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Summary

This study aims to relate the intrinsic mechanical response of particle-filled polymer

glasses to their response in sliding friction. A previous study showed that the frictional

properties of unfilled polycarbonate are quantitatively captured by finite element simu-

lations when using a proper constitutive model, i.e. a model that captures the polymers

intrinsic mechanical response quantitatively, and a rate-independent friction (stick-slip)

model. Single-asperity scratch tests were successfully modeled over a range of scratch

velocities and for different indenter-tip geometries.

In this thesis we extend these pioneering results to the class of practically more relevant

and interesting particle-filled (thermoplastic and thermoset) polymer systems. To that

end, hard- and soft-particle filled polycarbonate and epoxy systems are investigated.

Starting with polycarbonate (that is over the years fully characterized) as matrix ma-

terial, hard inorganic (TiO2) and soft rubber (MBS) filled model systems are designed

and produced. Their intrinsic response is measured in lubricated uniaxial compression

tests. To reveal local events at the interparticle level, three-dimensional representative

volume elements (3D-RVEs) are constructed to model the complex microstructure of

these systems. Finite element simulations of these 3D-RVEs show that the intrinsic re-

sponse is captured well but, moreover, they provide insight in the critical local events

that lead to global failure. The simulations provide the (homogenized) material param-

eters that macroscopically describe these particle-filled systems, and that are used in the

simulations of their scratch response in sliding friction tests. It is confirmed that by com-

bining a proper constitutive frameworkwith themost simple, rate-independent, friction

model, all experiments are appropriately described quantitatively by the numerical sim-

ulations. Furthermore, the onset of failure during scratching becomes accessible. The

local (homogenized) strains resulting from the scratch simulations can be translated to

simulations on the RVE-level that reveal the extent of critical events at the interparticle

level.
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x Summary

After the successful modeling of filled thermoplastic systems, the focus is next on ther-

mosets. Epoxy-based composites are investigated, designed and produced, since this

matrix is more relevant for coating applications. The intrinsic mechanical response of

thematrix material, a standard epoxy, is characterized and thematerial parameters used

in the constitutive model are determined. The model systems filled with either soft

polysiloxane rubber particles or hard TiO2 particles are created and tested. It is shown

that the complete methodology as derived and described for polycarbonate is also valid

for these thermoset systems.

The thesis ends with an onset of designing smart materials, inspired by our findings

from the simulations on the microstructures and the scratch tests.



CHAPTER 1

Introduction

Tribology, the science of adhesion, friction, lubrication, and wear of surfaces in relative

motion, remains as important today as it was in ancient times. It plays a role in the

fields of physics, chemistry, geology, biology, and engineering [1]. The complexity of

even the simplest tribological process originates from mechanisms acting at different

length- and time-scales. Friction is closely related to both adhesion and wear. To deter-

mine what happens at the macroscopic level, understanding of highly non-equilibrium

processes occurring at the molecular level is required. Both surfaces can be hard or

soft, elastic, plastic or viscoelastic, smooth or rough, and of very different chemistries.

Many asperities on both surfaces are constantly coming into (and out) of contact within

milliseconds, causing fluctuations in local pressures in the Pa–GPa range. The introduc-

tion of the atomic force microscope (AFM) has enabled quantitative (nanometer scale)

single-asperity friction experiments, opening opportunities to investigate these tribo-

logical processes at the molecular level [2]. Parallel to the development of sophisticated

measurement tools, theoretical approaches such as molecular dynamics (MD) simula-

tions emerged. Atomistic MD simulations have provided valuable understanding of

processes at the smallest time- and length-scale, but there also lies its main weakness:

simulations are currently limited to timescales of tens of nanoseconds and lengthscales

of nanometers. For polymers this poses even more problems due to their molecular ar-

chitecture and long relaxation times. Applying these techniques as an engineering tool

for real-life applications, such as for designing and testing scratch and wear resistant

coatings, is therefore impractical.

Historically, simple empirical laws have been used to describe tribological processes at

the macroscopic level. This dates back to Leonardo Da Vinci (1452–1519) who stated

1



2 Introduction

two laws of friction: (1) the areas in contact have no effect on friction and (2) the force

to overcome friction is doubled if the load of an object is doubled. These two laws were

rediscovered three centuries later by Guillaume Amontons, and subsequently refined

by Charles-Augustin de Coulomb, leading to what we now know as the Amontons-

Coulomb law of (dry) friction:

µa =
Ff

Fn

, (1.1)

with the apparent friction coefficient µa that gives the proportionality between the fric-

tion force Ff and Fn, the normal load applied. Statement (1) is counterintuitive at first

sight since most of us would assume that friction does depend on the cross-sectional

area. In fact, this statement was first contradicted by the work of Bowden et al. [3] on

metal-metal interfaces, but later explained by the concept of the true area of contact as

proposed by Archard [4]. This view introduced the notion of multi-asperity contact,

where the real area results from a summation of all small, up to atomic-scale, contact

sites. Greenwood and Wu [5] showed that the result of this summation is close to that

of a smooth asperity with the same general shape.

This definition helps when a (micrometer scale) single-asperity scratch set-up is con-

sidered: the topological properties of the rigid diamond indenter surface and the de-

formable polymer surface follow from their surface profiles. Therefore, the indenter is

considered a rigid smooth cone with a specified top radius (of micrometer scale) and

the polymer as a flat surface. The single-asperity sliding friction test, often referred

to as ‘scratch test’, allows studying a wide range of surface mechanical properties in a

controlled manner, including the characterization of coatings and modeling of defor-

mation and wear when subjected to hard asperity contact [6–10]. In these cases de-

formations are typically surpassing the elastic regime, resulting in ductile ploughing

and ultimately in wear [11]. Generally, the frictional response is decomposed into two

components: adhesion, which in fact originates from the nanometer-scale processes dis-

cussed before, and (large scale) deformation. This implies that the real contact area, in

this case between indenter and polymer surface, is important for a proper description

of the (macroscopic) scratch response. For ideal elastic or ideal plastic deformation this

area is easily determined, but for polymers, characterized by their visco-elastic nature,

this is not as straightforward. However, with the rise of Finite Element Methods (FEM)

new possibilities opened to study nonlinear contact problems. In a previous study,

Van Breemen et al. [12], this route was explored using a hybrid experimental–numerical

approach to analyze the scratch response of polycarbonate, a well characterized (ther-

moplastic) model polymer. The simple (rate-independent) Amontons-Coulomb law of

friction in combination with a constitutive model that quantitatively captures the poly-
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mers’ intrinsic mechanical response, proved to be capable of capturing the scratch re-

sponse for different sliding velocities applied, and for different indenter-tips, with a

single set of material parameters and one unique friction coefficient. The approach re-

vealed the subtle interplay between the adhesive contribution, that dictates the forma-

tion and size of the bow wave in front of the indenter, and the rate dependent mechan-

ical behavior of the polymer substrate.

In practice, and especially in tribological applications, most polymers are filled, since

mixing combinations of existing polymers and reinforcements is usually a more cost-

efficient route than developing new polymers [13, 14]. Other reasons are to change the

appearance through colorants, e.g. in (decorative) coatings, or as a cost reduction in

the form of cheap fillers that replace a more expensive matrix material. Therefore, the

work on unfilled PC is extended to particle-filled systems. The effect of filler particles,

either soft or hard, on the intrinsic stress-strain response is first explored by prepar-

ing well-defined model systems. In parallel, three-dimensional Representative Volume

Elements (3D-RVEs) are created as simplified representations of the filled-polymers’ mi-

crostructure. These 3D-RVEs have a twofold purpose, they provide insight into the local

(inter-particle) deformations leading to microscopic, and ultimately, macroscopic wear,

and they provide material parameters necessary for the scratch simulations. An im-

portant class of materials in contact mechanics are coatings. Therefore, thermosetting

polymers such as epoxies, polyesthers and polyurethanes have much more relevance

here. Epoxy-based composites are prepared and investigated, following the same strat-

egy as used for the PC-based model systems. First the pure epoxy is investigated, next

filled systems are prepared and the parameters used in the homogenized constitutive

equations are determined via compression tests and simulations on 3D-RVEs; finally

scratch tests are performed at different speeds, and compared to numerical predictions.

The thesis ends with an onset of designing smart materials, inspired by our findings

from the simulations on the microstructures and the scratch tests.
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CHAPTER 2

Global and local large-deformation

response of sub-micron, soft- and

hard-particle filled polycarbonate

Abstract

Since polymers play an increasingly important role in both structural and tribological

applications, understanding their intrinsic mechanical response is key. Therefore in the

last decades much effort has been devoted into the development of constitutive mod-

els that capture the polymers’ intrinsic mechanical response quantitatively. An exam-

ple is the Eindhoven Glassy Polymer model. In practice most polymers are filled, e.g.

with hard particles or fibers, with colorants, or with soft particles that serve as impact

modifiers. To characterize the influence of type and amount of filler particles on the

intrinsic mechanical response, we designed model systems of polycarbonate with dif-

ferent volume fractions of small, order 100 nm sized, either hard or soft particles, and

tested them in lubricated uniaxial compression experiments. To reveal the local effects

on interparticle level, three-dimensional representative volume elements (RVEs) were

constructed. The matrix material is modeled with the EGP model and the fillers with

their individual mechanical properties. It is first shown that (only) 32 particles are suf-

ficient to capture the statistical variations in these systems. Comparing the simulated

response of the RVEs with the experiments demonstrates that in the small strain regime

Reproduced from: S. Krop, H.E.H. Meijer, and L.C.A. van Breemen. ”Global and local large-

deformation response of sub-micron, soft- and hard-particle filled polycarbonate,” Journal of theMechanics

and Physics of Solids 87, 51–64 (2016).

5



6 Global and local large-deformation response of particle filled PC

the stress is under-predicted since the polymer matrix is modeled by using only one

single relaxation time. The yield- and the large strain response is captured well for the

soft-particle filled systems while, for the hard-particles at increased filler loadings, the

predictions are less accurate. This is likely caused by polymer-filler interactions that re-

sult in accelerated physical aging of the polymer matrix close to the surfaces. Modifying

the Sa-parameter, that captures the thermodynamic state of the polymer matrix, allows

to correctly predict the macroscopic response after yield. The simulations reveal that

all rate-dependencies of the different filled systems originate from that of the polymer

matrix. Finally, an onset is presented to predict local and global failure based on critical

events on the microlevel, that are likely to cause the over-prediction in the large-strain

response of the hard-particle filled systems.
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2.1 Introduction

Predicting the intrinsic mechanical response of polymers is one of the major challenges

of material scientists. Constitutive models that quantitatively capture this intrinsic re-

sponse are an essential part of the engineering tools and used in finite element methods

(FEM) to help designing their structural applications. In practice most engineering poly-

mer materials are composites since mixing combinations of existing polymers and rein-

forcements is usually a more cost-efficient route than developing new polymers based

on new chemistry [13, 14]. In composites the macroscopic response originates from

the individual intrinsic responses of the constituents, their volume fractions, the spatial

distribution, and the interfacial interactions [15]. Historically, in the absence of numer-

ical techniques, this issue was addressed using approximations based on mean-field

homogenization schemes [16–22]. With the introduction of computers more complex

methods could be implemented, but originally still for simplified situations, such as re-

strictions to two-phase systems, simple elasto-plastic materials, moderate macroscopic

strains, low filler fractions, and periodic distributions. Usually analyses were restricted

to two-dimensional problems only, due to large computational costs [23–27].

One of the first attempts to overcome these restrictions was by the group of Llorca [28–

31], who used unit cells containing several dozens of particles. They showed with FEM

simulations that the mechanical response over different particle realizations presented

little scatter provided that indeed a sufficient number of particles was present. Still,

these systems consisted of simple elastic and elasto-plastic systems. With Pierard et al.

[32] a first attempt was made to model an elasto-viscoplastic (Perzyna model) system.

The moduli of the two constituents differed less than an order of magnitude, and only

the small strain regime was considered. Numerical results were only compared to other

homogenization techniques only, not to actual experimental results. Of particular in-

terest in recent years is the class of so-called nanocomposites where high surface-to-

volume ratio’s make interfacial effects become more important. Often a third phase

surrounding the nano-particles is introduced, the interphase, using one- or two-step

modeling strategies. With the former strategy interphases are directly incorporated in

the representative volume element (RVE), with the latter an ‘effective particle’ is intro-

duced, homogenizing particle and interphase [33–36]. Also in these examples only the

small-strain elastic regime was considered.

In this chapter wewill try to improve on these points by capturing the actual mechanical

response starting with the intrinsic mechanical behavior of the polymer matrix. Upon
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homogeneous deformation, glassy polymers initially show a viscoelastic region which

becomes progressively nonlinear with increased loading. At the yield point (the first

maximum in the curve) the stress is sufficiently high to overcome intermolecular forces

at the rate of deformation prescribed, allowing large-scale segmental motion of the poly-

mer chains. The post-yield response displays two characteristic phenomena: (i) strain

softening, the initial decrease of true stress with increasing true strain, which is related

to a structural evolution that reduces the material’s resistance to plastic deformation,

and (ii) strain hardening, the increase in stress at high strains, which originates from the

network of entangled polymer chains that orients with deformation. The macroscopic

response of polymers is strongly determined by the interplay between these two effects:

strain softening tends to destabilize the deformation leading to the formation of local-

ized plastic deformation zones, while the evolution of these plastic zones strongly de-

pends on the stabilizing effect of strain hardening. These concepts are employed in sev-

eral 3-D constitutive models, such as the Boyce-Parks-Argon (BPA) model [37, 38], the

Oxford Glass-Rubber (OGR) model [39–41] and the Eindhoven Glassy Polymer (EGP)

model [42–46].

The highly non-linear time-dependent behavior of polymers causes in filled polymer

systems the macroscopic response to be dominated by a sequential yielding process

throughout the total microstructure. Mean-field homogenization schemes are there-

fore useless beyond the small-strain regime. For the response at increased deformation,

analyses are needed that incorporate the microstructure of the system in an RVE. The

advantage of such an approach is that events at the interparticle scale are probed aswell,

as nicely demonstrated by Van Melick et al. [25] and Meijer and Govaert [13] for two-

dimensional RVEs of polystyrene and polycarbonate matrices filled with circular voids,

where the matrix was modeled using the EGP-model. They showed qualitatively the

effect of voids on the macroscopic response, and demonstrated that a hydrostatic-stress

based craze-nucleation criterion could be used to predict brittle-to-ductile transitions.

Here again polycarbonate (PC) is used as model material for the matrix and hard- and

soft-particle filled systems are prepared and tested in uniaxial compression. These

model systems are captured by 3D RVEs in a finite element mesh. First the critical

size of the unit cell or RVE is determined, i.e. the minimum number of particles in the

system that is required to ensure its representative character. Subsequently, the optimal

element size inside the RVE is investigated. Next compression tests are performed, and

experimental results are compared with the macroscopic response as it follows from the

numerical simulations. Finally the local response on interparticle level is investigated

and discussed, using a critical hydrostatic-stress based criterion to predict local and fi-
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nally global failure. This criterion proved successful in predicting craze nucleation in

a vast range of glassy polymers such as polycarbonate, polystyrene, poly(2,6-dimethyl-

1,4-phenylene oxide), polysulphone, and (unplasticized) polyvinyl chloride [25, 47–52].

The part of the work presented in this chapter prepares for the modeling of soft- and

hard-particle filled thermoset epoxies that finally will be modeled and tested as coatings

in sliding friction experiments, analogous to Van Breemen et al. [12].

2.2 Experimental

2.2.1 Materials and sample preparation

The matrix material used is polycarbonate (PC). For the soft-particle filled systems we

used Lexan 141R (Sabic Innovative Plastics, Bergen op Zoom, the Netherlands), an in-

jection molding grade of PC. The filler particles are a low temperature impact modifier,

Paraloid EXL-2600 (Rohm & Haas), a methacrylate-butadiene-styrene (MBS) core-shell

copolymer with a diameter of 100 nm. Samples with two filler fractions were prepared

by Sabic IP: 4.5 and 9 vol% MBS. Cylindrical compression samples (∅ 3 mm × 3 mm)

are machined from injection molded bars (80 × 10 × 4 mm3). The matrix material used

for the hard-particle filled systems is Lexan 101R, an extrusion grade of PC. The hard

particles are Ti-Pure R-706 (DuPont Titanium Technologies), a dry grade titanium diox-

ide (TiO2) with a particle size of 350 nm. To improve the quality of mixing, PC pellets

are grinded and subsequently premixed with TiO2 in a ratio of 60/40 vol% PC/TiO2.

