Nepheline Syenite modified polymer displays a rubbery plateau region compared to a viscous flow 
region for the non-mineral modified sample.  These results indicate that Nepheline Syenite has a 
significant stiffening effect on the pre-cure properties of the polymer. 
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Conclusions 
 
It has been shown that Evaporative Dynamic Oscillation (EDOT) in combination with 
thermogravimetric techniques offer a powerful methodology to study film formation of aqueous UV-
Curable Polymers with and without mineral modification.  The results of this study show that aqueous 

Figure 8.  Pre-UV-Exposure Temperature Sweep Thermal Response Comparison 
between UV-Curable Polymer 3 Modified with 12.2% Nepheline Syenite (blue 
curves) versus Mineral-free Polymer (red curves) after Films aged 24 hours at 25C 

 

Elastic-Viscous Transition 
at 34.9°C for Non-Mineral 
Containing Sample 



UV-Curable Polymers demonstrate a three-stage mass dry and film formation process; (1) free 
evaporation of volatiles represented by a linear weight volatile loss profile; (2) followed by a slower dry 
period represented by a reciprocal time dependency; and (3) a very slow drying final dry process that 
represents the compaction, deformation, and coalescence stage of the dry process.  EDOT offers unique 
insight into the evolution of properties of the film as the film dries, and yields an indication of the 
energy required for coalescence.  Finally, the results of this study indicate that addition of Nepheline 
Syenite to the aqueous UV-Curable Polymer moderately impacts film modulus during the early stages of 
dry and film formation, and more greatly impacts modulus at the later stages of film formation.  Also, 
Nepheline Syenite mineral appears to greatly improve stiffness of the polymer before UV exposure to 
UV radiation. 
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