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Abstract  
 
This study describes the mechanical response of thermoset polymers under high compressive 
loads. The study is divided into two parts. One part is focusing on the behaviour of a powder 
coating when used in a clamping force joint and how the properties varies when varying the 
physical structure of the coating. The other part is regarding the fundamental understanding of the 
behaviour of thermoset polymers with small thickness-to-width ratio subjected to compressive 
stresses in order to develop mathematical material models for the viscoelastic materials. 
 
The first part describes the mechanical behaviour of powder coatings used under very high 
compressive loads in clamping force joints. Carboxyl functional polyester powder coatings cured 
with hydroxyl functional β-hydroxyalkylamides were used with variations in coating thickness and 
amount and type of filler. The coatings were subjected to conventional tests for coatings and 
polymers and also to specially designed tests developed to study the behaviour of powder coatings 
in clamping force joints.  
The results show the importance of correct coating thickness and filler content in order to achieve 
the desired mechanical properties of a coating when used under high compressive loads. Increased 
thickness will give rise to defects in the coating, especially voids and blisters due to the 
evaporation of water formed during the curing of the polyester powder coating. The surface 
roughness of the coating is also affected by the coating thickness, but the main influence originates 
from the type and amount of filler used. The high compressive loads in a clamping force joint put 
high demands on the stability of the coating and the defects must be kept to a minimum. A rough 
surface and defects such as voids will give rise to stress concentrations and increased plastic 
deformations in the coating, impairing the properties of the clamping force joint. 
 
In the second part of the study a well-defined free radically cured vinyl ester resin has been used 
and studied in six different geometries in order to determine the dependence of apparent 
mechanical properties on the particular size and shape of a sample when a sample is subjected to 
high compressive loads. Variation of the specimen thickness, boundary conditions and loading 
conditions reveal that the geometry of the sample has a significant effect on the mechanical 
performance of the polymer. The apparent modulus and the yield stress increases dramatically 
when the thickness-to-width ratio of the sample is reduced, whereas they decrease when the 
friction between the sample and the compression plate is reduced.  
The creep strain rate decreases when the thickness of the material is reduced and it decreases still 
more when the amount of material surrounding the compressed part of the sample is increased. 
This effect is important when designing parts to be used under compressive loads. Properties 
measured macroscopically may not correlate with the behaviour of the designed part since the 
geometry may have either a reinforcing or destabilising effect on the material.  
Creep and strain recovery tests on large specimens are used to develop a mathematical model 
including non-linear viscoelastic and viscoplastic response of a thermoset vinyl ester. The model is 
used in FEM calculations where the experimental results are compared with the calculated results 
in order to model the trends of the material response when varying the sample geometry. 
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Sammanfattning 
 
Studien beskriver det mekaniska beteendet hos en tvärbunden polymer under höga 
kompressionslaster och är indelad i två delar. En del behandlar egenskaperna hos en pulverfärg då 
den används i ett mekaniskt klämförband och hur egenskaperna förändras då strukturen hos 
färgskiktet förändras. Den andra delen behandlar den grundläggande förståelsen för tvärbundna 
polymerers egenskaper under höga kompressionslaster då förhållandet mellan tjocklek och bredd 
ändras, samt hur detta kan modelleras. 
 
I den första delen av avhandlingen studeras pulverfärgers mekaniska egenskaper under höga 
kompressionslaster i ett klämförband. I studien användes karboxylfunktionella polyestrar som 
härdades med en hydroxylfunktionell β-hydroxylalkylamid och som varierades med avseende på 
typ och mängd av fyllmedel samt skikttjocklek. Pulverfärgerna testades med konventionella 
testmetoder samt med metoder speciellt utvecklade för ett simulera lasterna då färgen används i ett 
klämförband. 
Resultaten visar på vikten av att ha korrekt skikttjocklek och fyllmedelshalt för att uppnå önskade 
egenskaper då färgen utsätts för kompressionslaster. För tjocka skikt riskerar att få defekter så som 
blåsor och håligheter i färgfilmen på grund av vattenavspaltning under härdningen av färgen. 
Ytråheten påverkas också av skikttjockleken men framförallt av mängd och typ av fyllmedel. 
Defekter så som håligheter och ytråhet ger upphov till spänningskoncentrationer och den 
mekaniska styrkan hos färgskiktet påverkas negativt vilket avsevärt försämrar egenskaperna då 
färgen används under höga kompressionslaster i ett klämförband. 
 
I den andra delen av avhandlingen har en vinylrester som härdats med fri radikalpolymerisation 
använts för att tillverka prover i sex olika geometrier för att studera deras mekaniska respons 
beroende på deras storlek och form då de utsätts för höga kompressionslaster. Variationer i 
provtjocklek, omgivande material och lastfall visar att geometrin hos provet har en stor påverkan 
på polymerens mekaniska uppförande. Modulen och brottgränsen ökar med minskande tjocklek 
hos provet medan de minskar då friktionen mellan prov och kompressionsutrustning minskar. 
Kryphastigheten under kompression minskar med minskande tjocklekt hos provet och minskar än 
mer då mängden material som omger den komprimerade ytan ökar. Detta är av intresse då man ska 
konstruera detaljer som ska användas under kompressionslaster eftersom materialegenskaperna 
kan påverkas både positivt och negativt beroende på geometrin hos provet. Utifrån testresultaten 
har även en matematisk modell skapats för det icke-linjära viskoelastiska och viskoplastiska 
materialet och använts i FEM-beräkningar där de experimentella värdena jämförts med de 
simulerade resultaten. 
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1. Introduction 

1.1 Background 
Polymer materials find an increasing use in a wide range of applications due to the excellent 
weight to strength performance of this materials group. Polymers are also increasingly used in 
combination with other materials such as metals to obtain an overall performance advantage 
compared to the individual materials. The use of polymer composites in load carrying 
constructions is one area where such an advantage is aimed at. Another area is the use of organic 
coating where an object is coated to improve its durability, appearance, and resistance towards 
the environment. The demands for faster production rates and improved properties often result in 
the use of pre-coated parts in larger constructions. Especially in the OEM industry more and 
more details are coated before they are assembled into the final product. Pre-coated steel coil is 
another product where a metal is combined with an organic coating. The steel coil is then formed 
in the coated state and used for example as roofing. The forming process places large demands 
on the interaction between the steel and the coating as well as on the overall mechanical 
performance of the materials [1-3].   
In the example of steel parts coated prior to assembly the coatings are exposed to high 
compressive stresses during use in clamping forced joints. The screwed or bolted joints are 
mounted with high clamping force and retaining the force during the life time of the joint is of 
absolute importance in order to maintain the properties of the construction. It is therefore 
important to have good control of the behaviour of the coatings included in the joint.  
When designing a clamping force joint in order to optimise its weight and strength, FEM 
programs for modelling the behaviour are useful tools. The properties of the materials are 
included as constitutive models in these programs and the properties of a metal part can to a 
large extent be predicted and described with various elastic models. Polymers are more complex 
than metals and may be described as bulk materials with viscoelastic material properties [4]. The 
combination of different materials, however, makes it more difficult to calculate and understand 
the mechanical performance of the entire object. The apparent mechanical properties do not only 
depend on the intrinsic properties of the respective materials but also on the interaction between 
the materials and their properties in relation to each other. The overall behaviour becomes even 
further complicated when complex shapes and boundary conditions set by a specific geometry 
are added. Which structural features are important? How does a polymer behave under load 
levels normally associated with the use of pure metals? How does the polymer layer deform 
under these conditions? An increased knowledge of this would greatly promote an efficient use 
of the materials and open up for new and improved constructions.  
 
The present study is focused on the use of thermoset coatings in clamping force joints, on how to 
predict the properties of the joint and how to optimise the coating for the use in a clamping force 
joint. In order to approach these problems, two parallel studies have been included in the study.  
One focuses on variation of the coating in order to gain a better understanding of which 
properties affect its performance. In this part of the study, thermoset polyester powder coatings 
are used and their behaviour in a clamping force joint is studied. The reason for choosing powder 
coatings is their superior mechanical behaviour compared to conventional wet paint in many 
applications. Powder coatings show both high rigidity, ductility and flexibility due to their 
chemical structure and high glass transition temperature, Tg [5-13]. The properties of coatings 
depend on numerous factors such as chemical structure, crosslink density, filler and pigment 
content and curing mechanism, but the focus in this part of the thesis is the variation of filler 
content [14-16].  
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The other study focuses on getting a fundamental understanding of the behaviour of thermoset 
polymers under compression and how their response changes when the thickness-to-with ratio is 
reduced. A material model was developed based on the knowledge obtained from the 
experimental results. The model was developed in collaboration with Luleå University of 
Technology and implemented in FEM calculations to describe and evaluate the mechanical 
behaviour of thin polymers and the effect of specimen geometry, boundary conditions, friction 
etc on the apparent properties.  
 
 
 

1.2 Powder coatings 
The first thermoset powder coatings were developed in the late 1950s in the United States. The 
coatings consisted of epoxy resins and were applied by dipping a preheated object into a 
fluidised bed. This method of application gave thick layers (>200µm) and inconsistent results. 
During the 1960s the continuous extrusion process (Shell, 1964) and the electrostatic gun 
application (SAMES, 1962) were developed, and proved to be very important methods for the 
progress of powder coatings.  
One major drawback of the initial powder coatings was the poor UV-light stability of the epoxy 
resins. Powder coatings were therefore only used for indoor applications. Several new resins, 
which overcame these drawbacks, were introduced during the 1970s. UCB, for example, 
introduced a polyester resin, crosslinked with hexamethoxymethyl melamine in 1972, but the 
long curing time and the release of alcohol during curing were severe disadvantages. At the same 
time, Unilever, patented a carboxy-functional polyester resin [17] cross-linked with triglycidyl 
isocyanurate (TGIC) as well as a polyester-epoxy mixed powder. 
The new developments increased the market for powder coatings dramatically. The first 
applications of powder coatings were limited to the insides of pipes and tubes, but due to the 
stability and the improved properties of the polyesters both outdoor and decorative applications 
were possible. 
BASF and Bayer, in the same period of the polyester development, were working on acrylic 
powder coatings. The acrylic powders have many possible variations of chemistry and are thus 
very flexible in tailoring for different applications. The cost, however, is higher compared to 
polyester and mixed powders and acrylic powders have up to the mid 1990s had limited use, 
except in Japan. In the mid 1990s acrylic clear coats for automotive applications were developed 
and during 1997 BMW introduced acrylic powder clear coat on private cars [18-20]. 
 
Powder coatings have several advantages and some disadvantages compared to liquid coatings. 
One major advantage of powder coatings is the absence of volatile compounds. This is from an 
environmental point of view of great interest since the demands to reduce VOC are increasing. 
Some of the advantages compared to liquid coatings are: 
 
− Solvent-free - No environmental pollution due to VOC. No need for flash-off zone in oven. 

Low fire risk.  
− High transfer efficiency - Due to the electrostatic application the transfer efficiency is high. 