The premixed batch is vacuum dried at 80 °C for 12 hours before further compounding

on a small Prism TSE 16 mm co-rotating twin screw extruder with temperature set to

220 °C and using a rotational speed of 100 rpm. To minimize absorption of water by the

hydrophilic TiO2 the premixed PC/TiO2 is continuously flushed with nitrogen during

feeding into the extruder. Following the same procedure, this master-batch is subse-

quently diluted to batches containing 5, 10, and 20 vol% TiO2. Cylindrical samples

(∅ 4 mm × 4 mm) for the uniaxial compression tests are machined from compression

molded plates (40 × 35 × 6 mm3). The dried PC/TiO2 pellets are heated in a mold for

30 minutes at 60 °C above its glass transition temperature (Tg) and then compressed

in seven subsequent intervals of 1 minute, progressively increasing the force with each

step to a final force of 100 kN. Between each compression step, the force is released to

allow for degassing. Finally the mold is placed in a cold press and cooled to room tem-

perature under a force of 30 kN. For comparison, also compression samples of unfilled

PC are prepared following the same procedure.
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2.2.2 Testing

To determine the Tg, differential scanning calorimetry (DSC) experiments are performed

with a Mettler Toledo DSC823e. First, samples of approximately 15 mg are heated to

250 °C, the subsequent scan is performed at a cooling rate of 10 K/min to 25 °C. The

distribution of TiO2 particles in the PC matrix is checked with a FEI Quanta 600F ESEM

in low vacuum mode using backscattered electron (BSE) imaging. Uniaxial compres-

sion tests are performed on a Zwick 1475 tester. Cylindrical samples are compressed

between two parallel flat steel plates at constant true strain rates of 10-5–10-2 s-1. To pre-

vent bulging due to friction between plates and samples, a thin PTFE film (3M 5480

skived plastic film tape) is applied on both ends of the sample and a lubricant (Grif-

fon PTFE spray TF 089) is used on both contact areas between plates and samples. All

compression experiments are performed at an ambient temperature of 23 °C.

2.3 Modeling

2.3.1 Microstructure

The heterogeneous microstructure is modeled with a representative volume element

(RVE), a periodic cubic unit cell containing a finite number of particles in a finite el-

ement mesh. The particles, representing the fillers in the matrix, are assumed to be

spherically shaped, mono-sized, and to adhere perfectly to the matrix material. The

particle size distribution and the exact shape of the filler particles certainly affects the

stress field and overall response, as shown by Chawla and Chawla [53] for a particle re-

inforced metal-matrix composites. But this method requires extensive characterization

of the morphology of the particle-filled samples, followed by cumbersome meshing of

these microstrucures. These difficulties are circumvented by simplifying the particle

shape, i.e modeling the particles as ellipsoids or spheres. Since in RVE computations,

that are characterized by sequential yielding events throughout the volume, the differ-

ence in response between systems using spherical and elliptical inclusions proved to be

only marginal [53], we here assume mono-sized spherically shaped particles, since el-

lipsoids introduce, apart from the spatial distribution, an extra directional distribution

that unnecessary complicates the analysis. We do not know the exact contact condition

between filler particles and the polymer matrix, which leaves us with two options: ei-

ther perfect contact, or no adhesion at all. Due to the excellent adhesive properties of

PC, we assume that it adheres perfectly to the filler particles.
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The spatial distribution of the spheres is generated in a MATLAB (The Mathworks Inc.)

program. Using a build-in routine, uniformly distributed pseudo-random numbers are

generated to produce the coordinates for the spheres in the simulation box. To avoid

the same sequence of numbers for each run, the random number generator is seeded

based on the current system time [54]. With the number of spheres fixed, the radius of

the spheres (R) is computed from the desired volume fraction. Spheres within a defined

minimum allowed distance (hmin) from any other sphere are rejected (if x ≤ 2R + hmin).

Spheres very close to or only slightly crossing the cubic cell faces are also rejected, since

they would complicate meshing of the small gap or small part of the sphere. After

each rejection another coordinate is generated and checked until the desired number

of spheres is placed in the simulation box. Note that since the RVE is periodic, the

allowable distance check between spheres also needs to be performed at the periodic

boundaries.

(a)

1

2

3

4

u5

6

7

8

x

y

z

(b)

Figure 2.1: Example of a meshed RVE with part of the matrix made invisible (a), and

the boundary conditions applied for uniaxial compression in the x-direction (b).

With the spatial distribution generated, the geometry is constructed and subsequently

meshed with Gambit 2.4.6 [55]. Particles intersecting a cube face are split and copied to

the opposite cube face. The faces are subsequently meshed with linear triangular ele-

ments, see Figure 2.1a. The finite element mesh also needs to be periodic so only three

face meshes are unique, each face mesh is copied to the opposite cube face. The vol-

ume is meshed using 4-node tetrahedral elements. Rigid body movement is prevented

by applying the boundary conditions on the corner nodes, see Figure 2.1b. Periodic

boundary conditions are used on the faces of the RVE, to ensure that the shape of two

opposing faces remains the same. This is achieved by tying nodes on the right face
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(A2673) with their associated nodes on the left face (A1584) and to nodes 1 and 2. With the

other faces tied in a similar way, these nodal ties are expressed as

~xA2673
= ~xA1584

− ~x1 + ~x2,

~xA8734
= ~xA5621

− ~x1 + ~x4,

~xA5678
= ~xA1234

− ~x1 + ~x5, (2.1)

where ~xi represents the actual position vector of node i and ~xAijkl
indicates the position

vector of nodes on the surface Aijkl. For the situation in Figure 2.1b, the true strain

along the x-axis resulting from the prescribed displacement u is given by ln(1 + u/1),

and the corresponding stress is obtained by dividing the reaction force in node 2 in the

x-direction by the surface area of A2673. Note that since all the nodes on this face are

linked to node 2, see Equation (2.1), the reaction force in this node is the total load on

this face.

2.3.2 Constitutive model

We use the EGP-model [43, 44] for the matrix material. It is based on an additive decom-

position of the Cauchy stress into a hardening stress and a driving stress. The hardening

stress accounts for the stress contribution of the entangled network and is modeledwith

a neo-Hookean spring (Gr); the driving stress is attributed to intermolecular interactions

and is additively decomposed into a hydrostatic (volumetric) part, expressed by Pois-

son ratio ν, and a deviatoric part. In this framework, the deviatoric part of the driving

stress (σd
s ) is modeled as a combination of multiple parallel linked Maxwell elements

but, for computational reasons, only the first mode will be used here. The plastic defor-

mation rate tensor (Dp) relates to the driving stress σ
d
s by a non-Newtonian flow rule,

that for the isothermal case reads

Dp =
σ

d
s

2η(τ̄, p, Sa)
. (2.2)

Here, the viscosity η depends on the equivalent stress τ̄ , the pressure p and the ther-

modynamic state of the material Sa. The viscosity is described by an Eyring flow rule,

which has been extended to take pressure dependence and intrinsic strain softening into

account:

η = η0,ref

τ̄ /τ0

sinh(τ̄ /τ0)
︸ ︷︷ ︸

(I)

exp

(
µp

τ0

)

︸ ︷︷ ︸

(II)

exp (SaR(γ̄p))

︸ ︷︷ ︸

(III)

, (2.3)
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where the initial viscosity η0,ref defines the so-called reference (un-aged) state, part I

represents the stress dependence with the characteristic stress τ0, the pressure depen-

dence (part II) is governed by the parameter µ, and part III captures the dependency

of the viscosity on the thermodynamic history via Sa. The equivalent plastic strain γ̄p

follows from its evolution equation:

˙̄γp =
√

2Dp : Dp. (2.4)

Strain softening is described by the softening functionR(γ̄p), amodified Carreau-Yasuda

relationwith fitting parameters r0, r1 and r2. For a full review of themodel, see Klompen

et al. [43] and Van Breemen et al. [44]. It should be emphasized that in this framework it

is assumed that only one molecular process (the α-process, captured by τ0) is contribut-

ing to the deformation response, although it is well known that PC shows a secondary

process (or β-transition), see a.o. Bauwens-Crowet et al. [56], Klompen and Govaert

[57], Mulliken and Boyce [58]. Above the β-transition strain-rate, for PC about 102 s-1 at

room temperature, a different yielding behavior is shown. Since the highest strain rate

in our experiments is 10-2 s-1, so four orders in magnitude below this β-transition, we

assume no contribution from this β-process.
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Figure 2.2: Intrinsic stress-strain response of PC with different thermal histories at a

strain rate of 10-3 s-1. Symbols are experiments, solid lines are model predictions. Data

taken from Van Breemen et al. [44]

The material parameters are listed in Table 2.1. The only unknown parameter is the one

that captures the present thermodynamic state of the material (Sa). This is illustrated in

Figure 2.2, where the stress-strain response is shown of two PC samples with different

thermal history and compared to a fully rejuvenated, un-aged, sample [44]. Since Sa

depends on the processing history, its value is determined from the data of the unfilled
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PC. The constitutive model is implemented in the FEM package MSC.Marc as a user

subroutine. The hard TiO2 particles are modeled as a linear elastic material with an

elastic modulus of 230 GPa and a Poisson ratio of 0.27; the MBS rubber particles are

modeled with the simplest rubber elastic model, neo-Hookean, with a shear modulus

of 5 MPa. Note that in both cases the exact choice of the parameters is arbitrary since

both moduli differ about two orders in magnitude from the modulus of the PC matrix.

For each RVE three simulations are performed, to be precise: compression in each of the

three perpendicular directions.

Table 2.1: Material parameters for PC, adopted from Van Breemen et al. [44].

Gr ν τ0 Sa µ r0 r1 r2 G η0,ref

[MPa] [–] [MPa] [–] [–] [–] [–] [–] [MPa] [MPa·s]
26 0.4 0.7 28 0.08 0.965 50 -3 352 2.10 · 1011

2.4 Results and Discussion

2.4.1 Experimental results

Sample preparation

DSC scans are performed after compounding the TiO2-filled PC batches, the resulting

glass transition temperatures are shown in Figure 2.3. For the 40 vol% master batch a

decrease in Tg of almost 25 °C is observed, compared to unprocessed PC. Batches diluted

to 5, 10, and 20 vol% filler-content show a gradual decrease in Tg with increasing filler

content. Since for PC, even far above Me, Tg strongly depends on molecular weight [59]

an interaction between PC and TiO2 is suggested, causing degradation of the PC chains

during processing. The molecular weight reduction is attributed to a hydrolytic degra-

dation reaction of PC [60] which’ rate depends on both temperature and water concen-

tration. The strongly hydrophilic TiO2 attracts water and, in combination with elevated

temperatures during compounding, severe molecular degradation results, despite our

efforts to prevent this by drying the materials prior to, and flushing with nitrogen dur-

ing, compounding.

Nanoscale confinement of polymers at interfaces also result in changes in Tg and for PC

this is reported for both supported and freestanding films [61–63]. Where we experience
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Figure 2.3: Glass transition temperature of batches containing 5, 10, 20, and 40 vol%

TiO2. The Tg of the unfilled PC is from Lexan 101R prior to extrusion. The dashed line

is a guide to the eye.

a 25 °C decrease in Tg for the hard fillers, soft fillers were found to have no effect [64].

The 25 °C decrease corresponds with a length scale of approximately 40 nm [63], which

translates to 25% of the polymer matrix volume for a 20 vol% TiO2-filled system. Given

all these considerations it seems plausible that degradation is the major cause for the

change in Tg observed for the TiO2-filled systems. Finally, Figure 2.4 shows that the

quality of the dispersion of TiO2 in the polymer matrix is excellent.

(a) (b) (c)

Figure 2.4: Characterization of the dispersion of TiO2 fillers in the PCmatrix, BSE-SEM

pictures of a sample containing 5 vol% (a), 10 vol% (b), and 20 vol% (c) TiO2.
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Compression tests

Figure 2.5a shows the stress-strain responses of all samples at room temperature and at

a constant compressive strain rate of 10-3 s-1. Adding soft MBS fillers to the PC matrix

decreases the yield stress. Remarkably, the large-strain response is unaltered (4.5 vol%

MBS), or only slightly lower (9 vol% MBS), than that of pure PC. Adding hard TiO2
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Figure 2.5: Stress-strain responses of all samples at a compressive strain rate of 10-3 s-1

and a temperature of 23 °C, (a) and yield stress as a function of the strain rate applied

(b). The grey dashed line (a) and the closed symbols (b) correspond to unfilled PC.

Grey lines in (b) are a guide to the eye and, for sake of clarity only, results of the lowest

TiO2 and MBS filler-content are omitted.

fillers increases the elastic modulus and yield stress, while the large strain response

shows a pronounced increase in stress values as well. Figure 2.5b gives the strain-rate

dependence of the yield stress. Interestingly, fillers only change the magnitude of the

yield stress; not the rate dependency.

2.4.2 Numerical results

Minimum number of particles in the RVE

Before comparing the simulations quantitatively to the experiments it is necessary to de-

termine what the minimum size of the RVE should be. Although it is tempting to add

a large number of inclusions in an RVE to account for all the possible spatial arrange-

ments, this results in simulations that simply demand too much memory and take too
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Figure 2.6: Influence of the number of spheres in an RVE. The RVEs are filled with

10 vol% hard spheres, the matrix material is PC (Sa = 28). (a) The mean compressive

stress-strain response per set (solid lines); the dashed lines represent the bounds of

the standard deviation of each set of simulations. (b) The mean stress and standard

deviation at yield (circles) and at a strain of 0.25 (triangles) for each set of simulations.

The dashed lines are the average over all simulations.

long to finish. An alternative is to generate multiple, but smaller, RVEs and to perform a

series of simulations. To that purpose, RVEs of 10 vol% filler fraction are generated with

a different number of spheres (N = 8, 16, 32, 64) keeping the total number of spheres per

RVE-set constant, Nset =
∑

N = 320. Thus, using 8 spheres, 40 RVEs are generated, for

16 spheres we use 20 RVEs, etc. The minimum distance allowed between spheres is

hmin = 0.25R and the element size is set to 0.25R. The matrix material is modeled as PC

and the inclusions as TiO2.

The mean and standard deviation of the stress response of each set is computed, see

Figure 2.6a. The average stress response is almost the same for each set of simulations,

the standard deviation decreases with increasing number of particles per RVE. This is

shown in more detail in Figure 2.6b, where the mean stress and the standard deviation

at yield (circles) and at a strain of 0.25 (triangles, slightly shifted to the right for clarity

reasons) is shown for each set of simulations. The standard deviation clearly decreases

with increasing number of particles, see the data at a strain of 0.25 (triangles), but at a

strain around yield (circles) we see a clear improvement above 16 particles, while from

32 to 64 the improvement is less evident. Considering the issue of computational cost (in

this case 32 particles: 500,000 elements or 64 particles: 1,000,000 elements) we conclude

based on these results that the choice of 32 particles is a good compromise between
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Figure 2.7: Influence of element size in an RVE. The RVE is filled with N=32, 20 vol%

hard (a) and soft (b) particles. Solid lines are the mean of the response from the three

perpendicular directions, dashed lines give the upper and lower bounds.

accuracy and computational effort.

Element size

A second issue in FEM calculations is the mesh size and, also here, a compromise is

needed between reliability of the results and computational costs. In 3D, mesh refine-

ment by a factor two increases the number of elements by a factor of eight and, since

calculation times scale, at least, linearly and, at most, quadratic with the number of el-

ements, a 8–64 increase in time results. The problem can be partly circumvented by

meshing only those regions where large gradients are expected with small elements,

and allow the element size to increase in the remainder of the RVE. The largest gradi-

ents are expected close to the interface and between closely packed particles. An RVE

is constructed with 20 vol% of spheres and a minimum distance between the spheres

allowed of hmin = 0.40R. The faces between matrix and particles are first meshed with

triangular elements in four different sizes (0.40R/x, where x = 1, 2, 3, 4). The maximum

size of the tetrahedral elements in the matrix-volume is set to 2x.

The simulation results of the four different meshes are shown in Figure 2.7. With an ele-

ment size of x = 1, the gap between two inclusions closest to one another ismeshedwith

only one element and from Figure 2.7 it is clear that for both the hard- and soft-particle

filled cases this is insufficient. A minimum of x = 3 proves to yield sufficiently reliable
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Figure 2.8: Effect of dispersion quality on the stress-strain response.

results; decreasing the element size further has only little effect. Indeed, with x = 3

the smallest possible gap between two inclusions consists of at least three elements, just

enough to account for a deformation gradient between two inclusions. Another strik-

ing feature is that the effect of element size for the hard-particle filled system is mainly

found in the large strain region, while for the soft-particle filled systems only the yield

stress itself is affected, the large strain response does not change, compare Figures 2.7a

and 2.7b. Locally decreasing the element size with a factor three (x = 3) increases the

total number of elements in the RVE from 580,000 to 3.3 million, and makes the com-

putations six times more expensive: computing up to 0.25 compressive strain takes al-

most two days on eight parallel CPU’s (2.6 GHz Intel Xeon X5550 with 48 GB RAM).

In all computations up to now, the minimum distance between two inclusions was set

to hmin = 0.25R. Increasing this distance implies a better dispersion of particles in the

matrix. Since we established that a minimum of three elements are needed over this

distance, increasing hmin simultaneously reduces the number of elements required. For

example for an RVE with x = 3 and hmin = 0.60R only about 400,000 elements are re-

quired and the computational costs are reduced by a factor eight compared to the x = 3

and hmin = 0.25R case. Despite this, the results are in reasonable agreement with the

less well dispersed system of x = 3 and hmin = 0.25R, see Figure 2.8. From this we can

conclude that by slightly constraining the freedom of the dispersion in the RVE, a large

benefit in computational costs results. This seems to be an acceptable compromise.

Combining experimental and numerical results

For each filler fraction three different RVEs are generated. Each RVE consists of 32

spheres. The element size is such that at least three elements are included through
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the thickness between two closely packed particles. The minimum allowed distance

between spheres is set to hmin = 0.60R for the RVEs with filler fractions up to 10 vol%,

which is a compromise between computational costs without too much restricting the

number of possible conformations. For the RVEs with 20 vol% fillers, hmin is set to

0.40R, since higher values impose too much restriction on the spatial distribution of the

particles.
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Figure 2.9: (a) Stress-strain response of compressionmolded PC filled with 0, 5, 10, and

20 vol% TiO2 at a strain rate of 10-3 s-1 and a temperature of 23 °C. Solid lines are the

experimental results, symbols are the simulation results with state parameter Sa = 28.

(b) As Figure 2.9a, now with variable Sa.

As already mentioned, the only unknown material parameter is the state parameter Sa

of the PCmatrix. Together with the TiO2-filled samples, also a batch of pure PCwas pre-

pared and a value of Sa = 28 was found to accurately capture its yield stress and large

strain response, see Figure 2.9a. Sa depends on the processing history, but in first in-

stance we assume the same value for all samples. The small-strain regime is somewhat

under-predicted by the simulations, due to the use of a single relaxation time only. For

the system filled with 5 vol% TiO2 yield stress and the initial part of the strain softening

are captured well, and only at large strains the stress response is slightly over predicted.

With increasing filler content, the yield prediction is less accurate and the large-strain

predictions show similar trends as found for the 5 vol%-filled sample: compared to the

experiments a slightly steeper increase in stress.

Therefore we abandon the assumption of Sa = 28 for all samples, and allow it to ad-

just, see Figure 2.9b. To predict the system with 10 vol% TiO2 quantitatively, a value of
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Sa = 32 is needed, and for the system with 20 vol% TiO2, Sa = 36 is found. By only

increasing the thermodynamic state, reflected in Sa, clearly much better predictions of

the yield regime result. Adapting Sa may at first sight seem a random choice, but this is

not the case. Blackwood et al. [65] provided evidence that the addition of TiO2 leads to

a densification of PC around the filler particles. Although they did not specify particle

size and its extend, densification directs to enhanced and accelerated physical aging,

as was found by Cangialosi et al. [66, 67] to occur for PC in confinement, in contrast

to other polymers [68]. The effect is already present at length-scales even larger than

the average particle size of 350 nm in our study. Since introduction of a third interphase

would require indications of its thickness and age, represented by its Sa-value, our (sim-

ple) choice of defining an ‘effective aging’ for the total matrix seems justified.

A striking observation in the hard-particle filled systems is found in its strain soften-

ing after yield, which value is known to determine the materials macroscopic, tough or

brittle, response. Increasing Sa mainly results in an increase in yield stress while the

minimum after yield is largely unaffected, see Figure 2.10a. This is quantified by the

value of yield drop ∆σy, defined as the difference between yield stress and the subse-

quent stress minimum. Increasing the Sa from 28 to 36 results in a change in ∆σy from

12.8 to 21.1 MPa, which is 8.3 MPa. For the 20 vol%-filled sample, only and increase of

∆σy from 4.7 to 9.5 MPa is found, which is 4.8 MPa. Thus the increase in strain soft-

ening in the matrix is largely canceled out by the effect of strain amplification in the

hard-particle filled systems. This is illustrated in Figure 2.10b, that shows the range

of equivalent plastic strains γ̄p, as defined by Equation (2.4), in hard- and soft-particle

filled systems, with macroscopic deformation. PC starts to plastically deform at 0.06

macroscopic strain in uniaxial compression; in particle-filled systems plastic deforma-

tion commences at a much earlier stage and is locally strongly amplified, but even up

to applied compressive strains of 0.5 sites exist in the PC matrix that have not yet plas-

tically deformed at all.

The MBS-filled PC samples were prepared differently and the experimental results of

Engels et al. [64] are used to determine the age of the PC in the matrix. Accidentally

also in this case a value of Sa = 28 was found to capture the yield stress properly. Fig-

ure 2.11a shows the simulation results of the RVEs using this value and, in contrast to

the TiO2-filled systems, no extra contribution from the state parameter is required to

capture the yield stress and large strain response quantitatively. Also in these samples a

sequential yielding process is present, shown as a band around the plastic-deformation

line of unfilled PC in Figure 2.10b, although it is less pronounced than in the TiO2-filled

systems.
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Figure 2.10: (a) Simulated stress-strain response of 0, 10, and 20 vol% TiO2 filled PC

systems at a strain rate of 10-3 s-1 and a temperature of 23 °C. Solid lines are for Sa =

28, dashed lines for Sa = 32, and the dashed-dotted lines for Sa = 36. The values

of the yield drop ∆σy are indicated. (b) The local equivalent plastic strain γ̄p as a

function of themacroscopically applied strain. The solid line is the response of uniaxial

deformation of unfilled PC, the light grey area gives the range of γ̄p in the matrix for

10 vol% hard-particle filled RVEs; the dark grey area gives this range for 9 vol% soft-

particle filled RVEs.

Figure 2.11b shows the results of the simulations with different strain rates applied.

Compared to Figure 2.5b where the lines were to guide-the-eye, here the lines are direct

simulation results. It is concluded that indeed only thematrix material PC is responsible

for the strain rate dependence of its composites, and that its prediction is quantitative.

Onset of failure

Up to this point only the total response in the simulations of the RVEs is considered. For

the hard-particle filled systems the response in the large strain regime is over-predicted,

see Figure 2.9b, caused by the fact that in the simulations perfect adhesion between par-

ticles and polymer matrix is assumed, and no failure criterion is implemented. There-

fore simulations continue where in experiments samples fail, e.g. by cracks appearing

close to or at the particle-matrix interface. Meijer and Govaert [13] showed that the

introduction of a failure criterion in the form of a critical hydrostatic stress allows the

prediction of the onset of local cavitation, resulting in brittle failure. Therefore, the max-
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Figure 2.11: (a) Stress-strain response of PC filled with 4.5 and 9 vol% MBS at a strain

rate of 10-3 s-1 and a temperature of 23 °C. Solid lines are the experimental results,

symbols are the simulation results with state parameter Sa = 28. (b) Yield stress as

a function of strain rate applied. Symbols are experimental results, solid lines are,

compared to Figure 2.5b where the lines were to guide-the-eye, the results of the sim-

ulations using proper RVEs. The dashed line is the EGP-model prediction of the rate

dependence of pure PC, with experiments indicated with closed symbols.

imum value of the positive hydrostatic stress σh
max present in the RVEs’ polymer matrix

is determined at each increment. The stress maxima are localized since the difference in

stiffness between polymer matrix and filler causes large local strains to occur.

Figure 2.12 shows the resulting maximum values as a function of the macroscopically

applied compressive strain. The critical hydrostatic stress σh
c at which voiding for PC

sets in, as mentioned in literature [47, 49–51], ranges between 80 and 95 MPa. Clearly,

for the hard-particle filled systems, this value is already exceeded at 2–5% macroscopic

strain, indicating that failure commenced even before the sample shows macroscopic

yielding. Sequential failure in the matrix occurs and, when σh
c is reached, a cavity ap-

pears that locally releases the stress maximum. Upon further deformation this process

continues to happen until cavities combine to form cracks; a result that becomes macro-

scopically visible.

Remarkably, also in the soft-particle filled systems, σh
c is exceeded, although it is reached

only at 8–12%macroscopic strain. Where the hard-particle filled systems reach σh
c in ear-

lier stages of the macroscopic deformation with increasing filler content, for soft-particle
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Figure 2.12: Maximum positive hydrostatic stress inside the RVEs as a function of the

macroscopically imposed compressive strain. Bold lines are the mean of the different

simulations, the corresponding grey lines show the upper and lower bounds. The

grey area depicts the critical hydrostatic stress of PC. In (a) the complete strain region

is shown, in (b) only the first 15% of macroscopic strain.

filled systems no clear trend is observed. To explain this, we consider the locations in the

RVE where σh
c is reached. In the hard-particle filled systems this happens first between

closely packed fillers positioned in an equatorial plane perpendicular to the loading di-

rection. Increasing the filler content results in more (and stronger) interactions between

failure events at different fillers. In the soft-particle filled systems the critical value is

reached at the poles of the fillers along the axis of deformation. Hence, no clear effect of

the filler content is observed.

2.5 Conclusions

A restricted number of 32 particle proves to be sufficient to give reliable RVE responses

with little scatter, provided that the element size is sufficiently small to capture the

gradients between closely packed particles. The result of an insufficient element size

depends on the system: in hard-particle filled systems the large-strain response is over-

predicted; in soft-particle filled systems the yield stress is over-predicted, but the large

strain-response is unaffected.

Using proper RVEs it proves possible to describe key features of the intrinsic mechan-

ical response of complex sub-micron, soft- and hard-particle filled polymer systems,
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such as the increase in initial elastic modulus, in yield stress, and in strain hardening

with increasing TiO2-content, and the decrease in initial modulus and yield stress with

increasing MBS-content. All the rate-dependency in the system’s response originates

from the polymer matrix; fillers only change the magnitude of the stress response.

A minor shortcoming of the modeling choices is revealed in the small strain regime

where the simulations under-predict the response prior to yielding since the matrix

response is modeled with a single relaxation mode only. While yield and post-yield

responses of the MBS-filled systems are accurately captured, some interesting discrep-

ancies are observed for the TiO2-filled systems. Using Sa values of the unfilled polymer,

the yield response is largely under-predicted for filler loadings of 10 and 20 vol%. In-

creasing Sa proves sufficient to shift the response of the simulations to the experimen-

tally obtained values. This increased aging of the PC matrix is rationalized by observa-

tions from literature that show an increased densification, thus aging, for this specific

polymer-filler combination [65] and accelerated aging of confined PC [66, 67].

In the simulations it is assumed that particles perfectly adhere to the matrix. In real-

ity the (polymer at the) interface will fail at some local critical stress. The presence of

fillers causes even in macroscopic negative loading situations, like in compression ex-

periments, positive hydrostatic stresses to locally occur; in hard-particle filled systems

at the equator, a plane perpendicular to direction of the applied macroscopic stress, in

soft-particle filled systems at the poles. The simulations reveal that already at small

macroscopic deformations the critical hydrostatic stress of PC is reached, implying a se-

quential occurrence of local failure, finally combining to grow into a macroscopic crack.

Occurrence of early local damage helps explaining some of the discrepancies found be-

tween experiments and simulations in the TiO2-filled systems.
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CHAPTER 3

Multi-mode modeling of global and

local deformation, and failure, in

particle filled epoxy systems

Abstract

A three dimensional Representative Volume Element is used to analyze the local hetero-

geneous stress and strain distributions, and the onset to failure, in a standard epoxy sys-

tem filled with sub-micron sized hard and soft particles. Computations are compared

with experiments performed in lubricated compression tests that reveal the intrinsic

material’s response. The response on the macroscopic level, and that of the matrix on

RVE level, is captured by a multi-mode constitutive version of the Eindhoven Glassy

Polymer model that describes the non-linear viscoelastic pre-yield, yield and post-yield

behavior accurately for all deformation rates used. Compared to the single-mode de-

scription, the multi-mode variant covers the pre-yield regime correctly and for the hard-

particles also the post-yield response. At a local level, multi-modes give increased stress

values andmore intensified critical events, which is particularly important for quantita-

tively predicting the onset of failure. This is successfully done by detailed RVE analyses.

Reproduced from: S. Krop, H.E.H. Meijer, and L.C.A. van Breemen. ”Multi-mode modeling of global

and local deformation, and failure, in particle filled epoxy systems,” Composites Part A: Applied Science and

Manufacturing, submitted for publication (2016).
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3.1 Introduction

Epoxy resins are widely used in applications such as structural adhesives, coatings,

electrical devices, and as matrix material in fiber reinforced or particulate composites.

They have excellent engineering properties like modulus and strength, low creep, good

dimensional stability and corrosion resistance. Moreover they are relatively easy to

manufacture into composites [69, 70]. Epoxies are usually modified to include a dis-

persed second phase. Hard fillers, like in particle- or more often fiber- reinforcement,

are used to create lightweight, high-stiffness composites to replace metals parts in air-

crafts and wind turbines [27, 71]. Soft fillers, in the form of a dispersed rubber phase,

are applied as a solution to the inherently low toughness and impact resistance of epox-

ies [72–74]. Toughening can sometimes even be obtained by using inorganic particles

[75, 76]. Furthermore, combining these hard and soft fillers into hybrid-particulate com-

posites shows to enhance the toughness even further [77–79].

Mechanical characterization of composites is usually done via experiments that couple

the global macroscopic mechanical response to microscopic properties, and events, like

particle dispersion, cavitation, crack propagation, and particle debonding. However, no

direct connection is obtained between global and local properties of the structure. This

represents a major challenge for material scientists, and especially understanding the

onset of failure, and more importantly preventing early failure, requires a quantitative

coupling of the macroscopic intrinsic mechanical response, via detailed local analyses,

to critical events happening at the micro-scale. Over the years effort has been devoted

to the development of models that try to use the structure to estimate the stress fields at

smaller length scales. Initially, solutions for effective properties were sought using ap-

proximations based on mean-field homogenization schemes [16–19, 21, 22]. A more di-

rect coupling between macroscopic response and local properties became only possible

with the introduction of computers, that allowed simulations with increasing complex-

ity given the continuously increasing computational power. Finite element methods

(FEM) provided an excellent tool to arrive at the micro-macro coupling, first for (sim-

plified) microstructures [25, 71, 80, 81].