Over-sprayed powder can be re-used. Degrees of utilisation above 95% are possible.  
− Easy usage - The powder is delivered to the customer ready to use. No need for mixing, 

thinning or stirring and the application is easy.  
− Good mechanical properties - The powder coating can be designed as a tough, yet flexible, 

protective coating. 
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− Freedom of design - Immense possibilities of designing the structure, colour, texture etc of 
the finish.  

− High Tg - Because of the possibility of getting a coating with high Tg, powder coatings 
often have much better physical properties regarding scratch and mar resistance compared 
to wet paints. 

 
…and the disadvantages of powder coatings compared to liquid coatings are: 
− Contamination - The powder coatings are sensitive to contamination and particles cannot 

be washed away as with liquid coatings. When changing colours the whole spray booth has 
to be cleaned to avoid colouring defects.    

− Colour changes are difficult - There are currently no techniques available for quick changes 
in the tinting of a powder coating either during production or at the paint shop. Wet paint 
systems still have a big advantage in that respect. 

− Curing at high temperature - Reduced substrate possibilities. Temperature sensitive 
substrates, e.g. wood or plastics, are difficult to powder coat due to substrate distortion at 
high temperatures (>100 °C). 

− Substrate must be conductive - The electrically charged powder particles are applied to a 
grounded, conductive substrate and therefore non-conductive materials such as wood and 
polymers are difficult to powder coat.  

− Sensitive to degree of curing - It is important to have an even temperature distribution on 
the coated object when curing the powder coating. Objects with variations in thicknesses 
will give temperature gradients which will lead to differences in the degree of curing of the 
coating. An under-cured polyester powder will have poor chemical stability and be much 
more brittle than a fully cured coating. 

 

1.2.1 Powder coating composition 
Powder coatings may be thermoplastic or thermosets. A thermoplastic coating is manufactured in 
a similar way as thermoset coatings, with the difference that a curing agent is not included. 
Instead of forming a cross-linked polymer network, the thermoplastic coating is melted on to the 
substrate and no chemical changes occur. The thermoplastic powder coatings can be removed 
chemically or by heating the substrate and have inferior adhesion properties and mechanical 
properties compared to thermoset powders. Therefore, thermoset powder coatings are the prime 
choice when any of these properties are important. This can also be seen in the market where 
thermoset powders have a total dominance. In this study, only thermoset powder coatings are 
considered. 
 
Thermoset powder coatings contain five major ingredients: resin (binder), curing agent, filler, 
pigment and additives. 
The resin and the curing agent together form the polymer structure responsible for most of the 
film forming properties. The resin is the backbone of the coating and defines many of the 
properties of the coating. Important factors are functionality, molecular weight, melting 
temperature, melt viscosity, glass transition temperature, reactivity and chemical resistance. 
There are different chemistries of powder coatings and the most common resins are polyesters, 
acrylics, epoxies, polyurethanes and mixtures of these. Epoxies are the most common resins for 
indoor use, while polyesters are the most common resins for exterior applications. The reasons 
for the popularity of the polyester powder coatings are the cheap start products, easy production, 
good outdoor stability (resistance to UV and moisture) and good mechanical properties.  
Each type of resin has different curing agents, through which an irreversibly cross-linked 
polymer network is formed. 
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Fillers are inorganic, chemically inert materials, which are introduced into the powder coating to 
reduce the material cost, increase the distribution of additives during extrusion and control the 
gloss of the coating. They may also act as reinforcement to the matrix.  
There are many kinds of additives with different functions such as light stabilisers to increase 
weathering stability, flow agents to lower the viscosity in the melted phase and improve surface 
finish, degassing agents to ease the release of volatile compounds during curing (e.g. water), 
waxes to increase scratch resistance and to prevent pinholing. 
 
 

1.2.2 Chemistry of polyester powder coatings 
1.2.2.1 Resin 
Polyester resins constitute a major market share of the binders used in powder coatings. They are 
used in polyester-TGIC, polyester-epoxy hybrid, polyester-primid and polyester-isocyanate 
systems. These polyester resins are made by polycondensation in which mixtures of polyols, 
glycols, diacids and polyacids are reacted at elevated temperatures (approx. 240 °C) with the 
elimination of water. The structure of the polyester can be varied by the ratio of di-, tri- and 
tetra-functional monomers and degree of conversion. The polyester is either acid-functional or 
hydroxy-functional depending on whether there is an excess of polyols or carboxylic acids in the 
reaction mixture.   
The most common monomers for polyesters are aromatic carboxylic acids (terephthalic acid and 
isophthalic acid) and aliphatic polyols (neopenthyl glycol, trimetylolpropane), even though other 
polyols and polyacids have been developed and used through the years. The most common 
reasons for new developments are to increase the glass transition temperature, Tg, and melt-flow 
of the polyester (for improved storage stability and improved levelling of the film, respectively) 
and to improve its weathering stability [8, 19, 21-25].  
The functionality is the number of cross-linkable groups per resin molecule, and is normally 
measured as the amount of carboxyl acid groups per weight of the resin (“Acid value”, mg 
KOH/g resin). Polyester resins normally have a functionality between 2 or 4 per molecule (the 
corresponding acid value is dependent on the molecular weight of the resin). If the functionality 
is below 2, the reactivity is too low to form a stable network during curing, and the mechanical 
properties of the finished coating will be poor. If the functionality is higher than 4, the 
processing of the polyester will be complicated with a high risk of gelling during extrusion and 
higher melt viscosity, which also will also give a poor flow-out of the coating [9]. There will 
always be some chain ends with hydroxyl groups even though the stoichiometry is designed with 
an excess of carboxyl acids. These groups will give no contribution to the network when the 
polyester resin is cured with a hydroxyfunctional curing agent, but instead be loose or 
“dangeling” ends.  
The molecular weight and the polydispersity affect the processability of the coating (Tg and melt 
viscosity). The number average molecular weight, Mn, is usually between 3000 and 6000 g/mol 
for powder coating resins. To be used as binder for a thermally curing polyester powder coating, 
the resin and its molecular weight must be optimised to fulfil some criterias, e.g: 
 
- The resin must have a high glass transition temperature, Tg, and melting point to ensure good 

stability without coalescence during storage. The lower the molecular weight the lower the 
Tg. Too many fractions with low molecular weight will lead to poor storage stability. 

- The resin must have an appropriate melt viscosity to aid pigment wetting during extrusion 
and to give a coating with good levelling and high flow at curing temperature. 

- It must contain sufficient reactive groups with efficient reactivity with the curing agent to 
form a stable polymer network. 
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- The effect of temperature on the physical properties must also be matched with the reactivity 
of the resin. 

 
A narrow distribution of molecular weight is desired in order to achieve a distinct melting 
transition of the coating and a similar mobility of all molecules in the melt giving a 
homogeneous reactivity rate through the coating film. However, polyesters for powder resins are 
in practice not possible to produce with a polydispersity index below 2, due to the chemical 
reaction mechanism.  
 
1.2.2.2 Curing agent 
There are basically two kinds of reaction mechanisms for the crosslinking of thermosets, step-
wise polymerisation or chain-wise polymerisation [26]. The polyesters used for powder coatings 
are crosslinked via step-wise polymerisation.  
The most commonly used curing agent for exterior applications has historically been triglycidyl 
isocyanurate, TGIC, which is a trifunctional crystalline polyepoxide developed by Ciba. 
However, TGIC is toxic and a severe eye irritant. In 1998 it was classified as toxic (marked T) in 
Europe. The use of TGIC has since then been reduced and replacements have been introduced on 
the market. As a replacement to TGIC, a trimellitic acid triglycidyl ester (better known under its 
commercial name Araldite PT-910) was developed by Ciba. But like TGIC, PT-910 was based 
on the reactivity of the epoxy groups in the compound and turned out to be skin irritant and to 
cause allergy problems. Due to this, the use of PT-910 has not to any larger extent taken over the 
use of TGIC.  
As an environmentally friendly competitor to TGIC and PT-910 a new curing agent, β-
hydroxyalkylamide, based on a completely different reaction mechanism was developed by 
EMS-Chemie (product name “Primid”). Powder coatings cured with β-hydroxyalkylamide 
require no hazard warning labelling. (The product “Primid XL-552” even received an FDA 
approval in 2004 for use in direct contact with food in accordance with regulation 21 CFR 
175.300(b) (3)(VII)).  The β-hydroxyalkylamide is a white, crystalline solid with melting points 
around 100-120°C. It is tetra-functional and reacts with carboxyl functional compounds forming 
ester bonds (Figure 1.1). The curing reaction, shown in Figure 1.2, is a condensation reaction 
forming a by-product, water, for each formed ester bond, which may induce surface 
disturbances, like pinholes, during curing. 
 

OH
OH    RR  O

N O

 
Figure 1.1. β-hydroxyalkylamide 

 
In comparison with esterification of normal aliphatic alcohols where temperatures of above 
225°C or catalysts are necessary, β-hydroxyalkylamides react with acid groups at relatively low 
temperatures, starting at 150°C [27, 28]. The increased reactivity of β-hydroxyalkylamides with 
regard to carboxyl groups has been explained by the fact that esterification of β-
hydroxyalkylamides is carried out through an intermediate product with an oxazolinium 
structure (Figure 1.2). 
 

OH  
N H

O R  R  
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Figure 1.2. Curing reaction of β-hydroxyalkylamide and carboxy-functional polyester. 
 
The mechanism was first described by Wicks et al. [29] and later confirmed by Stanssens et al. 
[30, 31], using 1H-NMR spectroscopy. 
Wicks et al. also discovered that in comparison to esterification with aliphatic alcohols, where 
the aromatic carboxylic acids reacted more quickly than their aliphatic counterparts, the reaction 
of aromatic carboxylic acids with β-hydroxyalkylamides was faster than with the aliphatic acids.  
So far it has not been possible to influence the esterification reaction using catalysts. Although a 
series of acids, bases and transition metal complexes have been examined it has not been 
possible to determine any catalytic effect [28].  
The fact that no accelerating agents have yet been discovered also means that the pigments, 
fillers and additives used during production of the powder coating do not have any influence on 
the reactivity either. Variances in reactivity of different polyesters (with aromatic carboxylic 
acids) have less effect on the reaction of the β-hydroxyalkylamides with the carboxyl groups 
compared to coatings cured with TGIC or PT-910. Polyester powders cured with TGIC or PT-
910 can also be catalysed by other components in the coating. The gel time of these powder 
coatings is affected by the pigmentation, e.g. the amount of titanium dioxide, TiO2 [9]. Using β-
hydroxyalkylamide as curing agent leads to a more even powder coating reactivity and results in 
an improvement of batch/batch compatibility in powder coating production. A further important 
advantage is that the reactivity remains at the same level for different colours. Kaplan examined 
the gel times of different colours using the same binder system cured with the β-
hydroxyalkylamide "Primid XL-552" (R2 = H in Figure 1.1) and showed that there are only very 
small variations in reactivity between the formulations [28].   
 