Later more complexity could be built in and the extension to three dimensional anal-

yses became possible [27, 31, 32, 82]. For further details we refer to Chapter 2, where

the experimental mechanical response of model systems of particle-filled polycarbon-

ate (PC) was compared with that resulting from FEM simulations. The microstructure

was modeled with a three-dimensional periodic representative volume element (RVE)
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in a finite element mesh assuming randomly dispersed, mono-sized spheres that per-

fectly adhere to the matrix. To account for the influence of statistical variations in the

systems on the homogenized behavior, it was shown that 32 particles, with three el-

ements between neighboring particles, are a good compromise between accuracy and

computational cost. The constitutive response of the PCmatrix was modeled with a one

mode version of the Eindhoven Glassy Polymer (EGP) model [42–44]. The macroscopic

stress-strain response was captured relatively well by the simulations, including all the

rate dependencies. The simulations showed that the presence of fillers causes positive

hydrostatic stresses to occur in the polymer matrix, even in the case of negative loading

situations as in compression experiments. These positive hydrostatic stresses reach the

critical value of PC already at small macroscopic deformations, implying a sequential

occurrence of local failure; the local failure events finally combine to grow into a macro-

scopic crack.

Originally, the EGP model was developed for thermoplastics, but it was already shown

by Govaert et al. [80] that it is well capable of describing the intrinsic response of an an-

hydride cured epoxy. Therefore here the approach is applied to thermoset epoxies, also

filled with soft- or hard particles and a complete spectrum of relaxation modes is used.

The chapter is organized as follows. First the matrix material is fully characterized.

Next, compression tests are performed and experimental results are compared with the

macroscopic response from the numerical simulations. Finally the local 3-D response

on the inter-particle level is investigated and discussed. The part of the work presented

here extends on Chapter 2, on soft- and hard-particle filled polycarbonate, and prepares

for the modeling and testing of soft- and hard-particle filled thermoset epoxies as coat-

ings in sliding friction experiments, analogous to Van Breemen et al. [12].

3.2 Experimental

3.2.1 Materials and sample preparation

The epoxy resin used is Epon 828 (Hexion Inc.), a standard diglycidyl ether of bisphenol-

A (DGEBA) with an epoxide equivalent weight (EEW) of 185–192 g/eq. The curing

agent is Jeffamine D230, a polypropyleneoxide diamine with an average molecular

weight of 230 g/mol and an amine hydrogen equivalent weight (AHEW) of 60 g/eq,

supplied by Huntsman Performance Products.
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The soft-particles are polysiloxane core-shell rubbers (SR) particles, supplied by Evonik

Hanse GmbHas amasterbatch of particles pre-dispersed at 40wt% in a standard DGEBA

resin (trade nameAlbidur EP2240-A). The particle size is specified as 0.1–3 µm. The thin

shell consists of epoxy-functional molecules grafted on the elastomer core. The density

of resin and elastomer fillers is assumed to be equal, which entails that weight– and vol-

ume fraction have the same value. Samples are prepared with a filler fraction of 20 vol%

elastomer content by diluting the masterbatch with standard DGEBA resin. The EEW

of the mixture is calculated and the hardener is added in a stoichiometric amount.

The hard-particle fillers are Ti-Pure R-706, a dry grade titanium dioxide (TiO2) with an

average particle size of 350 nm and a density ρ of 4.0 g/cm3, supplied by DuPont Ti-

tanium Technologies. First, the resin and hardener are mixed in a stoichiometric ratio.

Subsequently, the TiO2 particles are added in a ratio of 80/20 vol% epoxy/TiO2. To cal-

culate this ratio, a density of 1.16 g/cm3 is assumed for the cured epoxy.

The pre-mixed samples are thoroughly stirred, degassed under vacuum, and poured

into aluminium cups with a diameter of 45 mm and 30 mm in height. The samples are

cured for two hours at 80 °C followed by three hours at 125 °C. While preparing each

batch of particle-filled samples, a control batch of unfilled epoxy was prepared follow-

ing the same preparation protocol. After the curing protocol, the oven is switched off

and allowed to cool to room temperature. For the compression tests cylindrical samples

(∅ 6 mm × 6 mm) are machined from the cured samples.

3.2.2 Testing

To determine the glass transition temperature Tg, differential scanning calorimetry (DSC)

experiments are performed using a Mettler Toledo DSC823e. First, samples of approx-

imately 15 mg are heated to 150 °C, the subsequent scan is performed at a cooling rate

of 10 K/min to 25 °C. Uniaxial compression tests are performed on a Zwick 1475 tester,

equipped with a thermostatically controlled environmental chamber. The cylindrical

shaped samples are compressed between two parallel flat steel plates at constant true

strain rates of 10-4–10-2 s-1, at a constant temperature of 21 °C. To prevent bulging due

to friction between plates and samples, a thin PTFE film (3M 5480 skived plastic film

tape) is added on both ends of the sample and a lubricant (Griffon PTFE spray TF 089)

is applied on both contact areas between plates and samples.
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3.3 Modeling

3.3.1 Constitutive modeling

For the matrix material the EGP-model is used [43] in its multi-mode form [44]. It is

based on an additive decomposition of the Cauchy stress into a hardening stress σr and

a driving stress σs:

σ = σr + σs. (3.1)

Here σr accounts for the stress contribution of the network, either entangled or cross-

linked, and is modeled with a neo-Hookean spring with modulus Gr. σs is attributed to

intermolecular interactions. It is additively decomposed into a hydrostatic (volumetric)

part (σh
s ) and a deviatoric part (σd

s ) that is modeled as a combination of n parallel linked

Maxwell elements:

σs = σ
h
s +

n∑

i=1

σ
d
s,i = κ(J − 1)I +

n∑

i=1

GiB̃
d
e,i, (3.2)

with bulk modulus κ, volume change ratio J , unity tensor I , shear modulus G, and the

elastic part of the isochoric left Cauchy-Green strain tensor B̃
d
e . The specific modes are

denoted by subscript i = [1, 2, ..., n].

The plastic deformation rate tensors Dp,i relate to the deviatoric driving stresses σ
d
s,i

by a non-Newtonian flow rule, that for the isothermal case reads

Dp,i =
σ

d
s,i

2ηi(τ̄, p, Sa)
. (3.3)

Here, the viscosities ηi depend on the total equivalent stress τ̄ , the hydrostatic pressure

p and the thermodynamic state of the material Sa. The viscosities are described by an

Eyring flow rule, which has been extended to take pressure dependence and intrinsic

strain softening into account:

ηi = η0,i,ref

τ̄ /τ0

sinh(τ̄ /τ0)
︸ ︷︷ ︸

(I)

exp

(
µp

τ0

)

︸ ︷︷ ︸

(II)

exp (SaR(γ̄p))

︸ ︷︷ ︸

(III)

, (3.4)

where the initial viscosities η0,i,ref define the so-called reference (un-aged) state. Part

I represents the stress dependence on the deformation kinetics with the characteristic

stress τ0; the pressure dependence, part II, is governed by the parameter µ, and part III
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captures the dependency of the viscosities on the thermodynamic history via Sa. Strain

softening is described by the softening function R(γ̄p), a modified Carreau-Yasuda re-

lation with fitting parmaters r0, r1 and r2. For a full review of the model, the reader is

referred to Van Breemen et al. [44], where also the procedure to determine the spectrum

of relaxation times is explained in full detail.

The constitutive model is implemented in the FEM package MSC.Marc as a user sub-

routine. The hard TiO2 particles are modeled as a linear elastic material with an elastic

modulus of 230 GPa and a Poisson ratio of 0.27; the rubber particles are modeled with

the simplest rubber elastic model, neo-Hookean, with a shear modulus of 5 MPa. Note

that in both cases the exact choice of the parameters is arbitrary since both moduli differ

about two orders in magnitude from the modulus of the epoxy matrix (E ≈ 3 GPa).

3.3.2 Microstructure

The heterogeneous microstructure is modeled with a representative volume element

(RVE), a periodic cubic unit cell containing a finite number of particles in a finite ele-

ment mesh. In Chapter 2, 32 particles proved to be an optimal compromise between

accuracy and computational cost to account for the influence of statistical variations in

the microstructure on the macroscopic response. Here, the same assumptions regard-

ing the morphology of the microstructure are used, i.e. the particles are assumed to

be spherically shaped, mono-sized, and to adhere perfectly to the matrix material. The

shell-thickness of the core-shell rubber-particles is assumed much smaller compared to

the particle-radius and, therefore, it is not taken into account. The size of the simulation

box is fixed at 1× 1× 1 and, with the 32 particles specified, the radius of the spheres (R)

is computed from the desired volume fraction, i.e. 20 vol%.

Spheres within a defined minimum allowed distance (hmin) from any other sphere are

rejected (if x ≤ 2R + hmin). Spheres very close to or only slightly crossing the cubic

cell faces are also rejected, since this would complicate meshing due to the small part

crossing– or the small gap to the cubic face. The procedure to construct the RVEs was

described in detail in Chapter 2 and will not be repeated here.

The RVEs aremeshedwith standard first-order, four-node, isoparametric three-dimensional

tetrahedron elements. Since this element uses linear interpolation functions, the strains

are constant throughout the element, requiring sufficiently fine meshes to obtain an

accurate solution in regions with high gradients. In Chapter 2 it was shown that a min-
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imum of three such elements between neighboring particles pose a good compromise

between computational cost and accuracy of the macroscopic response.

3.4 Results and Discussion

3.4.1 Glass transition temperature

After curing the samples DSC scans are done and the glass transition temperature of

the unfilled samples is determined to be 85 °C, for the sample filled with 20 vol% TiO2

we find 85.5 °C, and for the sample filled with 20 vol% SR a Tg of 79 °C results. The

value measured for the unfilled samples is in close agreement with those found in pre-

vious studies with the samematrix material [83–86], which indicates full conversion. As

the TiO2-filled sample shows only a minor increase in Tg compared to the unmodified

epoxy, it is concluded that the hard fillers do not influence the curing of the epoxy ma-

trix. In the case of the SR-filled samples a decrease of 6 °C is observed, when compared

to the unfilled sample. A similar decrease in Tg was also reported by Chen et al. [74]

for an anhydride-cured epoxy polymer system filled with the same SR-particles, but its

importance was dismissed as being within the experimental error.

3.4.2 Characterization of the epoxy matrix

Experimental results

Figure 3.1a shows the stress-strain response of unfilled epoxy at three different constant

compressive strain rates. Clearly, the typical intrinsic material response seen in polymer

glasses is recognized. During the compression test, first an (increasingly) non-linear vis-

coelastic response is observed, up to amaximum in the stress (yield). This is followed by

a drop in the stress response (strain softening), until another plateau is reached (lower

yield). Finally, the stress increases again, strain hardening. Increasing the strain-rate re-

sults in an increase in the polymer’s resistance against deformation, which is noticeable

as a (constant) increase in stress starting at the yield point.

Apart from the rate-dependence, a second typical time dependent phenomenon is ob-

served in polymer glasses: the dependence on time via the thermal history the material

experienced during manufacturing and use. The influence of the thermal history for

this epoxy system is illustrated in Figure 3.1b. The fast cooled sample is taken from the
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Figure 3.1: True stress as a function of true strain in uniaxial compression of the un-

filled epoxy, (a) for different strain-rates applied (slow cooled after curing), and (b) for

different thermal histories at a strain rate of 10-3 s-1. (c) Effect of thermal history on the

yield stress versus strain-rate applied, with symbols denoting the experimental results

and lines as guide-to-the-eye.

oven immediately after curing, a cooling time of minutes results as compared to that of

hours in the standard slowly cooled samples. Slow cooling results in a increase in yield

stress only; the large strain response remains unaffected. This conclusively shows that a

change in thermal history does not alter the degree of curing, the crosslink density, but

only results in a different thermodynamic state of the polymer. This physical aging ef-

fect was also reported by G’Sell andMcKenna [83] for the same epoxy system. Although

the differences in intrinsic deformation for samples with different thermal history, thus

a different thermodynamic state expressed in Sa, seem minor, they can have a huge ef-
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fect on the macroscopic reponse, changing the material from ductile (young) to brittle

(aged). Reason is that the amount of strain localization is strongly determined by the

subtle interplay between strain softening after yield, causing the onset of strain local-

ization, and the strain hardening afterwards, stabilizing by helping the material out of

its localization. Although the change in cooling history dramatically affects the yield

stress, it does not change the strain rate dependence, see Figure 3.1c.

Parameter determination

As explained in Van Breemen et al. [44], the determination of the relaxation spectrum

requires a set of input-parameters: the strain hardening modulus Gr, the elastic bulk

modulus κ, the pressure dependence parameter µ and the non-linearity parameter σ0,

which for uniaxial compression yields

σ0 =
3√

3 − µ
τ0. (3.5)

The parameter µ is also required when determining Gr from the compression experi-

ments, since

σs(t) = σ(t) −
√

3√
3 − µ

Gr

(
λ2 − λ−1

)
. (3.6)

The procedure commonly employed to obtain the pressure dependence µ is by measur-

ing the strain rate dependence of the yield stress in different loading geometries, such

as in uniaxial or planar tension/compression. Prerequisite of this method is that the

thermal history, reflected in the state parameter Sa, is identical for all test specimens.

Since each loading geometry requires its own optimized sample shape, it is difficult to

ensure the exact same thermal history for differently shaped samples [43]. This disad-

vantage is circumvented by using hollow cylindrical specimens which can be internally

pressurized and simultaneously tested in tension or compression [87, 88]. This allows to

continuously vary the state of stress from uniaxial compression to biaxial tension. With

this method it was shown by Lesser and Kody [89] for model epoxy systems that µ is

unaffected by the applied strain rate and the crosslink density. We will use the average

value of 0.166 they found in their study. With the value of µ set, the strain harden-

ing modulus Gr and the characteristic stress τ0 are determined from the experimental

data using Equations (3.5) and (3.6). The elastic bulk modulus κ is determined from the

Poisson’s ratio ν using the elastic conversion formula

κ =
E

3(1 − 2ν)
, (3.7)
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where the Young’s modulus E is obtained from the initial slope of the experimental

stress-strain response. For ν a value of 0.37 is chosen, as other authors found similar

values for different epoxy systems [80, 90, 91].

Now that the set of input-parameters is established, see Table 3.1, the relaxation spec-

trum can be determined. For a full explanation of the procedure, the reader is referred

to Van Breemen et al. [44]. It proved that the pre-yield regime is accurately captured

by 12 relaxation times, tabulated in Table 3.2. This only leaves the three parameters

describing the shape of the softening function r0, r1 and r2, which are obtained via a

least-square data fit on the experimental softening characteristic, as described in detail

by [43]. Figure 3.2a shows that with this set of material parameters the multimode EGP-
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Figure 3.2: Stress-strain response of the unfilled epoxy in uniaxial compression, model

predictions (symbols) compared to experimental results (solid lines), (a) for different

strain rates applied (Sa = 18.8), and (b) for different thermal histories at a strain rate

of 10-3 s-1.

model indeed accurately captures the stress-strain response for the different strain rates

applied. Moreover, by only changing the state parameters Sa, samples with different

cooling histories are quantitatively captured as well, see Figure 3.2b.
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3.4.3 Particle filled epoxy

Experimental results

Figure 3.3a shows the stress-strain responses of the unfilled epoxy sample and the two

particle-filled samples, measured at a constant compressive strain rate of 10-3 s-1. Each

experiment was repeated at least four times and excellent reproducibility is found. Ad-

dition of 20 vol% soft SR filler results in a substantial decrease in yield stress, while

simultaneously strain softening is almost completely eliminated. Adding 20 vol% TiO2

particles results in an increased yield stress and interestingly, similar to the SR filled

sample, strain softening has almost disappeared. The largest influence of the addition

of hard fillers is found in the strain hardening regime. The stress response at 0.5 strain

has almost doubled compared to that in the unfilled epoxy. The strain-rate dependence

of the yield stress shows a slight increase for the TiO2-filled samples, see Figure 3.3b.

Although less clear, the strain-rate dependence appears to decrease somewhat for the

SR-filled sample.
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Figure 3.3: Response of particle-filled epoxy in uniaxial compression, with (a) the

stress-strain response at a strain rate of 10-3 s-1, and (b) the yield stress versus the

strain rate applied. The symbols in (b) are the experimental results and solid lines are

guides-to-the-eye.
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Figure 3.4: Comparison of numerical simulations using a single-mode (dashed lines)

or the full multi-mode spectrum (solid lines) at a strain rate of 10-3 s-1. (a) Simulated

macroscopic stress-strain response from the 20 vol% hard- and soft-particle filled RVEs,

together with the model prediction of the epoxy matrix. (b) Maximum positive hydro-

static stress inside the RVEs as a function of the macroscopically imposed compressive

strain. The lines are the mean of the different RVEs.

Numerical results

Since both hard- and soft-particle modified systems contain 20 vol% fillers, the same

RVEs are used, only changing the properties of the fillers. Three different RVEs are gen-

erated, each containing 32 spheres with a minimum allowed distance of hmin = 0.4R

in between these spheres. The gap between two inclusions closest to one another is

meshedwith at least three elements, as this gives an optimal compromise between accu-

racy and computational costs, see Chapter 2. The resulting RVEs contain about 900,000

elements. For each RVE three simulations are performed: compression in each of the

three perpendicular directions, resulting in a total of nine simulations per model sys-

tem. First, the influence of using multiple relaxation times is investigated. Simulations

are performed with either the full spectrum of relaxation times from Table 3.2, or with

only the first mode of the spectrum active, as was done in Chapter 2. As expected, with

one mode the stress-strain response of the matrix can not be quantitatively captured

anymore in the pre-yield regime. However, yield stress and the post-yield stress-strain

responses of the single- and multi-mode simulations of the unfilled epoxy are identi-

cal, see Figure 3.4a. For the soft SR-filled system exactly the same result is obtained: the

pre-yield regime shows a strong non-linear response when usingmultiple modes, while

the (macroscopic) yield stress and the post-yield responses are identical. For the hard-
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particle filled systems, however, things are completely different. Not only the pre-yield

regime has changed when using the full relaxation spectrum, but the (macroscopic)

yield stress has slightly increased and shifted to a lower strain, while with further in-

creasing the strain the difference in stress responses between the single- andmulti-mode

modeling continues to increase.

These substantial differences between the responses of soft- and hard-particle filled sys-

tems originate from the fact that stress gradients in a hard-particle filled system are

much more extreme. Different sites locally in the RVE start yielding at gradually in-

creasing macroscopic strains. A sequential yielding process results that covers a large

macroscopic strain region. As a consequence, also a large volume of the matrix material

is still in the small strain regime, also at large macroscopic strains. This, finally, results

in the different response observed when using the multi-mode spectrum. Since soft-

particle fillers are intended to delocalize the stress in the first place, stress gradients are

considerably less extreme during deformations. Therefore, yielding events occur in a

small macroscopic strain region, which makes the results of the simulations less sensi-

tive for the modeling choice for the matrix in the pre-yield regime. It only affects the

small strain, pre-(macroscopic)-yield regime.

Apart from the macroscopic response of the filled systems, local events are also cap-

tured differently when using themulti-mode approach. This is illustrated in Figure 3.4b,

where the maximum value of the positive hydrostatic stress (σh
max), present in the RVEs

polymer matrix, is shown as a function of the macroscopically applied compressive

strain. Although the exact values of these extrema should be interpreted with care, due

to the constraints imposed on the minimum inter-particle distance hmin, they clearly

show that the local tri-axial stresses that are predicted with the multi-mode modeling

are higher compared to the predictions from the single-mode case, for both the hard-

and the soft-particle filled systems.

Combining experimental and numerical results

In comparing experimental results with simulations, the full spectrum of relaxation

modes is used. That leaves only one unknown material parameter: the state param-

eter Sa that defines the initial age of the epoxy matrix. Due to small variations during

sample preparation, and subsequent cooling history, small variations in the initial age

are likely to occur. Therefore, during the preparation of each particle-filled sample an

unfilled control batch was prepared as well, to determine its Sa value via a compression
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test. For the SR-filled sample Sa = 18.5 was found, while for the TiO2-filled sample a

value of Sa = 19.3 fits the unfilled control sample. Results of numerical simulations

using these values for Sa are shown as the symbols in Figure 3.5, where the solid lines

are the experimental results from Figure 3.3.
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Figure 3.5: (a) Stress-strain response of the particle-filled epoxy in uniaxial compres-

sion at a strain rate of 10-3 s-1, RVE model predictions (symbols) compared to exper-

imental results (solid lines). (b) Yield stress versus strain rate applied, experimental

results (symbols) compared with numerical predictions (solid lines).

The response of the TiO2-filled samples is captured well. The pre-yield regime, although

only slightly over-predicted by the simulations, shows the same non-linear response as

the experiments, and both the yield stress and large strain response are described quan-

titatively, see Figure 3.5a. Moreover, the strain-rate dependent yield stress (Figure 3.5b)

is also quantitatively predicted. For the SR-filled sample, however, the simulations over-

predict the stress response in all regions but the pre-yield regime where the modulus is

captured well, see Figure 3.5a. Strikingly, the over-prediction of the yield stress is con-

stant for all strain rates, see Figure 3.5b. This indicates that the rate-dependence is still

captured well by the model. The explanation of the discrepancy in the magnitude of the

stress response is twofold.

First, the Tg of the SR-filled sample is 6 °C below that of the neat epoxy. The exact cause

of this decreased Tg is ambiguous, but as a result the experiments are performed at a

different T − Tg compared to those with the hard- and un-filled samples. Under the

assumption that the epoxy matrix shows the same response at a constant T − Tg, com-

pression tests are performed at a temperature 6 °C below the previous experiments, i.e.
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Figure 3.6: Stress-strain response of epoxy filled with 20 vol% SR at a strain rate of

10-3 s-1. Solid lines are experimental results, symbols are simulation results. Experi-

ments (solid lines) performed at different temperatures, and simulations results (sym-

bols) with different Sa. Values are indicated in the legend.

at 15 °C. The effect of this change in temperature, as shown in Figure 3.6 by the gray

solid line, is that the yield- and post-yield response increase with 2.5–3 MPa. Evidently,

epoxy is quite sensitive to temperature changes, so care should be taken when com-

paring results from experiments that are either not properly temperature controlled, or

from samples that show small deviations in Tg.

Second, the SR filler-particles are modified with a thin epoxy-functional layer, that con-

fines the epoxy-matrix at the particle-matrix interface. This on one hand may help ex-

plaining the change in Tg observed, and on the other hand can lead to a change in aging

rate [68, 70], although the results differ dramatically for different systems. Since still

an over-prediction in stress is observed in Figure 3.6, we anticipate that for our sys-

tem aging is suppressed at the particle-interface and like in Chapter 2 an effective Sa is

introduced. With Sa = 16 the pre-yield and yield regime is accurately described, see

Figure 3.6, when combined with the effect of Tg. The large-strain regime, however, is

still over-predicted.

Local analyses

The method used predicts the macroscopic responses with reasonable accuracy, but

moreover provides valuable information on local, inter-particle scale events. This was

already demonstrated in Chapter 2, for polycarbonate, filled with either hard- or soft

particles, but in that study only the extremes in the positive hydrostatic (or tri-axial)
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(a) (b)

Figure 3.7: Iso-surfaces of positive hydrostatic stresses in a hard-particle filled system

(lower threshold at 10 MPa). The RVE is deformed in compression in the z-direction,

the macroscopic strain is 2.5%. (a) Complete RVE. (b) Front part cut away to show

simultaneous interaction between four fillers.

stress were considered at each macroscopic strain increment. Figure 3.4 shows that by

more accurately capturing the pre-yield regime with a multi-mode spectrum, the ex-

tremes at the local scale increase, indicating that damage commences at an even earlier

stage. The hydrostatic stress in the RVE of Figure 3.4b, is one maximum value only

and susceptible to the mesh quality. It is, therefore, instructive to consider the total

positive-hydrostatic-stress field. They are shown in Figures 3.7 and 3.8 for the hard-

and soft-particle filled systems, respectively. The figures intend to only illustrate the

importance of the occurrence of local events, and therefore only eight spherical inclu-

sions are considered. To emphasize the effect of closely packed particles, the allowable

inter-particle distance is set to hmin = 0.1R.

The figures nicely demonstrate that, although deformed in compression, positive tri-

axial stresses occur in the complex 3D geometries present. With hard fillers, see Fig-

ure 6.13a, these positive stresses occur between particles in an equatorial plane, perpen-

dicular to the loading direction. In the example presented, the stress-bands between

three particles is clearly recognized in the foreground. More complex situations may
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Figure 3.8: Iso-surfaces of positive hydrostatic stresses in a soft-particle filled system

(lower threshold at 10 MPa). The RVE is deformed in compression in the x-direction,

the macroscopic strain is 2.5%.

occur, however, as illustrated in Figure 3.7b, where the three front-most particles are via

post-processing made invisible, to reveal the four particles in the background that are

also in a plane. They visualize the strong, complex interaction between them.

Positive hydrostatic stresses also appear in the system filled with soft particles, see Fig-

ure 3.8. The RVE is now deformed in the x-direction and high hydrostatic stresses

clearly appear at the poles of the fillers along the axis of deformation. Although the

threshold value of 10 MPa implies that approximately the same volume is subjected to

tensile stresses compared to the hard-particle filled system, it is obvious that the max-

imum stresses in the soft-particle filled systems are much lower. When the dispersion

is good, these positive-hydrostatic-stress zones remain concentrated at the filler-poles,

but as illustrated by Figure 3.8, in the case of two fillers closely packed in the loading

direction these zones may coalesce. Thus, in the event that the critical hydrostatic stress

of the matrix material is reached, this may result in damage that propagates through the

areas between these fillers. Therefore, instead of improving toughness, fillers may have

the opposite effect by actually promoting the propagation of cracks in localized zones

through the system.
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3.5 Conclusions

Multi-mode analyses of periodic, 3D RVEs are successfully applied to particle filled

thermoset systems. The epoxy matrix is characterized first and it is shown that cooling

rates after curing only affect the yield stress; the strain hardening regime, and the strain

rate dependence, is unaffected. This indicates that, for the same curing protocol, the

subsequent cooling history only induces physical aging of the polymer system. Ageing

affects the intermolecular forces at the segmental scale; at large deformations this ther-

modynamic history is erased and the polymer network becomes dominant.

Comparing numerical simulations of the 3D, periodic, RVEs with experimental results

demonstrates that especially for the hard-particle filled system key features such as

yield stress, the rate-dependence of the yield stress, strain softening, and even strain

hardening are all captured well. It is demonstrated that also for the particle filled sys-

tems the cooling history is influencing the intrinsic response. For the hard particle filled

systems the effect is at yield; for the soft particle filled systems the effect is smeared

out to larger strains, causing the apparent strain hardening modulus to decrease with

increasing age.

Predictions in the small strain regime improve when multiple relaxation modes are

used. Multi-mode modeling implies that the matrix material is modeled stiffer, as it is in

reality. The sum of the shear moduli is larger than the shearmodulus in the single-mode

case, and therefore we find in the numerical simulations a more pronounced increase in

local stresses with macroscopic deformation. As a result, the critical hydrostatic stress,

although still experimentally to be determined for this matrix material, is reached at

earlier stage than suggested in the simulations with a single mode. By multi-mode

modeling, the cause of filler-induced brittleness is therefore more quantitatively under-

stood.
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3.A Material parameters

Table 3.1: Material parameters for the epoxy matrix.

Gr ν τ0 Sa µ r0 r1 r2

[MPa] [–] [MPa] [–] [–] [–] [–] [–]

37 0.37 1.5 – 0.166 0.977 9 -3.5

Table 3.2: Reference spectrum for the epoxy matrix.

mode η0,i,ref Gi λi

[MPa·s] [MPa] [s]

1 1.53 · 105 4.64 · 102 3.30 · 102

2 1.48 · 103 8.40 · 101 1.77 · 101

3 1.87 · 102 5.09 · 101 3.68 · 100

4 3.82 · 101 4.41 · 101 8.66 · 10−1

5 4.96 · 100 2.44 · 101 2.03 · 10−1

6 1.41 · 100 1.81 · 101 7.75 · 10−2

7 3.29 · 10
−1

1.80 · 10
1

1.82 · 10
−2

8 5.03 · 10−2 3.52 · 100 1.43 · 10−2

9 4.48 · 10−2 1.70 · 101 2.64 · 10−3

10 6.57 · 10−3 1.35 · 101 4.88 · 10−4

11 1.71 · 10−3 1.49 · 101 1.15 · 10−4

12 3.09 · 10
−4

2.37 · 10
1

1.31 · 10
−5



CHAPTER 4

Finite element modeling and

experimental validation of

single-asperity sliding friction on

particle filled polycarbonate

Abstract

Polymer composites used as protective coatings are important, tribology-critical appli-

cations. In this study, hard or soft particle-filled model systems with a polycarbonate

matrix are tested in single asperity sliding friction tests against diamond tips. A numer-

ical approach developed to simulate scratching on unfilled polycarbonate was adapted

by computing the effective material parameters for the hard and soft particle filled sys-

tems using representative volume elements. Combining this proper constitutive frame-

work with a rate-independent friction model correlated quantitatively with the results

of the current scratching experiments.

Reproduced from: S. Krop, H.E.H. Meijer, and L.C.A. van Breemen. ”Finite element modeling and

experimental validation of single-asperity sliding friction of diamond against reinforced and non-filled

polycarbonate,”Wear, in press (2016).
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4.1 Introduction

Filled polymer systems are important in direct tribological applications, but also in

scratch and wear resistant coatings. Scratching surfaces is a challenging subject because

of the complex contact conditions involving many variables [11, 92–94]. Therefore, sim-

plifications are required to arrive at well-defined contact situations and, in this chapter,

we focus on the single-asperity sliding friction test, often referred to as ‘scratch test’.

This test allows studying a wide range of surface mechanical properties in a controlled

manner [6, 95]. Generally, friction is understood as the resistance encountered by a

body sliding over another. Important for a proper description of friction is the real con-

tact area between the two bodies, in our case the contact area between the indenter-tip

and the polymer surface.

Usually this contact area is approximated by the projected area resulting from either

ideal elastic or ideal plastic deformation, or a combination thereof [7, 92, 95, 96]. For

polymers, characterized by their visco-elastic nature, this is a strong assumption. Dur-

ing scratching the polymer already relaxes in the wake of the indenter tip and to de-

termine the real contact area proves challenging. It is either estimated by analyzing the

residual scratch geometry [97] or, in the case of transparent samples, in situ monitored

with a microscope mounted underneath the sample [98, 99].

The rise of Finite Element Methods (FEM) opened up new possibilities to study non-

linear contact problems and simulations confirm that standard assumptions concerning

contact areas are inaccurate for polymeric materials [100]. Therefore, instead, advanced

FEM computations are increasingly employed to analyze complex responses in sliding

friction [101–108]. Most studies provide a valuable, but still only qualitative, description

of the scratch response, and quantitative predictions based on the polymers’ intrinsic

mechanical response are challenging.

In our previous study we employed a hybrid experimental–numerical approach to ana-

lyze scratching a well characterized model polymer, which was unfilled polycarbonate

[12]. The rate-dependent macroscopic friction force proved to be the result of a complex

process. It is covered by the subtle interplay between the (size of the) bow wave in front

of the indenter, that determines the deformation zone, and the rate dependent intrinsic

mechanical behavior of the polymer substrate. In contrast to common practice in tri-

bology, in this more complex, correct, detailed, and quantitative deformation analysis,

a simple constant friction coefficient could be used.
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Most polymers used in coatings are filled to improve mechanical properties like scratch

and wear resistance [109], or to change the appearance through colorants. Additives

change the intrinsic mechanical response, and could influence the adhesive interaction

with the indenter tip, as expressed in the –constant– friction coefficient. This study

aims to quantitatively relate the homogenized mechanical properties of well-defined,

particle-filled polymer systems to their response in sliding friction. We use hard- and

soft-particle filled PC, as an extension of our previous work on unfilled PC [12]. Material

parameters representing the particle-filled PC samples are required in the homogenized

macroscopic constitutive equation used and are computed using Three-Dimensional

Representative Volume Elements (3D-RVEs); for details see Chapter 2. Comparing the

results of numerical simulations with experiments confirms that also in these systems

the scratch response originates from the intrinsic mechanical materials’ response.

4.2 Experimental

4.2.1 Materials and sample preparation

The matrix material used for the unfilled and hard-particle filled systems is Lexan 101R,

an extrusion grade of polycarbonate (PC), while for the soft-particle filled system we

used Lexan 141R (Sabic Innovative Plastics, Bergen op Zoom, the Netherlands), an in-

jection molding grade of PC, filled with 9 vol% of Paraloid EXL-2600 (Rohm & Haas).