1.2.2.3 Fillers 
Fillers are inert, inorganic materials without pigmentary value as primer property. They are used 
to enhance the dispersion of pigments during extrusion and to reduce the cost of the powder 
coating. Fillers are most often cheaper than the resin and therefore included in the coating.  
 

Table 1.1. The effect of filler content in the production and use of a powder coating. 
 

Effect of increase in filler content: 

Powder 
Particle size 

Storage stability 
Reactivity 

Small increase 
Increases 
Decreases 

Appearance 
Gloss 
Flow 

Surface roughness 

Decreases 
Decreases 
Increases 

Coating properties 
Flexibility 
Modulus 
Porosity 

UV resistance 

Decreases 
Increases 
Increases 
Increases 

Application Deposition efficiency Decreases 
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The size, shape and chemistry of the filler affect the total performance of the coating. All these 
properties are included when looking at the density, particle size distribution, oil absorption, 
refractive index, hardness, moisture content and in some cases surface treatment. Fillers are 
normally of sizes from less than a micron up to 30 µm. The oil absorption value describes the 
wetting of the binder on the filler. The higher value, the more binder is needed to “coat” the 
fillers during extrusion and during levelling on the heated object. 
The amount of solid particles in the coating (fillers and pigments) is described as PVC (pigment 
volume concentration). Generally, there is an increase in Young’s modulus (E-modulus) and 
shear modulus (G-modulus) with increasing PVC, until reaching the CPVC (critical pigment 
volume concentration) [32]. At CPVC the resin cannot fill the voids between the filler and the 
pigment particles and thus there will be voids in the film. These voids have a negative effect on 
most film properties (mechanical stability, corrosion resistance, etc.). 
Fillers may also be modified and surface treated in order to react with the resin. In this way the 
filler will act as true reinforcement to the film.  
 
The most common fillers are listed below. 
-Barium sulphates, BaSO4 (Barytes and blanc fixe) are the most common fillers together with 
calcium carbonate and dolomite. Very inert materials with a refractive index of 1.64 and oil 
absorption value of 10-15 (barytes) and 12-20 (blanc fixe). Blanc fixe is sligthly spherical in 
shape. 
-Calcium carbonates (CaCO3) are less inert than barium sulphates. Two forms, naturally from 
limestone or synthetically. The synthetic form can be coated with a thin layer of calcium stearate 
to increase the hydrophobicity. Oil absorption value of 10-20. Carbonates are cylindrical in 
shape. 
-Dolomite (CaCO3.MgCO3) is more inert than calcium carbonate, but with similar oil absorption 
value (10-20). 
-Wollastonite (CaSiO3) has a needle-like shape and an oil absorption value of 15-25. It is used as 
a functional filler because the needle-shape gives a high aspect ration compared to the other 
fillers. Surface treated wollastonite (silane-treated) is widely used to increase the modulus of 
plastics and composites. 
 
 

1.3 Clamping force joints 
A clamping force joint is the most common design for mounting two steel objects together. As 
shown in Figure 1.3, they are either bolted of screwed together in order to create a rigid load 
carrying construction.  
 

 
Figure 1.3. Clamping force joint. 
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By applying a mounting torque on the screw and nut, a tensile force is built up in the screw and a 
compressive force in the steel objects. This is displayed in figure 1.4. The screw is a Hookean 
material with a linear relation between applied tensile force and deformation. The force-strain 
curve of the screw is shown as line O-A-E. At the same time the object is subjected to a 
compressive stress and deforms according to line B-A. The two lines intersect at the clamping 
force, Fp. If the object settles during use, Z, the deformation of the object is increased and the 
object curve, A-B, shifted to the left (to the dashed line, C-D). This will cause a decrease in the 
clamping force from Fp to F’p.  
 

 
Figure 1.4. Loss of clamping force, Fp - F’p, due to settlement, Z, in the joint. 

 
 
Clamping force joints in vehicles are often exposed to high loads, both static (clamping force in 
the joint) and dynamic (vibrations etc. during the use of the vehicle), and the joints must 
withstand these loads during the whole lifetime of the vehicle. The dynamic loads are 
superimposed (Fsup in Figure 1.4) as tensile force on the screw and compression force in the 
objects. If the object deforms as mentioned and the curve of the object is shifted to C-D, the 
stresses on the object and screw from superimposed load will be altered. The tensile forces in the 
screw will be increased and the compressive forces in the objects reduced. The increased stresses 
on the screw will affect its performance and in worst cases lead to fatigue failure. 
In normal cases the objects in the joint consist of rigid steel parts, and the deformation during use 
should be minimal. However, in the OEM-industry the components should be finished to as great 
extent as possible by arrival in the final factory. The components are therefore very often painted 
before final assembly, and then they do not only consist of metals but also of coatings mounted 
in contact with each other. Polymers usually have a much lower modulus and yield stress 
compared to metals and are usually not subjected to such high loads as used when mounting steel 
parts. The demands on coatings used in clamping force joints are therefore very high. The 
coatings must not settle during use since that would severely affect the performance of the joints.  
The performance of coatings in joints has not been studied earlier but the properties of larger 
polymeric materials such as composites and their effect on the performance of clamping forced 
joints have been reported [33]. In these cases the composite is included in the joints as a thick 
load bearing part and not as a thin coating, but the behaviour of polymers in load bearing joints 
may still be similar. The coating may be seen as a thin composite composed of a polymeric resin 
and a rigid, inorganic filler.  
The mechanical properties of coatings are of importance before, during and after assembly. 
Before assembly a coating should be scratch resistant in order to withstand the treatment during 
shipping and handling. During assembly, the coating should have correct friction and short-time 
deformation behaviour to enable controlled mounting and to reach the correct clamping force. 
After assembly, during the life time of the vehicle, the coating/composite should not wear down, 
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creep or relax, since this would be equivalent to increased deformation of the clamped objects 
and induced stress on the screw as described earlier. 
 
 

1.4 Compressive tests 
Available material properties are often related to behaviour under tensile stresses at small strains 
when the material is subjected to straight-forward testing and deformation. However, when using 
polymers and composites in structural elements such as in clamping force or bolted joints, the 
compressive behaviour of the material is of more interest [33].  
Compressive tests have some advantages and disadvantages compared to tensile tests. Among 
the advantages are the easy sample preparation and the avoidance of severe local deformations 
like necking. The disadvantages are the risk of unparallel compression plates and friction 
between the plate and the sample, causing barrelling of the sample under compression. These 
problems are even more pronounced when the thickness-to-width ratio of the sample is 
decreased and the loads are increased. The difficulties in the interpretation due to the complex 
boundary conditions have been discussed by Larsson et al. among many others [34-38].  
The size of the compression area has an effect on measured results in several aspects. When 
compressing a sample with a flat punch indentor where the area of the sample is larger than the 
area of the indentor, a small compression area in combination with relatively deep indentions in 
the material will cause large zones of stress concentrations at the edges. These high stresses may 
result in plasticisation at the edges and affect the measured results. If the compression area is 
large and the indentation depth is small, the plasticisation will have a minute effect on the results 
and can be neglected. In order to minimise the variations in results due to the edge effects, the 
diameter-to-depth ratio of the indentation should not be lower than 20 [34]. However, too large 
indentor areas introduce other problems such as friction between the sample and the compression 
plates and tilting effects from unparallel compression plates[39]. These effects may have a large 
impact on the results on the measured modulus due to the stabilising effect under compression. 
When studying thin coatings on rigid substrates, the substrate may induce a rigidity of the sample 
since the mobility of the material is restricted due to the adhesion between sample and substrate 
[40].  
These disadvantages are taken into consideration when exact values of material properties are 
wanted. From an engineering point of view, however, being able to describe the behaviour and 
properties of thin samples in compression could be interesting even though the exact material 
properties have been measured using other geometries (thicker, smaller etc.) in compression 
mode. For example, the Poisson’s ratio of a polymer is much higher than that of a metal, and 
thus the behaviour under compression is more complex for a polymer. A cross-linked polymer, 
e.g. a rubber, with a Poisson’s ratio of 0.45 or more will show a minute volume change during 
deformation. Hence the material will behave in a more rigid way if it is restricted in flow by 
boundary conditions than when it can deform in all directions.  
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2. Experimental 

2.1 Material and sample preparation 
The experimental part of the study focused on the behaviour of crosslinked thermosets under 
high compressive loads when the thickness-to-width ratio is reduced and the method was to 
produce samples ranging from free standing, thick samples to thin coatings applied on a rigid 
substrate as shown in Figure 2.1. 
 

 
Figure 2.1 Sample geometries included in the study. 

 

2.1.1 Powder coatings 
A carboxylic functional polyester resin (supplied by DSM Coating Resins) with properties 
according to Table 2.1 was used to produce the different coatings employed in this study. β-
hydroxyalkylamide (Primid XL-552, in the form supplied from EMS-Chemie) was used as 
curing agent (Figure 2.2).  
All coatings were prepared with small amounts of benzoin (0.3 wt.-%) and flow agent (Resiflow 
PV88, 2 wt.-%) in order to reduce the defects due to the water evaporation during curing and to 
increase the flow in the coating during curing. 
 

Table 2.1. Properties of polyester resin. 
 

 Acid Value [mg KOH/g] Tg
a  [°C] Mnb [g/mol] Mwb [g/mol] 

Polyester 53.8 56.9 3140 14100 

a Determined by DSC 
b Determined by SEC 
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Figure 2.2. β-hydroxyalkylamide, Primid XL-552. 

 
The coatings were produced as unfilled clear coat and as filler-reinforced coatings. The fillers 
were added to the coatings with three different pigment volume concentrations (PVC): 5, 15 and 
25 vol.-%, respectively. Two types of fillers were used: Wollastonite and Barite. The 
Wollastonite (CaSiO3, “Casiflux A38” from Ankerpoort) is a needle-shaped calcium silicate with 
a maximum size of 38 µm and a density of 2.9 g/cm3. The Barite is a crystalline barium sulphate 
(BaSO4, “Portaryte B 15” from Ankerpoort) with particles of a more rounded shape and with a 
mean size of 15 µm and a density of 4.4 g/cm3.  
The coatings were mixed with curing agent, fillers and additives according to Table 2.2. After 
mixing, the blends were extruded, crushed, grinded and sieved as in conventional powder 
production. 
 

Table 2.2. Variations in the content of coatings. 
 