This low temperature impact modifier is a methacrylate-butadiene-styrene (MBS) core-

shell copolymer. The particles have a diameter of 100 nm. The rectangular shaped

scratch sample (10 × 10 × 4 mm3) is cut from the mid-section of an injection molded

bar (80 × 10 × 4 mm3). The exact preparation method of the injection molded bars is

described elsewhere [64].

The hard-particle filled system consists of Lexan 101R filled with 10 vol% Ti-Pure R-706

(DuPont Titanium Technologies), a dry grade titanium dioxide (TiO2) with a particle

size of 350 nm. The compounding procedure is described in full detail in Chapter 2.

Pellets of unfilled and TiO2-filled PC are dried at 80 °C under vacuum for 12 hours

before further processing. The dried pellets are heated in a mold (12 × 10 × 4 mm3) for

30 minutes at 190 °C and then compressed in seven subsequent intervals of 1 minute,

progressively increasing the force with each step to a final force of 100 kN. Between each

compression step, the force is released to allow for degassing. Finally the mold is placed
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in a cold press and cooled to room temperature. To minimize the surface roughness, the

samples are placed back in the hot press at 190 °C for 15 minutes, and then compressed

with a pre-heated optically flat steel plate at a 100 kN normal force for 5 minutes. During

this compression step, spacers ensure a uniform thickness of 3 mm. To remove stresses

in the surface layer introduced during the preparation process, the sample is placed in

an oven at 190 °C for 15 minutes and subsequently air-cooled to room temperature.

4.2.2 Testing

The single-asperity scratch experiments are performed with a Nano Indenter XP (MTS

Nano-Instruments, Oak Ridge, Tennessee), extendedwith the lateral force measurement

option. During the scratch experiments, a constant normal load of 300 mN is applied.

After the initial indentation step, a constant sliding velocity is applied, ranging 0.1–

100 µm/s. The conical diamond indenter tip used for all scratch experiments has the

following specified dimensions: 90° top angle and 50 µm top radius. The indenter setup

is mounted on a vibration isolation table. Thermal and acoustic disturbances are pre-

vented by a cabinet that encloses this whole system. Experiments are performed at

room temperature.

4.2.3 Experimental results

The scratch response at 0.1 µm/s is shown in Figure 4.1. The lines representing the

measurements are the average of at least 3 consecutive experiments with identical in-

put parameters. The response of the unfilled-PC sample is nearly identical to that re-

ported by Van Breemen et al. [12]. In the penetration into the surface (Figure 4.1a),

three points of interest are observed: (i) initial indentation, (ii) with the onset of slid-

ing the contact area decreases compared to initial indentation (the wake of the indenter

detaches from the substrate), which results in an increased penetration depth, and fi-

nally (iii) a steady state is reached at a lower penetration depth due to the formation of

a bow wave in front of the indenter-tip. The effect of filler particles embedded in the

PC matrix is as expected. Hard TiO2-fillers increase the resistance against deformation,

resulting in a decreased penetration depth, whereas this resistance is decreased by the

soft MBS-particles, resulting in an increase in penetration. The lateral-force response,

see Figure 4.1b, is somewhat less straightforward. With hard fillers the penetration has

decreased compared to unfilled PC, and a smaller contact area between the two bodies

results. As a consequence, the lateral force decreases, despite of the higher resistance to

deformation of this substrate material itself. This influence is similar to that of the slid-
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Figure 4.1: Penetration into the surface (a) and lateral friction force (b) as a function

of scratch distance for unfilled PC, and PC filled with TiO2- or MBS-particles. Scratch

velocity is 0.1 µm/s and normal force applied is 300 mN.

ing velocity, where higher rates give also higher resistances to deformation resulting in

a lower lateral force. The opposite effect is observed with the soft fillers.

Figure 4.2 shows the steady state response (region iii) as function of the sliding velocity

applied. Since the yield stress of PC depends linearly on the logarithm of the strain rate,

see Figure 4.4b, the velocity-axis is chosen logarithmic, and indeed a linear dependence

of the scratch response on the logarithm of the rate is found for all three systems. The

addition of filler particles results in a vertical shift of the penetration into the surface

only, the velocity-dependence itself is unaffected, see Figure 4.2a. Figure 4.2b confirms

that the influence of adding particles on the lateral friction force is less straightforward.

The hard-particle filled samples show, compared with the unfilled ones, a constant shift

in friction force over the whole velocity-range, which is expected since this is also the

case for the surface penetration. For the soft-particle filled sample, no clear change

in the lateral-force response results when compared to the unfilled samples over the

whole velocity range, despite a 10% increase in penetration depth. At the lowest sliding

velocity a slightly higher friction force is found, see also Figure 4.1b, while at the higher

velocities a somewhat lower force results. The discrepancy is partly due to inaccuracies

in measurements at the lowest speed, see the error bar in Figure 4.2b.
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Figure 4.2: The mean of the steady-state penetration into the surface (a) and lateral

friction force (b) as a function of scratch velocity for unfilled PC, and PC filled with

TiO2- or MBS-particles. Symbols are experiments and dashed lines are to guide the

eye only.

4.3 Modeling

4.3.1 Constitutive model

The constitutive model employed is the EGP model [43, 44]; it is based on an additive

decomposition of the Cauchy stress into a hardening stress σr and a driving stress σs:

σ = σr + σs, (4.1)

where σr accounts for the stress contribution of the entangled network, modeled with a

neo-Hookean spring (Gr), and σs is attributed to intermolecular interactions. σs is addi-

tively decomposed into a hydrostatic (volumetric) part (σh
s ) and a deviatoric part (σd

s ),

where the latter is modeled as a combination of n parallel linked Maxwell elements.

σs = σ
h
s +

n∑

i=1

σ
d
s,i = κ(J − 1)I +

n∑

i=1

GiB̃
d
e,i, (4.2)

with the bulk modulus κ, the volume change ratio J , the unity tensor I , the shear mod-

ulus G, and the elastic part of the isochoric left Cauchy-Green strain tensor B̃
d
e . The

specific modes are denoted by subscript i = [1, 2, ..., n]. The plastic deformation rate

tensors Dp,i relate to the deviatoric driving stresses σ
d
s,i by a non-Newtonian flow rule,
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that for the isothermal case reads

Dp,i =
σ

d
s,i

2ηi(τ̄, p, Sa)
. (4.3)

Here, the viscosities ηi depend on the total equivalent stress τ̄ , the hydrostatic pressure

p and the thermodynamic state of the material Sa. The viscosities are described by an

Eyring flow rule, which has been extended to take pressure dependence and intrinsic

strain softening into account:

ηi = η0,i,ref

τ̄ /τ0

sinh(τ̄ /τ0)
︸ ︷︷ ︸

(I)

exp

(
µp

τ0

)

︸ ︷︷ ︸

(II)

exp (SaR(γ̄p))

︸ ︷︷ ︸

(III)

, (4.4)

where the initial viscosities η0,i,ref define the so-called reference (un-aged) state. Part

I represents the stress dependence on the deformation kinetics with the characteristic

stress τ0; the pressure dependence, part II, is governed by the parameter µ, and part III

captures the dependency of the viscosities on the thermodynamic history via Sa. Strain

softening is described by the softening function R(γ̄p), a modified Carreau-Yasuda re-

lation with fitting parameters r0, r1 and r2. This model is implemented as a user sub-

routine in the FEM package MSC.Marc. The material parameters for PC are taken from

Van Breemen et al. [44] and are summarized in Table 4.1, with the reference spectrum in

Table 4.2.

4.3.2 Homogenization procedure

For the particle-filled systems homogenized material parameters are used, which is jus-

tified by the two orders of magnitude difference in length scale between the filler parti-

cles (<0.5 µm) and the indenter tip (50 µm). Moreover, directly capturing the detailed

micro-structure in a finite element mesh is unfeasible since the simulation box would

contain over 106 particles. Alternatively, application of the ML-FEM, multi-level finite

element method, with RVEs in the integration points of every element [110], and over

30 particles in each RVE, is impossible in 3D, given similar arguments about limitations

in storage and computation time. For the homogenization procedure we use a combi-

nation of experimental results and numerical simulations on 3D representative volume

elements (3D-RVEs) of the particle-filled model systems, as presented in Chapter 2.

The 3D-RVEs are periodic cubic unit cells containing 32 particles that are used as a sim-

plified model for the heterogeneous micro-structure. Particles are assumed spherical,
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mono-sized, and with perfect adhesion to the PC matrix. The random spatial distribu-

tion of the spheres in the 3D-RVEs is generated in a MATLAB (The Mathworks Inc.)

program using a build-in random number generator. With the number of spheres fixed,

their radius (R) is computed from the desired volume fraction. For each generated co-

ordinate it is checked whether it fulfills a minimal allowed distance (hmin = 0.6R) to its

closest neighbor: it is rejected if x ≤ 2R + hmin. After each rejection a new coordinate is

generated and checked, until the desired number of spheres is placed in the simulation

box. Spheres crossing the cubic cell faces are copied to the opposite side to obtain peri-

odicity. A finite element mesh of the 3D-RVE is generated, ensuring periodicity of the

opposite cell faces and a minimum of three elements between closely packed spheres.

An example of a 3D-RVE is shown in Figure 4.3a. With the limited amount of 32 fillers,

this 3D-RVE already contains 106 elements. As mentioned before, a simulation box for

direct scratch simulations requires about 106 spheres. Clearly this is simply impossible

to capture in a finite element mesh, illustrating the need for homogenization.
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Figure 4.3: (a) Example of a meshed RVE with part of the matrix made invisible. (b)

Stress-strain response of PC filled with 10 vol% TiO2 or 9 vol% MBS, at a strain rate of

10-3 s-1 and a temperature of 23 °C. Lines are experimental results taken from Chap-

ter 2. Symbols are the result of FE simulations of the RVEs, using either Sa = 28 (open

symbols) or Sa = 0 (closed symbols) for the PC matrix.

In these 3D-RVEs, the TiO2 particles are modeled as a linear elastic material with an

elastic modulus of 230 GPa and a Poisson ratio of 0.27; the rubber particles are mod-

eled neo-Hookean with a shear modulus of 5 MPa. Simulations are performed in both

uniaxial tension and compression loadings at different strain rates, to obtain homog-

enized material parameters that will be used in the scratch simulations. Figure 4.3b
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shows the stress-strain response in compression, obtained using Sa = 28 for the PC

matrix (open symbols), compared to experimental results taken from Chapter 2. The

response of the MBS-filled sample is captured well by the simulations, including the ini-

tial slope, the yield point, subsequent strain softening, and the strain hardening regime.

The TiO2-filled sample is also captured well initially, but in the strain softening regime

the response from the 3D-RVEs starts to deviate from the experiment: the RVE sim-

ulations show a more pronounced strain hardening response. In Chapter 2 this was

attributed to the accumulation of damage in the system which becomes macroscopi-

cally noticeable above 20% strain and, since damage is not incorporated in the RVE-

simulations, an over-prediction results. Therefore, for the filled systems, we take the

effective strain hardening modulus Gr at large deformations directly from the experi-

mental stress-strain responses.

Comparing simulations with experiments, the values for τ0, µ and the Poisson’s ratio

ν are obtained. The elastic bulk modulus κ is determined using the elastic conversion

formula

κ =
E

3(1 − 2ν)
, (4.5)

where the Young’s modulus E is obtained from the initial slope of the stress-strain re-

sponse. The reference (or rejuvenated) state of the filled systems (η0,r) is obtained by

setting Sa = 0 for the PC matrix, see the closed symbols in Figure 4.3b. With the set

input-parameters established, the relaxation-time spectrum can be determined. The

material parameters are tabulated in Table 4.3 and the relaxation spectra in Tables 4.4

and 4.5. Figure 4.4a shows the experimental stress-strain responses of the unfilled and

particle filled systems, taken from Chapter 2, compared to the EGP-model descriptions

using this set of material parameters. The rate-dependence is also captured well, as

shown in Figure 4.4b where the yield stress for different strain-rates is compared to the

model predictions.

4.3.3 FE mesh and friction modeling

For the scratch simulations only half of the surface is meshed, since the problem an-

alyzed is symmetric in the plane perpendicular to the sliding direction. The meshed

area is 0.2 × 0.2 × 0.8 mm3, see Figure 4.5, and the dimensions of the mesh are chosen

such that the edges have no influence on the stress field. To reduce the total amount

of elements, only the mesh in the region of interest is refined using the automatic lo-

cal adaptivity function of Marc, resulting in a total of 66936 linear brick elements. The
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Figure 4.4: (a) Stress-strain response of unfilled PC, and PC filled with 10 vol% TiO2 or

9 vol%MBS, at a strain rate of 10-3 s-1 and a temperature of 23 °C. Lines are experimen-

tal results taken from Chapter 2, symbols are the model predictions. (b) Yield stress as

a function of the strain rate applied. Symbols are experimental results and lines are the

model predictions.

symmetry plane is fixed in z-direction and the sides are restrained in z- and y-direction.

Scratching occurs from the top and the sliding velocity is prescribed to the meshed block

in the negative x-direction. The tip geometry is modeled as a rigid impenetrable sur-

face. A control node on the indenter’s surface is used to prescribe the normal force and

to retain the indenter in x- and z-direction.

Friction is considered as a complex physical phenomenon, where complexity finds its

origin in interactions at the molecular scale up to the micrometer scale. It moreover

involves the influences from surface roughness, temperature, contact stresses, combi-

nation of indenter- and sample-material, etc. Usually tribology uses simple analyses

where all complexity is incorporated in the friction coefficient, the ratio between lat-

eral and normal force, and also in MSC.Marc several friction models are implemented.

We here adapt a different approach, focussing on introducing more complexity in the

local deformation processes, meanwhile simplifying the friction model [12]. We select

the most simple one, Coulomb friction, which is characterized by a constant, velocity

independent, friction coefficient µf :

‖~ft‖ < µffn (sticking) and ~ft = −µffn
~t (relative sliding). (4.6)

When a node is in contact with the rigid indenter-surface, the node’s normal force (fn)

and relative sliding velocity ( ~vr = ‖~vr‖~t ) with respect to the rigid surface are deter-
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x

y

z

Figure 4.5: Finite element mesh for the scratch simulations.

mined, and evaluating these gives the tangential (friction) force ~ft, which, in the case

of relative motion, has opposite direction to ~vr. The friction force has a step function

behavior when the node switches from sticking to relative motion (and vice versa), and

to avoid numerical difficulties arising from this discontinuity, the step function is ap-

proximated with an arctangent model:

~ft = −µffn

2

π
arctan

[‖~vr‖
δ

]

~t. (4.7)

The interpretation of δ is the value of the relative velocity below which sticking occurs.

4.3.4 Influence of tip geometry

The scratch response, in particular the penetration depth, proved to be surprisingly

sensitive to the precise geometry of the indenter tip. An optical profilometer (Sen-

sofar Plu 2300) is used to measure the profile of the tip used, see Figure 4.6a. It ap-

pears that, in contrast to the specifications, the top of the indenter-tip is not spherical

but somewhat flattened. The sensitivity to small deviations from perfect symmetry is

demonstrated by comparing three responses: the indenter tip modeled according to (1)

the specified geometry, (2) the flattened top part, and (3) the flattened top part of the

Sensofar image. All three geometries are taken axisymmetric, and their cross-sections

are shown in Figure 4.6b. For the simulations the material parameters of unfilled PC are
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used, at 0.1 µm/s sliding velocity, and using a local friction coefficient of µf = 0.25.
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Figure 4.6: Influence of exact tip geometry. (a) 3D-view of indenter-tip geometry as

it is determined with an optical profilometer. Dimensions are in micrometers. (b)

The cross section of the indenter-tip geometries that are used in the simulations. This

results in a difference in scratch response: (c) penetration into the surface and (d) the

lateral friction force. In these simulations the material parameters of unfilled PC and

µf = 0.25 are used.

The resulting vertical-displacement responses are shown in Figure 4.6c. Compared to

the specified geometry, for the slightly flattened top the penetration into the surface de-

creases by approximately 8%. Even the small difference in shape between scenarios (2)

and (3) results in a 2% difference in penetration response. Remarkably, the lateral fric-

tion force is nearly insensitive to these differences in indenter geometry, see Figure 4.6d.
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The actual geometry, i.e. scenario (3), will be used in the remainder of the simulations

here.

4.3.5 Effect of local friction coefficient

In Van Breemen et al. [12] it was shown that the lateral force strongly depends on the

value of the –constant– friction coefficient µf via the formation and size of the bow

wave in front of the sliding tip. This bow wave causes the tip to be pushed out of the

surface and drastically changes the deformation zone in the substrate material. In [12],

a value of µf = 0.2 gave a best representation of the experimental data. We repeat the

procedure for filled PC and perform scratch simulations with different values for µf , see

Figure 4.7. An increase in local friction results in both a decreased surface penetration
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Figure 4.7: The steady-state scratch response of unfilled PC; penetration into the sur-

face (a) and lateral force (b) as a function of sliding velocity; experiments (symbols)

versus simulations (lines) performed with different values of µf .

and a decrease in velocity-dependency, see Figure 4.7a. For the lateral friction force

the opposite is observed: friction between indenter and surface causes the formation

of the bow wave, the lateral force required to maintain the velocity increases as does

the sensitivity for the sliding velocity, see Figure 4.7b. A value of µf = 0.25 is found to

represent the data adequately. This is slightly higher than the value of µf = 0.2 reported

by Van Breemen et al. [12], which is explained by a difference in surface roughness of

the tips used.
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4.3.6 Comparing experiments with simulations

With the value of µf established, scratch simulations are performed using the material

parameters describing the particle-filled PC samples. Without any adjustments in ma-
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Figure 4.8: Penetration into the surface (a) and lateral friction force (b) as a function

of scratch distance for unfilled PC, and PC filled with TiO2- or MBS-particles. Scratch

velocity is 0.1 µm/s and applied normal force is 300 mN. Solid lines are experiments

and symbols model predictions with µ = 0.25.

terial parameters, as used in Figure 4.4a to cover the intrinsic behavior of the unfilled

system and the homogenized response of the filled PC systems, particularly the ther-

modynamic state (Sa), and without changing the local friction coefficient (µf = 0.25),

the simulations predict the penetration into surface gratifyingly well, as shown in Fig-

ure 4.8a for 0.1 µm/s sliding velocity. The initial penetration depth during indentation,

the indenter-tip sink-in at the onset of sliding, and the indenter-tip push out towards

the steady state situation are all captured quantitatively. Figure 4.8b shows that the lat-

eral friction force is also predicted well although the response for the MBS-filled sample

is slightly under-predicted. Considering the relatively large scatter of this sample at

this low speed of 0.1 µm/s sliding velocity, see Figures 4.2b and 4.9b, the predicted val-

ues are still well within bounds. The simulations also successfully predict the scratch

response at different sliding velocities: The shift in penetration depth caused by the ad-

dition of fillers and by an increase in sliding velocity are captured quantitatively, see

Figure 4.9a, as is the decrease in lateral force with increasing sliding speed and with the

addition of 10 vol% hard fillers (TiO2) whereas it is largely unaffected by adding 9 vol%

soft fillers (MBS). This conclusively shows that the observed change in scratch response

is solely attributed to the fillers’ effect on the intrinsic mechanical response.
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Figure 4.9: Penetration into the surface (a) and lateral friction force (b) as a function

of scratch velocity for unfilled PC, and PC filled with TiO2- or MBS-particles. Applied

normal force is 300 mN. Symbols are experiments and lines are model predictions with

µf = 0.25.

4.3.7 Stress field

The interplay between the intrinsic mechanical response and the local friction results in

the formation of a bow wave in front of the indenter tip. The shape of this bow wave,

and therefore the contact area with the tip, depends on the total stress field in this re-

gion. This is shown in Figure 4.10, where the von Mises stresses (range 25–175 MPa)

are shown in the steady state situation at 0.1 µm/s sliding velocity. Clearly, compared

to unfilled PC (Figure 4.10a), the stress field is changed by the addition of fillers. With

TiO2-fillers, the yield stress and strain hardening have increased considerably, resulting

in more intensified stresses in the contact zone, see Figure 4.10b. The MBS-fillers in con-

trast, decrease the yield stress but not strain hardening. This results in a decrease in the

stresses at the contact zone, see Figure 4.10c. These stress fields, and the resulting stress

maxima locally within the underlaying 3D-REVs, will later be used in a future study

to predict the onset of damage and wear for different microstructures in single asperity

sliding friction.

This conclusively shows that the observed change in scratch response is mostly at-

tributed to the fillers’ effect on the macroscopic mechanical response. The material

composition is likely to influence the adhesive interaction with the diamond tip as well,

reflected in µf , but this effect seems marginal compared to the fillers’ changing the con-

stitutive behavior, and it will therefore lead to values close to µf = 0.25.
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Figure 4.10: The vonMises stresses (25–175 MPa range) during steady-state scratching

at 0.1 µm/s for (a) unfilled PC, and PC filled with (b) 10 vol% TiO2, and (c) 9 vol%MBS.

For clarity, the indenter tip is made invisible. (d) Grayscale bar with stress-values in

MPa.
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4.4 Conclusions

The hybrid experimental-numerical approach is successfully used to quantify the fric-

tional response of well characterizedmodel systems consisting of soft and hard particle-

filled PC. Finite-element simulations of the single asperity scratch test were performed

using homogenizedmaterial parameters obtained via 3D-RVE simulations. Fillers change

the intrinsic mechanical response, and therefore also the penetration into the surface

during scratching. Soft-filler particles increase the scratch depth, hard-filler particles

decrease the depth, and therefore enhance scratch resistance. The lateral-force response

is a result of the total stress field in front of the indenter tip, including the influence of

the bow wave that forms and changes the deformation region. Here, the effect of the

addition of hard particles is obvious and in line with the decreased penetration depth,

while that of soft filers is in first instance less evident, since where penetration depths

increase, the friction forces do not. This however, is completely captured by the simu-

lations. Comparing modeling results with the experiments, we can conclude that the

scratch response is governed by the fillers’ changing the intrinsic mechanical response

of the polymer used. Fillers do not change the local interactions between indenter tip

and the surface.
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4.A Material parameters

Table 4.1: Material parameters for PC, adopted from Van Breemen et al. [44].

Gr κ τ0 Sa µ r0 r1 r2

[MPa] [MPa] [MPa] [–] [–] [–] [–] [–]

26 3750 0.7 26.5 0.08 0.965 50 -3

Table 4.2: Reference spectrum for PC [44].

mode η0,i,ref Gi λi

[MPa·s] [MPa] [s]

1 2.10 · 1011 3.52 · 102 5.97 · 108

2 3.48 · 109 5.55 · 101 6.27 · 107

3 2.95 · 108 4.48 · 101 6.58 · 106

4 2.84 · 107 4.12 · 101 6.89 · 105

5 2.54 · 106 3.50 · 101 7.26 · 104

6 2.44 · 105 3.20 · 101 7.63 · 103

7 2.20 · 10
4

2.75 · 10
1

8.00 · 10
2

8 2.04 · 103 2.43 · 101 8.40 · 101

9 1.83 · 102 2.07 · 101 8.84 · 100

10 1.68 · 101 1.81 · 101 8.28 · 10−1

11 1.51 · 100 1.54 · 101 9.81 · 10−2

12 1.40 · 10
−1

1.36 · 10
1

1.03 · 10
−2

13 1.27 · 10−2 1.19 · 101 1.07 · 10−3

14 1.10 · 10−3 9.80 · 100 1.12 · 10−4

15 1.23 · 10−4 1.04 · 101 1.18 · 10−5

16 2.62 · 10−6 2.11 · 100 1.24 · 10−6

17 2.14 · 10−6 1.64 · 101 1.30 · 10−7

Table 4.3: Material parameters for particle-filled PC.

Gr κ τ0 Sa µ r0 r1 r2

[MPa] [MPa] [MPa] [–] [–] [–] [–] [–]

10 vol% TiO2 35 3970 0.75 30 0.092 0.980 25 -2.8

9 vol% MBS 26 4212 0.62 26 0.068 0.965 15 -2.6
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Table 4.4: Reference spectrum for PC filled

with 10 vol% TiO2 particles.

mode η0,i,ref Gi λi

[MPa·s] [MPa] [s]

1 2.34 · 10
11

4.23 · 10
2

5.53 · 10
8

2 1.14 · 109 5.23 · 101 2.18 · 107

3 9.83 · 107 1.77 · 101 5.55 · 106

4 7.41 · 107 3.61 · 101 2.05 · 106

5 1.04 · 107 3.43 · 101 3.03 · 105

6 1.39 · 106 2.58 · 101 5.39 · 104

7 1.28 · 105 2.06 · 101 6.21 · 103

8 2.12 · 104 1.24 · 101 1.71 · 103

9 5.10 · 103 1.09 · 101 4.68 · 102

10 2.26 · 103 1.14 · 101 1.98 · 102

11 7.67 · 102 9.23 · 100 8.31 · 101

12 4.22 · 102 1.20 · 101 3.52 · 101

13 1.16 · 10
2

1.21 · 10
1

9.59 · 10
0

14 2.01 · 101 1.81 · 101 1.11 · 100

15 1.98 · 100 1.55 · 101 1.28 · 10−1

Table 4.5: Reference spectrum for PC filled

with 9 vol% MBS particles.

mode η0,i,ref Gi λi

[MPa·s] [MPa] [s]

1 1.66 · 10
11

3.16 · 10
2

5.26 · 10
8

2 8.02 · 108 3.29 · 101 2.44 · 107

3 1.38 · 108 2.11 · 101 6.54 · 106

4 4.22 · 107 2.41 · 101 1.75 · 106

5 8.45 · 106 2.26 · 101 3.74 · 105

6 1.64 · 106 2.06 · 101 7.97 · 104

7 3.22 · 105 1.90 · 101 1.70 · 104

8 6.32 · 104 1.74 · 101 3.63 · 103

9 1.23 · 104 1.59 · 101 7.73 · 102

10 2.40 · 103 1.46 · 101 1.65 · 102

11 4.64 · 102 1.32 · 101 3.51 · 101

12 9.02 · 101 1.20 · 101 7.49 · 100

13 1.73 · 10
1

1.09 · 10
1

1.60 · 10
0

14 3.38 · 100 9.93 · 100 3.41 · 10−1

15 6.44 · 10−1 8.86 · 100 7.27 · 10−2

16 1.29 · 10−1 8.30 · 100 1.55 · 10−2

17 2.41 · 10−2 7.30 · 100 3.30 · 10−3

18 4.74 · 10
−3

6.74 · 10
0

7.04 · 10
−4

19 9.37 · 10−4 6.24 · 100 1.50 · 10−4

20 1.81 · 10−4 5.64 · 100 3.20 · 10−5

21 2.58 · 10−5 3.77 · 100 6.83 · 10−6

22 7.62 · 10−6 5.24 · 100 1.46 · 10−6

23 2.30 · 10
−6

7.40 · 10
0

3.10 · 10
−7

24 1.26 · 10−7 1.90 · 100 6.62 · 10−8



CHAPTER 5

Sliding friction on particle filled epoxy:

Developing a quantitative model for

complex coatings

Abstract

Epoxy resins represent an important class of thermosetting polymers that are exten-

sively used in demanding applications like in scratch resistant coatings. Usually fillers,

either hard (inorganic) or soft (rubbery), are added. Here we test hard and soft particle-

filled epoxy systems in single asperity sliding friction experiments, and analyze the

results with the hybrid numerical-experimental approach presented earlier. The fo-

cus is on the detailed modeling of the local deformation processes and it is confirmed

that a rate-independent friction model proves appropriate to quantitatively model this

complex process. The constitutive framework developed for amorphous thermoplastic

polymers adequately describes also these thermoset systems. The materials response

during scratching is likewise. Hard fillers decrease the penetration of the indenter into

the surface, and consequently enhance scratch resistance; they cause the lateral friction

force to decrease, since less material flows in front of the indenter tip. Soft fillers in-

crease the penetration into the surface, according to expectations, but surprisingly also

decrease the friction force. Simulations do not predict this, and suggest an alternative

explanation. Migration of rubber particles during sample preparation to the surface

could have occurred. Adding a thin rubbery layer to the surface makes the model quan-

Reproduced from: S. Krop, H.E.H. Meijer, and L.C.A. van Breemen. ”Sliding friction on particle filled

epoxy: Developing a quantitative model for complex coatings,”Wear, submitted for publication (2016).
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titative, but SEM and TEM pictures of the cross-sections do not confirm this phase sep-

aration and instead show the presence of a large number of very small voids. Including

these voids in the modeling allows to predict the penetration depth into the surface and

lateral force quantitative for all sliding speeds.
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5.1 Introduction

Apart from polyesters also epoxy-based resins are commonly used in scratch resistant

coatings. Investigating the scratch and wear resistance of materials is challenging be-

cause of the complex contact conditions that involve many variables [11, 92–94]. Here

we focus on the single-asperity sliding friction test, often referred to as ‘scratch test’,

to create well-defined contact situations. Friction is the resistance between surfaces in

relative motion. Therefore, a proper description of the real contact area between the

two bodies is key. Historically this contact area is approximated by the projected area

resulting from either ideal elastic or ideal plastic deformation, or a combination thereof

[7, 92, 95, 96], but for visco-elastic materials such as polymers this is a strong assump-

tion.

We employ a hybrid experimental–numerical approach instead and started to analyze

the scratch response of a model polymer, polycarbonate (PC) [12]. Subsequently, the

scratch response of soft and hard particle-filled PC (Chapter 4) was investigated. The

material parameters in the homogenized macroscopic constitutive equation used were

computed using Three-Dimensional Representative Volume Elements (3D-RVEs), for

details see Chapter 2. The scratch response, including its rate dependence, proved to

originate from the materials’ intrinsic mechanical response.

For practical coating applications thermoplastic systems such as (particle-filled) poly-

carbonate are irrelevant since thermosets dominate. Therefore, in this chapter we extend

our modeling of the scratch test to the standard epoxy that was already quantitatively

characterized in Chapter 3. In coating applications fillers are incorporated, hard (inor-

ganic) ones as colorants or stiffness and scratch reinforcements; soft ones to improve

the inherently low toughness and impact resistance of the epoxies used, and to relieve

residual stresses that originate from the curing process and that could cause warpage

and early fracture. This study aims to quantitatively relate the intrinsic mechanical

properties of particle-filled epoxy systems to their response in sliding friction.
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5.2 Experimental

5.2.1 Materials and sample preparation

The epoxy resin used is Epon 828 (Hexion Inc.), a standard diglycidyl ether of bisphenol-

A (DGEBA) with an epoxide equivalent weight (EEW) of 185–192 g/eq. The curing

agent is Jeffamine D230, a polypropyleneoxide diamine with an average molecular

weight of 230 g/mol and an amine hydrogen equivalent weight (AHEW) of 60 g/eq,

supplied by Huntsman Performance Products. The soft-particles are polysiloxane core-

shell rubber (CSR) particles, supplied by Evonik Hanse GmbH as a masterbatch of par-

ticles pre-dispersed at 40 wt% in a standard DGEBA resin (trade name Albidur EP2240-

A). The particle size is specified as 0.1–3 µm. The thin shell consists of epoxy-functional

molecules grafted on the elastomer core. The density of resin and elastomer fillers is as-

sumed to be equal, which entails that weight– and volume fraction have the same value.

Samples are prepared with a filler fraction of 10 vol% elastomer content by diluting the

masterbatch with standard DGEBA resin. The EEW of the mixture is calculated and the

hardener is added in a stoichiometric amount.

The hard-particle fillers are Ti-Pure R-706, a dry grade titanium dioxide (TiO2) with

an average particle size of 350 nm and a density ρ of 4.0 g/cm3, supplied by DuPont

Titanium Technologies. First, resin and hardener are mixed in a stoichiometric ratio.