Coating recipes before mixing [g] 

Content 
 

Clear 
coat 

5% 
BaSO4 

15% 
BaSO4

25% 
BaSO4

5% 
Wollastonite

15% 
Wollastonite 

25% 
Wollastonite

Curing agent        

Primid XL-552 75 75 75 75 75 75 75 

Resin        

Polyester 1000 1000 1000 1000 1000 1000 1000 

Filler        

Portaryte B 15  192 645 1218    

Casiflux A38     127 425 803 

Additive        

Benzoin 3 3 3 3 3 3 3 

Resiflow PV88 20 20 20 20 20 20 20 

 
 
All coatings that were to be tested on a substrate were applied to phosphatised steel plates in 
order to achieve good adhesion between substrate and coating. The phosphatisation was 
performed in a 9 step Bonder 28 Zn/Ni-phosphatisation process with Zirconium fluoride as 
passivation.  
Free-standing, unsupported films were prepared by applying the powder coatings to aluminised 
steel with a thin layer of PVDF on the surface. The surface tension of the PVDF was low enough 
to facilitate poor adhesion between the experimental coating and the PVDF film and to ease the 
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removal of the cured experimental coating, yet the surface tension was high enough to avoid 
crawling of the coating during flow [10].   
The coatings were applied with a friction gun and cured at 190ºC (object temperature) during 15 
minutes.  
The degree of cure of the powder coatings was measured with differential scanning calorimetry 
on a Mettler Toldeo DSC820. The glass transition temperature, Tg, of the cured sample was 
measured before and after an extra curing cycle of 15 minutes at 200˚C. The increase in Tg was 
less than 1˚C for all coatings and was therefore considered fully cured.   
The thickness of the cured coatings, when applied on a steel substrate, was measured with 
magnetic induction (Minitest4100). The thickness of the free-standing films was measured with a 
Mitutoyo micrometer device.   
All coatings were subjected to conventional coating tests such as stone chip resistance, cross-cut 
test (ISO 2409), erichsen impact test (ISO 6272) and erichsen cupping test (ISO 1520). All the 
coatings exhibited similar performance, and no variations in their properties could be verified by 
these methods. 
 

2.1.2 Vinyl ester 
The study focusing on fundamental understanding of the behaviour of highly crosslinked 
thermosets under compressive loads needed the larger thick, free-standing geometries shown in 
Figure 2.1. The thick samples were needed since the intrinsic properties of the material were to 
be studied with as little effect from friction and experimental set-up as possible. The polyester 
powder coatings cannot be produced in samples thicker than approximately 2-300 µm due to the 
step-wise polymerisation curing mechanism, causing a non-homogeneous material. Therefore, it 
was decided to use a vinyl ester, cured with chain-wise, free radical polymerisation, which 
usually is used in glass fibre reinforced composites. The chain-wise polymerisation of the vinyl 
ester offers the possibility of producing thicker samples compared to the powder coatings, since 
there are no reaction by-products disturbing the network build-up during curing. The material 
used was a commercial vinyl ester resin, VE411 C50, from Dow, cross-linked with 1.5% 
Butanox as curing agent. The specimens were cured for 16 h at ambient temperature (21ºC) and 
then post-cured for 8 h at 80˚C.  
Specimens of the five free standing geometries shown in Figure 2.1 were manufactured for the 
compression testing: circular cylinders (2, 5 and 25 mm thick) and square-shaped samples 40x40 
mm (2 and 5 mm thick). The thinner samples were cut out with a water-jet from 2 mm and 5 mm 
thick plates in two geometrical shapes: circular, with a diameter of 16 mm, and rectangular, 
40x40 mm. The material was also studied in tensile tests. For the tests in tension, specimens with 
20 mm width and 220 mm length were made from the 2 mm thick plates. 
All vinyl ester samples were cured using the same cure cycle to obtain fully cured thermosets 
with as little difference in polymer network structure as possible. The degree of cure of the vinyl 
ester was evaluated by measuring the amount of unsaturation in the resin of the cured specimen. 
FT-Raman measurements were performed on a Perkin Elmer Spectrum 2000 FT-Raman 
equipment on uncured resin and on 2 and 5 mm thick cured specimens. FT-Raman spectra of the 
cured samples revealed no detectable amount of residual unsaturation in any of the specimens 
(Figure 2.3). This indicates that all cured specimens exhibit a very similar network structure and 
that differences in mechanical behaviour between thick and thin specimens originate from other 
causes than variation in composition.  
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Figure 2.3. FT-Raman spectra of uncured resin and the 2 and 5 mm thick  

samples after curing. Double bond peak at 1630 cm-1 [41]. 
 
 

2.2 Properties of powder coatings 

2.2.1 Thermal properties of powder coatings 
DSC 
The thermal properties of the coatings were measured with a Mettler Toledo DSC 820. Heating 
and cooling rate was set at 10°C/min in all tests, and all samples were heated to 110°C and 
cooled down to 25°C (-10°C/min) before measurement, in order to avoid variations in thermal 
properties due to physical ageing or other thermal prehistories. Approximately 8-12 mg of the 
material was used in each DSC measurement. 
 
TMA 
The softening of the coating during indentation and compression was studied with a Mettler 
Toledo TMA 40. A quarts probe with a cylindrical contact area (diameter of 1.1 mm) was used 
to create an indentation in the coatings. The maximum load was 0.5 N, giving a contact stress of 
approximately 0.5 MPa. 
 
 

2.2.2 Tensile properties of powder coating 
The tensile properties of the coatings were measured on free-standing films with a TA 
Instruments Q800. Stress-strain curves were performed at a constant stress rate (3 N/min) at 
three temperatures, 25°C, 50°C, and 70°C. The samples were 10-20 mm long and 2-5 mm wide 
with a thickness of 60-100 µm. The length-to-width ratio was approximately 5:1 in all samples. 
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2.2.3 Equipment for evaluation of powder coatings in clamping force joints 
2.2.3.1 Evaluation of coating during mounting 
The friction between coating and nut during mounting was measured in an Erichsen Screw 
Testing Machine, Model 541, with software TesTwinner 920. The coatings were applied to 10 
mm thick phosphatised steel rulers, and the coating thickness was measured around each hole in 
the steel ruler. The friction was studied by applying a torque to the screw/nut and measuring the 
build-up of the clamping force. The maximum torque was set at 135 Nm, resulting in a clamping 
force between 51 and 60 kN for a friction between 0.10 and 0.14. The rotational speed of the nut 
during the assembly was 10 rpm. The total friction was measured during mounting and divided 
into two types, friction between the screw and nut threads and friction between nut and coating. 
Standardised nuts and screws (M14) with specified friction were used in order to reduce the 
variations in friction between screws and nuts.  
The initial settlement of the coating after mounting was studied by removing the applied torque 
and measuring the reduction in clamping force during the first 60 seconds after mounting. Ten 
measurements of friction and settlement were performed on each coating, all of them under 
ambient conditions.  
 
2.2.3.2 Evaluation of coating during static compressive load  
An experimental set-up was developed in order to study the creep and relaxation of coatings 
under load, simulating the set-up of a clamping force joint constructed of coated steel objects, 
screw and nut. The set-up is based on the description of a clamping force joint in section 1.3 
where the screw is a Hookean material with a linear relation between applied tensile force and 
deformation in the range of the experimental force. The tensile strain in the screw follow line O-
A-E in Figure 1.4 and the coated object is subjected to a compressive stress and deforms 
according to line B-A. When the object (in this case the coating) settles during use, Z, the 
deformation of the object is increased and the object curve, A-B, shifted to the left (to the broken 
line, C-D). This causes a decrease in the clamping force from Fp to F’p. The strain in the screw 
decreases when the clamping force decreases, and the loss of clamping force in the screw gives 
an estimate of the deformation of the object in the joint. There is a direct relation between loss of 
clamping force and deformation in coating/object since the screw is linear elastic. The loss of 
clamping force can therefore be used as the value measured in the set-up for quantifying the 
deformation of the coating in the clamping force joint. 
 
The coatings were applied to 5 mm thick phosphatised steel rulers. The coated objects were 
clamped with screws and nuts between two thick washers with specific contact areas. The 
washers were cylindrical with an inner diameter of 15.0 mm and an outer diameter of either 37.0 
mm or 28.0 mm, giving a compressive area of 900 mm2 and 440 mm2, respectively. The 
schematic set-up of the equipment is shown in Figure 2.4.  
The screws used in the study were 10.9 M14 with a maximum clamping length of 100 mm. Two 
strain gauges, type EA-06-062TJ, were placed at each side of the screw, and the average value of 
the strain from the four gauges was used as the measured strain. The strain gauges formed a full 
Wheatstone bridge, which due to the set-up was independent of changes in temperature and 
bending of the screw. The strain gauge set-up in each screw was calibrated to give a linear 
correlation between increases in resistance and applied tensile stress on the screw.   
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Figure 2.4. Set-up of clamping force test. 

 
The screw was stretched by applying a torque on the nut, giving a specific clamping force. The 
total clamping length was 80 mm and all samples were clamped to 54 kN, which corresponds to 
a compressive mean stress of 60 or 120 MPa depending on the geometry of the washers. In 
connection with each test a dummy test with an uncoated steel ruler was run in order to verify 
that the loss of clamping force was not due to measuring artefacts such as deformations of the 
steel substrate or of the screw threads. The loss of clamping force during the tests was therefore 
solely related to creep or relaxation of the coating depending on time and temperature. The 
temperature was ramped from ambient temperature to 100ºC, a temperature well above the Tg of 
the coating (≈Tg + 30ºC). The computer was monitoring the force of the screw and the 
temperature of the coating as a function of oven temperature and time. The thermo element 
measuring the coating temperature was mounted in a dummy between the washer and the coated 
steel ruler. 
Tests were also performed with two coated steel objects clamped between the washers in order to 
simulate a normal clamping force joint consisting of two coated steel parts clamped with screw 
and nut. The clamping length in this experiment was increased to 85 mm due to the thickness of 
the extra steel object, and the amount of powder coating in the set-up was increased by a factor 
of two.  
 
 

2.3 Equipment for evaluation of vinyl ester 
All mechanical tests on the vinyl ester were performed at ambient temperature (≈ 21˚C), i.e. well 
below the glass transition temperature of the thermoset (Tg = 100˚C, measured in DSC). 
 

2.3.1 Measurement of intrinsic properties of thermoset in tension and compression 
Thick samples were used in order to measure the intrinsic properties of the thermoset vinyl ester. 
Both tensile tests and compression test were performed on the large samples. The tests for 
measuring elastic modulus and creep in the compression of the high circular cylindrical samples 
(23-25 mm in length and 12 mm in diameter) were performed in an Instron 1277 servo-hydraulic 
universal testing machine equipped with a 25 kN load cell. The specimens were placed between 
two parallel plates mounted on the machine. Strain was measured with strain gauges, CEA-06-
240UZ-120, with a gauge length of 6 mm. Two gauges were placed on opposite sides of the 
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specimen, and the average value of the strain from the two gauges was used as the measured 
strain. 
A constant stress rate of 0.78 MPa/s was used in the tests for modulus in compression. Modulus 
in compression was also measured at a stress rate of 5 MPa/s to study the influence of a higher 
stress rate. The specimens were loaded and unloaded twice during the measurements to verify 
the absence of hysteresis effects. The modulus was evaluated from the linear fit to stress-strain 
data points between 0.1 and 0.3% of strain.  
In the compressive creep tests, the specimens were loaded at a constant stress rate of 4.4 MPa/s 
up to the load corresponding to the desired stress level. The load was then held constant for 0.5 h 
or 1 h and then removed at the same loading rate. The strain measurement was continued for 
additionally 5 h to register the strain recovery of the specimen. Three stress levels were used: 30, 
60 and 90 MPa. 
The tensile test for measurement of Young’s modulus was performed in the same servo-
hydraulic machine as in the compression tests. To avoid unnecessary deviations due to different 
measurement systems, the strain measurement was performed with the same type of strain 
gauges and with the same amplifier equipment as in the compressive test. The determination of 
Young’s modulus was also made at the same stress rate (0.78 MPa/s) as in the compression test. 
The tensile creep tests were performed with a creep loading rig, where the constant load is 
applied to the specimen using dead weights and a lever system. The axial strain was measured 
with an extensometer with a gauge length of 50 mm and the transverse strain with a strain gauge 
glued to the specimen. Data were sampled with an HBM UPM60 Multi-point Measuring 
Instrument. As in the compressive loading, the load was applied for 1h and then removed, with 
the strain measurement continuing 5 h after unloading. In the tensile creep test only two stress 
levels were used: 30 and 40 MPa. 
 

2.3.2 Measurement of thermoset vinyl ester with reduced thickness-to-width ratio 
The samples with small thicknesses, 2 mm and 5 mm, respectively, were tested with a somewhat 
different equipment set-up compared to the equipment for the thick samples described above. 
Due to the low thickness, strain gauges could not be placed on the samples. Instead the 
deformation of the samples was measured with displacement transducers (LVDTs) mounted on 
the test equipment (Figure 2.5).  
The tests were performed in an MTS servo-hydraulic universal testing machine equipped with a 
100 kN load cell connected to an Instron 8500.  
In order to minimise the artefacts due to unparallel compression plates or the compliance of the 
equipment, two LVDTs were mounted parallel to the deformation direction in order to measure 
the deformation of the materials.  
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Figure 2.5. Equipment for compression of thin samples. 

 
The LVDTs were mounted on rigid steel cylinders in order to achieve an equipment set-up with 
low compliance. In order to create a rigid flat punch, the bottom of the upper cylinder in the 
fixed part of the loading system was turned down in a lathe into a thinner protruding end with a 
diameter of Ø16 mm and a height of 1.9 mm. The surfaces of the compression plate were set 
parallel to this protruding end and polished in order to reduce artefacts, such as friction between 
the plate and the sample, and variations in compliance due to unparallel compression surfaces. 
This was important since the diameter of the indentor was 16 mm, while the thickness of the 
samples was as low as 2 mm. If the compressive plates had been unparallel, the strain 
distribution would not be uniform, especially when using thin samples where even small 
variations of displacement in the equipment would have contributed to large strain variations in 
the samples.  
The equipment was connected to a computer that sampled the displacement of the hydraulic 
cylinder, the load and the LVDT signals. The compliance of the whole equipment was measured 
to 5.5*10-7 mm/N at for loads higher than 6 kN by studying the LVDT signal during loading and 
unloading without any sample between the compressive plates. The calculations for compression 
of thin samples (2 and 5 mm) were revised for the compliance of the equipment.  
 
In the compression tests of the thin samples, three different types of loads were applied:  

− Loading from 0.5 MPa to 150 MPa and unloading at a constant stress rate (5 MPa/s) 
− Cyclic loading with constant amplitude ( ±10 MPa) and frequency (1 Hz) at two mean 

static load levels (70 MPa and 120 MPa, respectively) 
− Creep test at 60 MPa, 80 MPa or 120 MPa during ti minutes, followed by strain recovery 

during 4* ti minutes. 
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2.4. Surface topography 
The surface topographies of both powder coatings and vinyl esters were studied with a 
profilometer over the entire area that was subjected to compressive loads. The equipment was a 
Perthometer PGK 120 from Mahr GmbH. The mean value for the maximum peak-to-valley 
distances, Rz (ISO 4287) of each sample was studied both before and after the compression. The 
equipment was calibrated with standardised surfaces with a maximum deviation of 5% within the 
standard. 
 

2.5 FEM calculations 
The effect on modulus due to variations in sample geometry was simulated in FEM calculations 
in collaboration with Luleå University of Technology. Three geometries with different boundary 
conditions were used, one simulating the circular cylindrical samples with no surrounding 
material, and one simulating the square shaped samples with surrounding material, denoted A 
and B in Figure 2.6, respectively. The third geometry, C, is shown in Figure 2.7, which is a 
combination of A and B, where the radius of the compressed area is still 7.95 mm but the elastic 
material surrounding the compressed part is unattached to the compressed part.  
The thickness of geometry A was varied between 25 mm and 0.05 mm, and geometry B and C 
between 5 mm and 0.4 mm. The geometries were compressed with a rigid, flat cylinder with a 
diameter of 16 mm as in the experimental set-up. The different boundary conditions in A and B 
were set according to Figure 2.6 and Table 2.3 and the boundary conditions of geometry C were 
set according to Figure 2.7 
 

 
Figure 2.6. How geometries A and B are modelled in ANSYS. 

 
Table 2.3. Boundary conditions for geometries A and B. 

 

Boundary condition Geometry A Geometry B 

Free sliding A1 B3 

Clamped A2 B1 

Friction µ = 0.1 A3 - 

Friction µ = 0.4 A4 B2 (clamped at upper line) 
 

y  y  
Uy

Uy r = 8 mm 

h/2 

r 

sym 

sym 
r 

r = 20 mm 

sym 
h 

r = 7.95 mm 

A B 

A2: Ur = 0 
A3: µ = 0.1  B2, B3: Ur = 0 from r = 0 to r = 8 A4: µ = 0.4 

B1: Uy, Ur = 0
B2: µ = 0.4 
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y 

Uy Contact zone with µ = 0 at r = 8 mm. 

C hSym Ur = 0 

r 
r = 20 mm 

Boundary condition C1: Uy, Ur = 0  
Boundary condition C2: Uy = 0  Uy, Ur = 0 

 
Figure 2.7. Boundary conditions C1 and C2. 

 
All calculations were made in ANSYS 7.1 using the element PLANE183 because of its 
axisymmetric as well as viscoelastic capabilities. The viscoelastic properties identified on the 
high circular cylindrical sample described in section 2.3.1 were used when simulating the creep 
behaviour of the vinyl ester corresponding to the experimental tests. The mathematical model of 
nonlinear viscoelastic and viscoplastic materials was developed at the Division of Polymer 
Engineering at Luleå University of Technology. The procedure is shortly described below and 
details can be found in paper III.   
 

2.6 Development and use of a constitutive model 
A very general thermodynamically consistent material model was presented by  Schapery [42] 
and the nonlinear viscoelastic nonlinear viscoplastic strain response of a material to applied 
stress σ k

( )

may be described by the following constitutive law [43] 
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In Eqn.(2.1) the first term represents the elastic strain (which may be nonlinear in a general 
case). The second term corresponds to the viscous behaviour and the first two terms together 
describe the nonlinear viscoelastic response of the material. The last term in Eqn. (2.1) describes 
the stress and time dependence of irreversible (“viscoplastic”) strains. 
 
Integration in the second term is over  ψ  which is called “reduced time” and is introduced as 
follows 
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 is a stress dependent function (=1 in linear case). Then it follows that in the linear case 
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The stress dependent tensor b  in the front of the integral depends on the current stress level 
(history is not important).  
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4Function   is stress dependent (=1 in linear case). Here, since it is under the sign of the 

integral, the whole loading history is of importance. 
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The unknown coefficients in the model were determined by studying creep and strain recovery 
tests on the 25 mm thick circular cylindrical vinyl ester samples at different stress levels. The 
methodology for determination of the coefficients is described in paper III.  
 
The developed model was used in viscoelastic FEM calculations of creep behaviour of thin 
specimens in order to correlate to the experimental results on the vinyl esters. The geometries 
and boundary conditions were similar to the ones in the elastic FEM calculations described in 
section 2.5. The model is non-linear viscoelastic and viscoplastic (coefficients b , 

a
a

1

2
a
a

2

4 and  

are stress dependent) and the version of ANSYS used in the study was not capable of studying 
non-linear behaviour. Therefore, the model was linearised for the different stress levels (see 
paper III). The results from the FEM calculations with the linearised model can therefore only be 
used for qualitative explanations of the trends obtained in experimental tests.  
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3. Results and discussion 

3.1 Behaviour of powder coatings in a clamping force joint 

3.1.1 The effect of coating thickness on the performance in a clamping force joint 
The study of powder coatings during mounting clearly showed the low strength of the polymers 
compared to the steel objects in the clamping force joint. The combination of shearing and 
compression between nut and object induces high stresses on the powder coating during 
mounting, stresses well above the yield strength of the coating. An M14 nut mounted with a 
clamping force of 54 kN will result in an approximate compressive stress of over 400 MPa. The 
coating cannot withstand these stresses and deforms plastically resulting in a highly compressed 
coating under the nut and some piling up of material outside the edges of the nut as shown in to 
Figure 3.1. 
 

 
Figure 3.1. Deformation of coating under nut. 

 
The deformation, however, takes place during the time of the mounting and the continuous 
deformation under the nut after mounting is low. This is shown in Figure 3.2 where the loss of 
clamping force in the set-up is measured during the first 60 seconds after the mounting. The loss 
takes place during the first seconds and then reaches a stable level. Part of the initial loss is due 
to settlement in the joint and can also be measured when testing an uncoated steel ruler. 
Variations in the loss of clamping force directly after mounting and after removal of the 
mounting torque are not caused by variations in filler content. The measured values are within 
the same range and only a slight effect of the coating thickness on the initial loss of clamping 
force can be seen in Figure 3.2.  
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Figure 3.2. Initial loss of clamping force after mounting. 
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All samples showed a relatively consistent friction regardless of the structure of the coating. The 
mean value of coefficient of friction between nut and coating remained at approximately 0.14, 
even though the coating thickness was varied from 80 to 350 µm (Figure 3.3).  
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Figure 3.3. Variation of friction depending on coating thickness. 

 
 
The compressive and shearing stresses on the coatings under the nut were very high and resulted 
in immediate plastic deformation of the coatings. In the tests of the performance of powder 
coatings during use in a clamping force joint the shearing forces during mounting are avoided, 
since the nut is not mounted in contact with the coating but the washer according to Figure 2.4. 
Therefore, the initial stresses on the coating are much lower and instead the performance of the 
coating during use can be measured.  
The results from the compression of coatings in a clamping force joint reveal a clear influence of 
the coating thickness on the properties of the joint (Figure 3.4). Increasing thickness results in an 
increased loss of clamping force, which could be expected since the thicker the coating the more 
material is deformed in the clamped joint. However, the results in Figure 3.4 also indicate a 
reduced thermal stability of the coating when the thickness is increased. There is a shift towards 
lower temperatures at the onset of deformation, which was not expected.  
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Figure 3.4. Loss of clamping force as a function of coating thickness.  

Thickness ranging between 80 and 230 µm. 
 

 
The loss of clamping force at lower temperatures when the coating thickness is increased can be 
correlated to the increase in sensitivity to defects. The β-hydroxyalkylamide curing polyesters 
cure by condensation reactions, forming water as a decomposition product. The water must 
evaporate through the coating and the thicker the coating, the longer is the diffusion path of the 
water molecules. Flow agents and benzoin are usually added to the coating in order to promote 
the evaporation of water. The defects are called pin-holes or small craters and have historically 
been mostly an issue of discussion regarding surface finish and gloss. However, the defects do 
not only occur in the surface but may also occur in the polymer matrix of the coating. A thick 
coating runs a higher risk of forming defects and therefore has a lower cohesive strength (Figure 
3.5). 
 

 
Figure 3.5. Pin-holes due to water formed during the curing of polyester powder coating. 

 

 - 23 -



THERMOSET POLYMERS AND COATINGS SUBJECTED TO HIGH COMPRESSIVE LOADS 

 
The increased voids with increasing coating thickness could also be seen when measuring the 
glass transition temperature of the coating. The Tg was 69 ºC (±0.8ºC) regardless of the coating 
composition and with similar thermal prehistory. However, variations in thermal properties of 
the coatings were observed when measuring Tg during initial heating (without controlling the 
thermal prehistory in the DSC) after storage at ambient temperature in 50% RH during one week. 
The initial heating showed a shift in Tg towards a lower temperature, when the coating thickness 
was increased. The reduction in Tg was 2-4ºC, when the coating thickness was increased from 70 
µm to 200 µm. This may partially explain the reduction in onset of the loss in clamping force 
due to increased coating thickness shown in Figure 3.4 since the physical structure of the coating 
is affected by the coating thickness. The internal stresses in the coating will increase with 
increasing coating thickness [16], and this in combination with the increase in amount of water 
formed during curing will together create a weaker and less dense coating with a higher amount 
of voids. A less dense coating may result in an increased sensitivity to water and increased water 
absorption during storage after curing. Therefore, the decrease in initial Tg with increasing 
coating thickness may most likely be due to increased absorption of water, acting as a plasticiser 
in the polymer matrix.  
However, the decrease in the start temperature of the loss of clamping force shown in Figure 3.4 
is more than the 2-4ºC drop observed in initial Tg and must therefore also be due to changes in 
the mechanical properties and not only to thermal properties. The possibility of changes in 
mechanical properties due to coating thickness was studied with TMA. However, the TMA 
results showed no additional effect on the Tg as compared to the results from thermal properties 
in the DSC. Thus no clear relation to the results in a clamping force joint shown in Figure 3.4 
could be observed. However, the loads applied in TMA tests are several magnitudes lower than 
in a clamping force joint and the changes in performance in the joint are due to viscoelastic or 
viscoplastic behaviour and yield at high stresses and will therefore not occur at the low stresses 
in the TMA.  
 
Another phenomenon which is affected by the increased coating thickness is the stabilisation 
from the substrate, which reduces the mobility of the coating during creep under compressive 
load. The stabilising effect of the substrate is decreasing with increasing coating thickness. The 
results reveal a limit in thickness above which there is a significant reduction of the stability of 
the coating in the clamping force joint. The limiting thickness of the powder coatings used in this 
study was approximately 150 µm, as can be seen in Figure 3.6. Regardless of thickness, the 
coatings showed similar behaviour below this limit, but above 150 µm there was a significant 
drop in stability. This effect could also be observed when the number of coated objects in the 
joint was increased. The clamping force remaining after two hours at 100 ºC in a joint consisting 
of two coated objects is shown in Figure 3.7 as a function of total coating thickness. The objects 
were coated on both sides, and the clamping force of the joint remained stable over a long stretch 
of increasing coating thickness up to 600 µm. However, when the added coating thickness 
exceeded 600 µm, the drop in clamping force was pronounced. Mounting coated objects with a 
total coating thickness of 600 µm is made possible by the fact that the stresses on the coatings 
between the clamped parts is lower compared to the stresses under the washers, since the area of 
the clamped objects is larger than the area under the washers (see the schematic sketch in Figure 
3.7). The loads were uniaxial compression in these tests and the flow of the coating was 
restricted to the filling of voids and flow around the edges of the washers. The coatings were 
subjected to shearing loads at the flow around the edges but were hindered from flow due to the 
adhesion between coating and substrate, and this had a stabilising effect on the set-up.  
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Figure 3.6. Final clamping force as a function of the coating thickness of one layer. Initial 

clamping force 54 kN. 
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Figure 3.7. Final clamping force as a function of the total coating thickness of four layers. Initial 

clamping force 54 kN. 
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3.1.2 Influence of filler content  
The influence of filler content in the powder coating during mounting could not be visualised 
either regarding friction or initial loss of clamping force. This is most likely due to the high 
stresses resulting in deformation of the coatings. The material left between nut and object was 
reduced and any differences in results because of coating composition were overshadowed by the 
effect of the deformation due to the high stresses.  
However, the filler content showed effects on the performance of the coatings in the clamping 
force joint which were not subjected to the high stresses under the nut. First of all the surface 
roughness was increased with increasing filler content, which affected the properties of the 
coatings, when they were subjected to compressive loads. The true stresses on the rough surfaces 
are much higher than the mean stress (60 to 120 MPa) on the object during the build-up of 
compressive load. The stress concentrations on the surface cause plasticisation on the rough 
parts, and the contact area increases as the compressive load increases. The coated samples 
showed some orange peel as in most powder coatings, but the orange peel had only a minute 
influence on the deformation of the coating. The increase in surface roughness with increasing 
filler content was mainly evident in the coatings prepared with Wollastonite fillers.  
The mean surface roughness of the coatings was measured before and after compression in the 
clamping force joint. The Rz value (ISO 4287) of the Wollastonite filled coatings decreased from 
approximately 25µm to 4 µm. This can be compared with the change of the unfilled clear coats 
from 1.8 µm to 1.7 µm due to compression and the change of the barium sulphate filled coatings 
from 3.2 µm to 1.7 µm. The compression of the surface roughness is a continuous process, 
starting directly after mounting and continuing during the ramp-up of the temperature (Figure 
3.8). The plasticisation of the polymer is a viscous process and hence dependent on stress level, 
temperature and also time. The rate of plasticisation increases during the ramp-up of the 
temperature and there is a tendency of shifting the onset of the drop in clamping force to a lower 
temperature and to a higher deformation rate when the surface roughness is increased (Figure 
3.8). DSC measurements on the filled and unfilled coatings showed that the lower temperature 
stability of the coating was not an effect of a change in Tg. Tg was not affected by the filler 
content. The drop in clamping force is due to stress concentrations in the coating and is a 
behaviour similar to that when the coating thickness is increased. However, the difference in 
scale should be noted on the ordinate in Figures 3.4 and 3.8 showing that the loss of clamping 
force due to surface roughness is much less than the loss due to increased coating thickness. The 
increased void content in the thicker coatings may therefore be considered more significant for 
the loss of clamping force than the surface roughness.  
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Figure 3.8. Loss of clamping force as a function of surface roughness due to  

variation of filler. Surface roughness, Rz , ranging between 2 and 25 µm. 
 
 
The negative effect of the filler, in the form of increased plasticisation due to increased 
roughness, is mainly caused by the Wollastonite filler. A further development of the coating 
composition can most likely reduce the roughness and improve the properties of the coating.  
The positive effect of the filler in the clamping force joint is visualised in Figure 3.9. The 
coatings filled with the round-shaped barium sulphate filler were compared with the unfilled 
analogue, the latter showing a much higher creep and relaxation compared to the filled coatings. 
The filler has obviously a reinforcing effect, when the coating is subjected to compressive loads 
at elevated temperatures. Coatings with filler reach a plateau at elevated temperature, where 
there is no further loss of clamping force and hence no further deformation of the coating. There 
are various possible explanations for the phenomena. For example, the increased amount of 
voids in the clear coat is due to the higher amount of curing agent per µm coating thickness, the 
fillers form a “heap of gravel”, or the stabilisation is brought about by the interactions between 
filler and resin. The behaviour of coatings under compression is most likely a combination of the 
explanations mentioned, showing that coatings should be visualised as thin composites 
reinforced by the inorganic fillers and pigments. The fillers reinforce the polymer matrix and the 
flow of material is restricted by the fillers as well as by the adhesion between coating and 
substrate. 
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Figure 3.9. The effect of varied PVC in coatings on the loss of clamping force  

during a long time at elevated temperature (Tg + 30ºC) 
 
 
The results from the clamping force joint test in Figure 3.9 show that the fillers have a 
reinforcing effect at elevated temperatures, and this effect could be verified in tensile tests using 
a TA-Instrument Q800. The tensile modulus was increased with increasing PVC (Figure 3.10) 
and the reinforcement from the fillers was evident, also when the temperature was increased 
towards the Tg of the coating (Table 3.1).  
 
 

Table 3.1. Young’s modulus of unfilled and filled coatings.  
(Coating thickness 70-85 µm of all samples) 

 

Coating Young´s modulus at 
25 ºC [GPa] 

Young´s modulus at 
50 ºC [GPa] 

Young´s modulus at 
70 ºC [GPa] 

0 % 1.9 ±0.2 1.6 ±0.1 0.5 ±0.2 

25 % Barite 4.0 ±0.2 2.7 ±0.3 0.7 ±0.1 

25 % Wollastonite 3.3 ±0.2 2.5 ±0.1 1.2 ±0.2 

 
 
The increased surface roughness with increasing coating thickness affected the tensile tests. The 
stresses in the coating are estimated by dividing the load by the measured area of the cross-
section of the sample. However, the value given in measuring the coating thickness with 
magnetic induction or with a micrometer device is the maximum thickness, which is not the 
geometrically interesting value for the tensile tests. The decrease in cross-section area due to 
roughness could not be measured, and the local stresses were thus higher than calculated. The 
coating filled with 25 vol.-% Wollastonite had a rougher surface than the Barite-filled coating, 
and the tensile modulus of the former may therefore be higher than shown in Table 3.1. The 
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needle-shaped Wollastonite has a higher reinforcing effect compared to the round/square-shaped 
Barite at 70 ºC, which may be due to the higher aspect ratio of the Wollastonite. This effect is 
most likely more evident in tensile tests. It could not be seen in the clamping force tests where 
the load was compressive. 
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Figure 3.10. Stress-strain curves of powder coatings at 70 ºC as a function of filler content 

(PVC, Wollastonite = 5, 15 and 25 %). Coating thickness 75-85 µm of all samples. 
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3.2 Fundamental study of thermoset under high compressive loads  
The study of the coatings shows that the performance of the material varies with thickness, filler 
content, amount of voids, surrounding material and load. The next question is to what extent the 
geometry and load affect the apparent properties in relation to the intrinsic properties of the 
thermoset. In order to study the effect of variation in geometry, another type of material than the 
polyester powder coatings had to be used, as discussed in section 2.1.2. The vinyl ester was used 
to study the intrinsic properties and how the apparent properties changed with changing 
geometry and load conditions.  

3.2.1 Intrinsic Young’s modulus in tension and compression. 
In order to establish a value for the intrinsic elastic modulus of the vinyl ester, conventional 
tensile tests were performed on large dog-bone shaped specimens. These values were then 
compared with compression tests on thick circular cylindrical samples. The results from the 
measurements of the elastic modulus in tension and in compression of large samples (25 mm 
thick and 12 mm in diameter) are shown in Table 3.2. The increase in stress rate from 0.78 to 5 
MPa/s in the compression test only resulted in a 2.3% increase in measured modulus, indicating 
that viscoelastic effects are small at those loading rates. An approximate value of 3.7 GPa of the 
vinyl ester was specified as the true elastic modulus within this study and was used when 
comparing the results from the tests with other geometries in compressive tests and in the FEM 
calculations done in collaboration with Luleå University of Technology. 
 

Table 3.2. Results from measurement of elastic modulus in compression and tension. 
 

Loading Stress rate [MPa/s] Modulus [GPa] 

Tension 0.78 3.78 ±0.04 

Compression 0.78 3.68 ±0.03 

Compression 5.0 3.77 ±0.02 

 

3.2.2 Cyclic compression 
The low viscoelastic effects of the material seen in the compression tests of the intrinsic 
properties could also be seen when the thickness-to-width ratio was reduced. The vinyl esters 
were studied with the cyclic loads at different frequencies, and only very small variations in 
modulus, defined as the slope of the stress-strain curves, could be observed, indicating a low 
sensitivity to variations in deformation rate, at least within the range of 2 to 200 MPa/s (0.1 to 10 
Hz at +/-10 MPa). 
  
There is a change in the apparent modulus due to the geometry of the compressed sample, as 
appears from the results in Table 3.3. All samples were compressed using the circular flat punch 
with a diameter of 16 mm. The round samples were 16 mm in diameter and therefore had no 
material surrounding the compressed part, while the square samples had material surrounding the 
compressed material. The nonlinear edge effects due to plasticisation from the surrounding 
material at the indentation are minute, since the indentation depth is very small compared to the 
diameter of the indentor. The elastic effects may, however, be bigger since they are related to the 
thickness of the sample and the radius of the indentor. (The edge effects are of interest when the 
area of indentation is smaller than the area of the sample, and hence only the square-shaped 
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samples are of interest regarding edge effects. For the tests performed in this study the largest 
indentation was applied in the 5 mm thick square-shaped samples and measured at less than 0.22 
mm. Since the diameter of the indentor was 16 mm, the diameter–to-depth ratio was over 70, 
indicating that the nonlinear edge effects due plasticisation at stress concentrations must have 
had a minute effect on the results [34].) 
 

 
Table 3.3. Apparent modulus from compression measurements. Indentor Ø16 mm in all cases.  

 

 Sample geometry 

Compressive load 5 mm, 40x40 mm 5 mm round 2 mm, 40x40 mm 2 mm round

Continuous from 0-150 MPa 5.4 GPa 3.7 GPa* 5.6 GPa 4.9 GPa 

Sinus 70 ±10 MPa 6.8 GPa 5.1 GPa 6.9 GPa 6.0 GPa 

Sinus 120 ±10 MPa 7.1 GPa 5.3 GPa 7.3 GPa 6.1 GPa 

*Sample yielded at 140-148 MPa. 
 
The apparent modulus increases when the amount of material surrounding the compressed part is 
increased. Decreasing the thickness of the sample has no effect on the 40x40 mm samples but the 
apparent modulus of the round samples increases. This stabilising factor may be due to different 
effects:  

- Elastic/viscoelastic material hinders the expansion of the compressed material in radial 
direction due to Poisson´s ratio.  

- The friction between the compression plate and the sample. 
- Axial interactions with the material surrounding the compressed part 
 

     
Figure 3.11. Deformation of material under compressive load on a thin sample with (left) or 
without surrounding material.  
 
Due to compression in y-direction and Poisson´s ratio the material will try to deform in radial 
direction causing barrelling of the sample if friction is restricting this deformation (Figure 3.11, 
right). In the presence of surrounding material (square samples) the apparent modulus increases 
since the compressed material is constrained in radial direction (Figure 3.11, left).  
 
The apparent modulus will increase because the effect of friction restricts the deformation in 
radial direction. An increasing friction coefficient allows larger tangential tractions on the 
contact surface before the sliding starts, and the conditions at the contact surface are rather 
similar to the “clamped boundary” conditions. It means that the apparent modulus will always be 
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higher than in the case of non-friction and can reach the value of the “clamped” case when the 
friction coefficient is infinite. This effect depends on the specimen geometry: Frictional tractions 
are transferred through the contact surface whereas the resulting radial stresses depend on the 
sample thickness in y-direction. With decreasing sample thickness but keeping the same cross-
sectional area the radial constraint due to frictional stresses are larger. As a result the apparent 
modulus increases with decreasing specimen thickness, which is confirmed by the results in 
Table 3.3 for round specimens. The effect for square samples is marginal, which means that the 
main factor affecting the apparent modulus of these samples is the material outside the 
compressive area increasing the radial constraint and not the friction. This hypothesis is 
confirmed by the fact the apparent modulus of square samples is always higher compared to the 
round samples. 
The friction effect can also be dependent on the compressive stress level. The higher the stress 
(Fnormal), the higher tangential tractions can be sustained before sliding starts. (Ffriction = µ*Fnormal). 
In cyclic compressive tests the stress was first increased to the mean value, and then the sinus 
type of cyclic loading started. During the load application step a limited sliding may be possible 
at the surface, but when reaching the mean value a “clamped” state is reached. During the 
cycling step the stress is varied around this position and the sliding may be small or even zero (if 
the mean stress is high). This trend would expose itself in a slightly increasing apparent modulus 
with an increasing mean load level. If frictional sliding does not take place, and since (as known 
from previous discussion) the time is too short to develop viscoelastic effects, there are no other 
reasons for formation of hysteresis loops in cyclic loading. In fact, the apparent modulus at high 
stress was slightly higher, see Table 3.3, and all samples showed linear response and no 
hysteresis effect during the cyclic loadings (Figure 3.12).  
By reducing the friction and allowing for sliding the apparent modulus should decrease if the 
samples surfaces were lubricated. Tests with lubricated samples showed that the modulus was 
lower and there were also indications of hysteresis effects in the cyclic loading tests due to the 
friction between sample and equipment (Figure 3.13).   
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Figure 3.12. Cyclic loading on thin samples showing linear response and no hysteresis effects. 
All measurements at ±10 MPa and 1 Hz. A. 70 MPa, on a square-shaped sample 4.88 mm thick. 
B. 120 MPa on a square-shaped sample, 4.88 mm thick. C. 70 MPa, on a circular cylinder 4.88 
mm thick. D. 120 MPa on a circular cylinder, 4.87 mm thick. 
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Figure 3.13. Stress-strain at 70 MPa ±10 MPa, 1 Hz.  

2 mm thick round samples, lubricated and non-lubricated. 
 
When comparing the results from the cyclic tests at static mean load levels with the tests using 
continuous loading/unloading between 0 and 150 MPa there is a significant difference in 
apparent modulus (Table 3.3). The modulus of the loading/unloading samples is lower than the 
modulus of cyclic loads, measured at similar stress levels. This may be explained by the effect of 
friction. During compressive loading, the sample is initially unloaded, and the friction between 
the sample and the indentor is small. When the compressive load is increased, the sample will 
deform in a “stick-slip” manner, giving the sample a possibility of deforming continuously 
during the loading. In the cyclic tests, however, the sample is instead clamped in at high stress 
between the compression plates of the equipment before starting the cyclic load. The sample thus 
starts from a static state in the cyclic loads instead of a continuous gliding mode as in the 
loading/unloading tests. The stabilisation from friction is therefore smaller in loading/unloading 
than when measured in cyclic loads. This effect could also be simulated in FEM calculations of 
the different geometries with various friction and boundary conditions. An elastic model was 
used in the FEM calculations since the experimental results showed a negligible viscous 
contribution to the results in the loads and stress-rates used in the study. The values for intrinsic 
modulus and Poisson’s ratio were taken from the experimental results, E = 3.70 GPa and ν = 
0.38, respectively and the strain in each simulation was set at 1%. The FEM calculations of 
circular cylindrical samples showed a similar trend as the experiments regarding the changes in 
apparent modulus due to reduction in thickness-to-width ratio (Table 3.4). The discussions and 
hypothesis regarding the effect of friction could also be verified with the FEM calculations.  
As previously mentioned, the effects from reduction in thickness-to-width ratio on the samples 
with material surrounding the compressed area were less pronounced compared to the circular 
samples. This was also shown in the FEM calculations summarised in Table 3.5. The 
compressed material is stabilised by the surrounding material and the decrease in sample 
thickness does not affect the calculated modulus to a great extent. In the case of free sliding 
surfaces, the modulus even decrease due to folding of the sample at the edge of the compression 
plate (Figure 3.14).   
The results in A (circular cylinders) and B (material surrounding the compressed area) can be 
compared to the results from geometry C, where the compressed cylinder is restricted by 
surrounding material but the parts are not interacting in the vertical direction (Table 3.6). The 
effect of deformation at the edges of the loading area can be seen by comparing geometry B and 
C. The results show that the thinner the sample the less effect from the stresses at the edges. The 
material surrounding the loading area in case B is causing an additional reaction force in the 
axial direction. This effect can be denoted the axial constraint. The axial constraint is dependent 
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on the thickness of the sample. The thicker the sample, the bigger is the effect from axial 
constraint on the value of the apparent modulus. The effect is much lower in the thin samples 
where the radial constraints due to Poisson´s ratio are more significant. 
 
 
Table 3.4. FEM calculations of E* (GPa) for circular cylindrical samples of various heights 
(mm) in the case of friction coefficient µ = 0.1 and 0.4 and in the case of clamped sample. 
 

Height [mm] 25 5 2 0.4 0.1 0.05 

µ = 0.1 3.76 4.03 4.62 6.36 6.81 6.88 

µ = 0.4 3.90 5.01 6.04 6.73 6.87 6.88 

Clamped 3.91 5.05 6.07 6.75 6.88 6.90 

 
 
Table 3.5. FEM calculations of E* (GPa) for samples with material surrounding the compressed 
area. Variations in heights (mm) and three boundary conditions: free sliding, friction coefficient 
of 0.4 and clamped sample.  
 

Height [mm] 5 2 0.4 0.1 0.05 

Free sliding 5.12 4.55 4.24 4.15 4.11 

µ=0.4 6.14 6.15 6.66   

Clamped 7.07 6.95 6.94 6.93 6.93 

 
 
 Loading cylinder 

 
            Uy  

Edge of loading cylinder 

Friction free surface 

 
Figure 3.14. The 2 mm thick plate under compression in when the friction coefficient is set to zero. 
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Table 3.6. FEM calculations of E* (GPa) for samples with material surrounding, but not 
attached to, the compressed area. The compressed area is clamped, but the boundary conditions 
of the surrounding material is either clamped to the substrate (C1) or with a friction coefficient 
of 0 (C2). 
 

Height [mm] 5 2 0.4 

µ = 0 5.32 6.14 6.75 

Clamped 5.67 6.36 6.81 

 
 
Table 3.7. Effect of Poisson´s ratio. FEM calculations of E* (GPa) for samples with material 
surrounding, but not attached to, the compressed area. Compressed upper surface (r<rl) and the 
whole bottom surface (0<r<20) is clamped (C1). Poisson´s ratio ν=0.35, 0.38 and 0.40. 
 

 

 

Height [mm] 5 2 0.4 

Clamped, ν=0.38 5.67 6.36 6.81 

Clamped, ν=0.35 5.17 5.60 5.87 

Clamped, ν=0.40 6.11 7.09 7.75 

 
Simulations on the geometries were also performed with variations in Poisson´s ratio, (ν=0.35, 
0.38 and 0.40, respectively). A clear influence on the behaviour under compression could be seen 
and the increase in stiffness with decreased thickness-to-width ratio was more pronounced when 
increasing Poisson´s ratio, Table 3.7. The stiffening effect from Poisson´s ratio may be more 
pronounced than first expected especially when studying the thin specimens where the radial 
constraints are significant. In the compressive tests, the strain is measured as the displacement of 
the compressed surface in y-direction divided by the initial thickness of the specimen and the 
stress is measured as the compressive load divided by the initial area of the load application zone 
(diameter 16 mm in the thin samples). The stiffness or apparent modulus in the test is therefore 
regarded as if the strain is uniform and uniaxial. This is not the case with the thin samples due to 
the barrelling shown in Figure 3.11.  
In tests with thin specimens with low thickness-to-width ratio, the displacements in the radial 
direction are not free due to friction on the top and bottom surfaces. If the friction coefficient is 
large the sliding displacement can be zero, which corresponds to clamped boundary conditions. 
Friction forces between the specimen and the loading surface makes the other stress components 
( and σϕσ r ), too large to be neglected. The stress state is not macroscopically uniaxial as 
required in definition of elastic modulus. This is one reason why the measured value is higher 
than the material modulus. To estimate the significance of the constraint to displacement in the 
radial direction on the elastic modulus defined above, the relationship between stress component 

 and the strain σ y ε y  can be considered in an extreme case when the motion of the material in r -
and ϕ-direction is not allowed (εr = εϕ = 0). The Hooke’s law for an isotropic linear elastic 
material, 
 

 - 35 -



THERMOSET POLYMERS AND COATINGS SUBJECTED TO HIGH COMPRESSIVE LOADS 

( )⎥⎦
⎤

⎢⎣
⎡ ++

−
+

+
= ϕεεε

υ
υε

υ
σ ryyy

E
211

. (3.1) 

 
under the above strain conditions gives 

2
*
max 21

1
υυ

υ
−−
−

= EE

*
max

.  (3.2) 

 
Subscript “max” indicates that the obtained value corresponds to the maximum constrain to the 
displacement in radial direction. 
Analyzing eqn (3.2) it becomes clear that relatively small changes of Poisson’s ratio will affect 
the apparent modulus substantially. From the E /E plot as a function of Poisson’s ratio in 
Figure 3.15 we see that at large values of ν  the apparent modulus E is significantly larger 
than the true modulus. The effect of Poisson´s ratio in combination of the radial constraint of a 
thin sample subjected to compressive loads is therefore very interesting and should be studied 
further.   
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Figure 3.15. Effect on Poisson´s ratio on the apparent modulus when a material is constraint in 
all directions but the direction of the compressive load. 
 
 

3.2.3 Creep behaviour 
The creep behaviour was studied under both tensile and compressive load. 
The results from the tensile creep tests are shown in Figure 3.16. No permanent strains were 
registered after the recovery period, which means that the material behaviour is viscoelastic up to 
the maximum stress of 40 MPa used in the tensile creep test. An attempt to increase the load to 
50 MPa was unsuccessful. The specimens failed to respond due to fracture at tabs glued to their 
ends. The compressive creep behaviour of the vinyl ester was studied in stresses up to 120 MPa 
and there were no permanent deformations after recovery even after compressive creep tests with 
stresses up to 90 MPa using the 25 mm thick circular cylindrical samples, Figure 3.17. 
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Figure 3.16. Strain versus time in tensile creep tests at 30 and 40 MPa. 
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Figure 3.17. Compression creep test of thick circular cylindrical samples (25mm thick, Ø12 mm) 
 
 
The geometry of the samples was found to have a great influence. This was especially evident 
for the thicker samples (25 and 5 mm thick) at high stresses. Due to the geometry of the thickest 
cylindrical samples (25 mm thick, 12 mm in diameter), the creep behaviour could not be exactly 
measured at the highest stress level (Figure 3.17). Compressive creep tests at 95 MPa and higher 
led to strains exceeding 5% on the thick cylindrical samples, which was the upper limit reliably 
measured by the strain gauges. The numerical results from these tests were therefore considered 
not validated and only used as guidelines for the material behaviour. Tests at 100 MPa led to 
permanent deformation of the specimens into a barrel shape, and stresses of 120 MPa led to 
fracture in less than one minute after the maximum load had been applied. The 5 mm thick 
circular cylindrical samples began to creep rapidly and fractured during the creep test at 120 
MPa, while the 5 mm thick square-shaped samples (40x40 mm) had a linear creep response and 
showed a minute irreversible deformation after strain recovery (Figure 3.18). The thin, square-
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shaped samples with material surrounding the loading area showed a much lower strain rate in 
creep compared to the other geometries and also exhibited less stress-dependence. The creep 
strain rate of all samples during 1 hour of creep test is summarised in Figure 3.19. 
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Figure 3.18. Compressive creep test at 120 MPa on a 4.8 mm thick  

circular cylinder and a 4.9 mm thick square 40x40 mm. 
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Figure 3.19. Mean strain rate at constant stress during 1 hour. 

 
  
The trends shown in Figure 3.19 regarding creep behaviour of the thin specimens were verified 
in simulated in FEM calculations using the linearised version of eqn 2.1. The developed model 
was nonlinear viscoelastic and viscoplastic but the experimental results showed the absence of 
plastic deformations at stress levels below 90 MPa for the thin samples. The plastic deformations 
could therefore be neglected reducing the time for the simulations. The absence of plastic 
deformation at stresses below 90 MPa on the thin samples was also verified by measuring the 
surface before and after the compressive creep tests. The level between the compressed and 
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uncompressed parts of the square-shaped samples showed that there were no remaining 
deformations (Figure 3.20).  
The strain rate at 60 MPa and 80 MPa was studied on the clamped versions of geometries A and 
B described in section 2.5. The results in Table 3.8 show how the strain rate was reduced when 
the thickness-to-width ratio was reduced. The agreement between calculated values and 
experimental values of the strain rate at 60 MPa were good. The experimental values always 
showed a lower strain rate compared to the calculated values and this was pronounced for the 80 
MPa stress level. This may be due to the linear model in ANSYS not considering the different 
material properties at different local stress levels. However, the trends shown in the experimental 
tests could be simulated and the material model can be used to predict the behaviour of a 
viscoelastic material subjected to compressive loads.           
 

 

 
Figure 3.20. Surface measurement on square-shaped samples before (above) and after 
compression. Note the different scaling on the y-axis, however, showing that the surface 
roughness both before and after compression is very small. 
 
 
Table 3.8 Values of normalised creep strain rates for specimen configurations and stress levels 
used in FEM calculations and experimental tests. 
 

60 MPa 80 MPa 
Test geometry Height [mm] 

Calculated Experimental Calculated Experimental 

Circular, clamped 5 1 1 1 1 

Circular, clamped 2 0.68 0.57 0.84 0.43 

Square 40x40, clamped 5 0.58 0.51 0.72 0.45 

Square 40x40, clamped 2 0.61 0.57 0.73 0.46 
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4. Conclusions 
 
Coating thickness is the most important factor that has to be controlled when using 
powder-coated steel parts in clamping force joints. Carboxyl-functional polyester powder 
coatings cured with β-hydroxyalkylamide form water during curing. Too thick coatings hinder 
the evaporation of this water, and voids and gas bubbles are formed in the coating film. The 
voids and bubbles induce stress concentrations in the film. The voids also increase the diffusivity 
of water in the coating, and absorbed water will act as a plasticizer lowering the Tg of the 
coating. The lowering of Tg in combination with stress concentrations at the voids reduces the 
temperature for onset of deformation of the coating. Too thick coatings will therefore not only 
result in the deformation of too much material but will also increase the rate of the deformation 
and shift the onset of deformation to lower temperatures. 
 
Fillers have a reinforcing effect on coatings subjected to compressive loads. The creep and 
flow of the thermoset polymer matrix is restricted due to the interaction with the inorganic filler. 
The restriction of flow is especially evident at temperatures above the glass transition of the 
coating where an unfilled clear coat deforms continuously under compressive loads, whereas a 
filled coating reaches a stable plateau at which it does not deform further.  
 
When the thickness-to-width ratio is reduced, the substrate and surrounding material give 
a significant contribution to the mechanical performance of a thermoset polymer 
compressed with high loads. In considering thin specimens the investigated structures consist 
of the thermoset and the testing equipment. The effect can be seen even up to a thickness of 5 
mm. Furthermore, the presence of the thermoset at the borders of the compressed area is of 
crucial importance for the compressive strength.  
 
The friction between sample and compressive plates is of great importance, and when the 
thickness-to-width ratio of the sample is lowered, the effect of friction is even more 
pronounced. The observed time-dependent behaviour of the thin vinyl ester samples is more 
governed by friction than by viscoelasticity. The apparent modulus of the material is much 
higher in the cyclic loads with pre-stressed samples compared to the modulus received in 
monotonously increasing loading tests. One explanation to this is the fact that in the first case the 
friction stabilises the sample in the pre-clamped state and the frictional sliding of the sample on 
the surface of the compression equipment is reduced. The material shows very little hysteresis 
indicating that the sample is in a more or less clamped state. In the monotonous loading tests the 
loading starts from an unloaded state, the sample is continuously deformed and the sliding during 
this process affects the slope of the stress-strain curve used to determine the apparent modulus. 
 
The effect of increased stiffness when the thickness-to-width ration is decreasing can be 
summarised by two mechanisms: The radial and axial constraint. The radial constraint is 
restricting displacements in radial direction and is mainly caused by frictional forces. There will 
be additional radial reaction forces if there is material surrounding the loading zone, which will 
lead to further increase of the apparent stiffness. In the set-up with material surrounding the 
loading zone, the axial constraint is also present. Since the material under the loaded surface is 
bonded with the rest of the material a certain amount of force has to be applied to overpower the 
resistance of the material in the transition region and to deform it in axial direction. The radial 
constraint depends on Poisson´s ratio and increases with reduced specimen thickness in contrast 
to axial constrain that decreases with thickness and is less dependent on Poisson´s ratio.  
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