Subsequently, TiO2-particles are added in a ratio of 90/10 vol% epoxy/TiO2. To calcu-

late this ratio, a density of 1.16 g/cm3 is assumed for the cured epoxy. The pre-mixed

samples are thoroughly stirred and degassed under vacuum. The samples are cured for

two hours at 80 °C followed by three hours at 125 °C. After the curing protocol, the oven

is switched off and allowed to cool to room temperature. To check the quality of curing,

the glass transition temperature (Tg) is determined with differential scanning calorime-

try (DSC) experiments (Mettler Toledo DSC823e).

Samples of approximately 15 mg are heated to 150 °C, the subsequent scan is performed

at a cooling rate of 10 K/min to 25 °C. The Tg of the unfilled samples is 85 °C, which

is consistent with results from Chapter 3. The TiO2-fillers have no effect on the curing

of the matrix as a value of 85.1 °C is found. For the 10 vol% SR-filled samples the Tg is

determined at 83.5 °C. This is only slightly lower compared to the unfilled matrix, so it

is concluded that also the effect of adding soft particles on curing is minimal.



5.2. Experimental 71

The samples for the scratch tests are prepared in silicone-rubber containers (10 mm ×
10 mm area). A 2 mm layer is poured in the mold, degassed in vacuum, and cured.

The scratch tests are performed on the free surface of these samples. The batches for the

compression tests are cured in aluminium cups with a diameter of 45 mm and 30 mm

in height, from which cylindrical samples (∅ 5 mm × 5 mm) are machined.

5.2.2 Testing

The scratch tests are performed with a Nano Indenter XP (MTS Nano-Instruments, Oak

Ridge, Tennessee), extended with the lateral force measurement option. The normal

force is load controlled, and it is kept constant during the scratch experiments. After

the initial indentation step, a constant sliding velocity is applied, ranging 0.1–100 µm/s.

The diamond indenter tip used for all scratch experiments is cone-shaped, with dimen-

sions specified as 90° top angle and 50 µm top radius. The indenter setup is mounted

on a vibration isolation table. Thermal and acoustic disturbances are prevented by a

cabinet that encloses this whole system.

Uniaxial compression tests are performed on a Zwick 1475 tester. Cylindrical samples

are compressed between two parallel flat steel plates at a constant true strain rate of

10-3 s-1. To prevent bulging due to friction between plates and samples, a thin PTFE film

(3M 5480 skived plastic film tape) is applied on both ends of the sample and a lubricant

(Griffon PTFE spray TF 089) is used on both contact areas between plates and samples.

All experiments are performed at room temperature.

5.2.3 Experimental results

Intrinsic response

Figure 5.1 shows the stress-strain responses of the unfilled epoxy sample and the two

particle-filled samples, measured at a constant compressive strain rate of 10-3 s-1. Inter-

estingly, the intrinsic mechanical response of these thermosetting polymer systems is

almost identical to those of their well-studied amorphous thermoplastic counterparts.

We find a non-linear viscoelastic response up to yield, followed by strain softening and

subsequent strain hardening. Furthermore, the addition of 10 vol% soft SR fillers re-

sults in a substantial decrease in yield stress, i.e. the first maximum upon loading,
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while the stress decrease to a local minimum after yield (strain softening) is less pro-

nounced. Adding 10 vol% TiO2 particles results in a slightly increased yield stress and

interestingly, similar to the SR filled sample, a substantially reduced strain softening.

Upon further loading, the strain hardening regime is entered. Hard fillers increase the
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Figure 5.1: Stress-strain response of unfilled and particle-filled epoxy in uniaxial com-

pression at a strain rate of 10-3 s-1.

large-strain stress-response, soft fillers decrease the response here. The SR-filled sam-

ples showed slightly more scatter in the stress-strain response, compared to the unfilled

and TiO2-filled samples, indicated by the dotted lines in Figure 5.1.

Scratch response

The scratch response at 0.1 µm/s is shown in Figure 6.3. The lines representing the

measurements are the average of at least 3 consecutive experiments with identical in-

put parameters. In the penetration into the surface (Figure 5.2a), three points of interest

are observed: (i) initial indentation, (ii) with the onset of sliding the contact area de-

creases compared to initial indentation, which, given the constant normal load, results

in an increased penetration depth, and finally (iii) a steady state is reached at a lower

penetration depth due to the formation of a bowwave in front of the indenter-tip. Qual-

itatively, the effect of embedding filler particles in the epoxy matrix on the surface pene-

tration is as expected. The hard TiO2-fillers increase the resistance against deformation,

resulting in a decreased penetration depth, whereas this resistance is decreased by the

soft SR-particles, resulting in an increase in penetration.

Quantitatively, however, the influence of the soft rubbery particles appearsmuch stronger
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Figure 5.2: Penetration into the surface (a) and lateral friction force (b) as a function of

scratch distance for unfilled epoxy, and epoxy filled with TiO2- or SR-particles. Scratch

velocity is 0.1 µm/s and normal force applied is 300 mN.
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Figure 5.3: The mean of the steady-state penetration into the surface (a) and lateral

friction force (b) as a function of scratch velocity for unfilled epoxy, and epoxy filled

with TiO2- or SR-particles.
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compared to that of the hard TiO2-particles. The effect of these fillers on the lateral-force

response, see Figure 5.2b, is really surprising and much less straightforward to inter-

pret. Since with hard fillers the penetration has decreased compared to unfilled epoxy,

a smaller contact area between the two bodies results. As a consequence, the lateral

force decreases, despite the higher resistance to deformation of this material. This ratio-

nale implies that the lateral friction of the SR-filled sample would increase considerably,

since this is also the case for the surface penetration. Clearly this is not the case: the

lateral force shows an extensive decrease, even compared to the TiO2-filled sample.

The steady state response (region iii) shows the same linear dependence on the loga-

rithm of the sliding velocity applied, see Figure 5.3, as observed earlier for unfilled and

particle-filled polycarbonate, see Chapter 4. This linear dependence originates from

the visco-elastic nature of these polymers, shown by a linear dependence of their yield

stress on the logarithm of the strain rate. The addition of filler particles results in a verti-

cal shift of the penetration into the surface only, see Figure 5.3a, the velocity-dependence

itself is unaffected. This is also the case for the lateral friction force, see Figure 5.3b.

5.3 Modeling

5.3.1 Intrinsic mechanical response

Constitutive model

The constitutive model employed is the EGP model [43, 44]. It is based on an additive

decomposition of the Cauchy stress into a hardening stress σr and a driving stress σs:

σ = σr + σs. (5.1)

Here σr accounts for the stress contribution of the network, either entangled or cross-

linked, and is modeled with a neo-Hookean spring with modulus Gr. σs is attributed to

intermolecular interactions. It is additively decomposed into a hydrostatic (volumetric)

part (σh
s ) and a deviatoric part (σd

s ) that is modeled as a combination of n parallel linked

Maxwell elements:

σs = σ
h
s +

n∑

i=1

σ
d
s,i = κ(J − 1)I +

n∑

i=1

GiB̃
d
e,i, (5.2)

with bulk modulus κ, volume change ratio J , unity tensor I , shear modulus G, and the

elastic part of the isochoric left Cauchy-Green strain tensor B̃
d
e . The specific modes are
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denoted by subscript i = [1, 2, ..., n]. The plastic deformation rate tensors Dp,i relate to

the deviatoric driving stresses σ
d
s,i by a non-Newtonian flow rule, that for the isothermal

case reads

Dp,i =
σ

d
s,i

2ηi(τ̄, p, Sa)
. (5.3)

Here, the viscosities ηi depend on the total equivalent stress τ̄ , the hydrostatic pressure

p and the thermodynamic state of the material Sa. The viscosities are described by an

Eyring flow rule, which has been extended to take pressure dependence and intrinsic

strain softening into account:

ηi = η0,i,ref

τ̄ /τ0

sinh(τ̄ /τ0)
︸ ︷︷ ︸

(I)

exp

(
µp

τ0

)

︸ ︷︷ ︸

(II)

exp (SaR(γ̄p))

︸ ︷︷ ︸

(III)

, (5.4)

where the initial viscosities η0,i,ref define the so-called reference (un-aged) state. Part

I represents the stress dependence of the deformation kinetics with the characteristic

stress τ0; the pressure dependence, part II, is governed by the parameter µ, and part III

captures the dependency of the viscosities on the thermodynamic history via Sa. Strain

softening is described by the softening function R(γ̄p), a modified Carreau-Yasuda rela-

tion with fitting parameters r0, r1 and r2. This model is implemented as a user subrou-

tine in the FEM package MSC.Marc. The procedure to obtain the material parameters
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Figure 5.4: Stress-strain response of unfilled epoxy at different strain-rates (solid lines),

compared to model predictions using parameter set 1 (open symbols).

for the (unfilled) epoxy matrix is explained in full detail in Chapter 3 and [44], and the

parameters are summarized in Table 5.1, denoted as set 1, with the reference spectrum

in Table 5.2. Figure 5.4 shows that model predictions using this parameter set are quan-

titative in describing experimental data at all different strain rates applied.
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Homogenization procedure

The homogenization procedure used to obtain the material parameters for the particle-

filled epoxy samples is described in full detail in Chapter 4. This method uses a combi-

nation of numerical simulations and experimental compression data. Full three dimen-

sional representative volume elements (3D-RVEs), periodic cubic unit cells containing

32 particles, are used as a simplified model for the heterogeneous micro-structure. Par-

ticles are assumed spherical, mono-sized, and adhere perfect to the epoxy matrix. A

finite element mesh of the 3D-RVE is generated and material properties are assigned.

Simulations are performed in both uniaxial tension and compression loadings at dif-

ferent strain rates, to obtain homogenized material parameters. Figure 5.5a shows the
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Figure 5.5: (a) Stress-strain response of epoxy filled with either 10 vol% TiO2 or 10 vol%

rubber, at a strain rate of 10-3 s-1. Lines are experimental results as in Figure 5.1, com-

pared to predictions from FE-simulation of 3D-RVEs using either Sa = 17.7 (closed

black symbols) or Sa = 0 (closed gray symbols) for the epoxy matrix. (b) Same as (a),

but here experiments are compared to model predictions resulting from the homog-

enization procedure, where parameters are adapted to the large-strain experimental

response as described in the text (open symbols)

stress-strain response of these RVEs in compression at 10-3 s-1 strain rate (closed black

symbols), obtained using parameter set 1 for the epoxy matrix, while the TiO2 particles

are modeled as a linear elastic material (E = 230 GPa and ν = 0.27) and the rubber

particles are modeled neo-Hookean (G = 5 MPa), compared to experimental results as

shown in Figure 5.1.

In the homogenization procedure the stress-strain responses that result from these RVE
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simulations is fitted using the Equations (5.1)–(5.4) to provide values for τ0, µ and Gr,

while the transverse deformation of the RVE provides the Poisson’s ratio ν. From the

Poisson’s ratio, the elastic bulk modulus κ is determined using the elastic conversion

formula

κ =
E

3(1 − 2ν)
, (5.5)

where the Young’s modulus E is obtained from the initial slope of the stress-strain re-

sponse. The reference state of the filled samples results from simulations with Sa = 0

for the epoxy matrix (closed gray symbols in Figure 5.5a). The relaxation spectra are

subsequently established using this set of input-parameters, following the procedure

described in [44]. This results in parameter set 2 for TiO2-filled epoxy and set 4 for SR-

filled epoxy (see Table 5.1).

Clearly, these parameter sets fail to correctly describe the experimental data (solid lines).

The discrepancy is attributed to an accumulation of damage in the systems, which is not

taken into account in the simulations, and a difference in aging kinetics of the polymer

matrix as a result of matrix-filler interactions, see Chapters 2 and 3. Following the same

procedure as used in Chapter 4, the material parameters, specifically Gr and Sa, are

adapted such that the experimentally obtained response is captured, see Figure 5.5b

(open symbols). This leads to adapted parameter sets for both TiO2-filled epoxy (set 3)

and SR-filled epoxy (set 5). All the material parameters are summarized in Table 5.1.

In the remainder, unless specified otherwise, we will use parameter set 1 for unfilled

epoxy, set 3 for TiO2-filled epoxy, and set 5 for SR-filled epoxy. The relaxation spectra of

the filled samples are summarized in Tables 5.3 and 5.4.

5.3.2 Scratch simulations

FE-mesh and friction modeling

For the scratch simulations only half of the surface is meshed, since the problem ana-

lyzed is symmetric in the direction perpendicular to the sliding direction. The meshed

area is (0.2 × 0.2 × 0.8) mm3, see Figure 5.6, and the dimensions of the mesh are chosen

such that the edges have no influence on the stress field. To reduce the total amount

of elements only the mesh in the region of interest is refined using the automatic local

adaptivity function of Marc, resulting in a total of 73,088 linear brick elements. The

symmetry plane is fixed in z-direction and the sides are restrained in z- and y-direction.

Scratching occurs from the top and the sliding velocity is prescribed to the meshed block
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Figure 5.6: Finite element mesh for the scratch simulations.

in the negative x-direction. The tip geometry is modeled as a rigid impenetrable sur-

face. A control node on the indenter’s surface is used to prescribe the normal force and

to retain the indenter in x- and z-direction. Since the scratch response is very sensitive to

the exact tip geometry, Chapter 4, an optical profilometer (Sensofar Plu 2300) is used to

measure the profile of the indenter tip. This measured profile is used in the simulations.

Local friction is modeledwith themost simple model that is implemented inMSC.Marc,

Coulomb friction. This model is characterized by a constant, velocity independent, fric-

tion coefficient µf via:

‖~ft‖ < µffn (sticking) and ~ft = −µffn
~t (relative sliding), (5.6)

with the tangential (friction) force ~ft, the normal force fn, the local friction coefficient

µf , and the tangential vector ~t in the direction of the relative velocity ~vr, defined as:

~t =
~vr

‖~vr‖
. (5.7)

The approach of simplifying the friction model and focusing on introducing more com-

plexity in the local deformation processes was successfully used to capture the scratch

response of unfilled and hard- and soft-particle filled polycarbonate, see Van Breemen

et al. [12] and Chapter 4.
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5.3.3 Comparing experiments with simulations

With the material parameters of the particle-filled samples established (parameter sets

1, 3, and 5), scratch simulations are performed. In Chapter 4, using the same indenter,

a value of µf = 0.25 was found to best describe the experimental data of unfilled and

filled PC, whereas here, a slightly higher value of µf = 0.27 is necessary to capture the

scratch response of the unfilled epoxy sample. This small difference is explained by dif-

ferences in the surface chemistry between this epoxy system and PC. At the molecular

scale, friction is influenced by factors such as the presence and type of chain ends at

the polymer surface, bond-breaking of the polymer chains, and surface and subsurface

relaxation modes [111, 112]. Since only one µf was capable of capturing the responses

of both unfilled and particle-filled PC (Chapter 4), we assume the same here.

Figure 5.7 shows the scratch responses obtained from simulations compared to the ex-

perimental results. For both unfilled and TiO2-filled epoxy the penetration into the

surface (Figure 5.7a) and the lateral friction force (Figure 5.7b) are quantitatively de-

scribed by the simulations for all scratch velocities applied. This in large contrast with

the predictions for the rubber-filled sample. The simulations underestimate both the

absolute penetration into the surface and its dependence on the scratch velocity, see

Figure 5.7a (gray line). The result is a discrepancy of about 15% at the lowest sliding ve-

locity and, interestingly, the velocity-dependence is predicted parallel to that of unfilled

and TiO2-filled epoxy. With a lower predicted penetration depth, resulting in a smaller

indenter–substrate contact area, it is expected that the lateral friction force would be un-

derestimated as well. This is clearly not the case, see the gray line in Figure 5.7b (close to

the unfilled line). At the lowest sliding velocity the lateral force is over-predicted with

about 50%, and also the decay with increasing velocity is overestimated.

To check whether this discrepancy results from the larger absolute value of the pene-

tration depth itself, i.e. that it results from shortcomings in our approach (e.g. subtle

geometry or surface roughness effects on the indenter cone), both the unfilled and the

TiO2-filled samples are tested at a higher normal load of 500mN. This results in penetra-

tion depths that exceed those of SR-filled epoxy at 300 mN, see Figure 5.8a. Comparing

these experimental results with simulations shows that the TiO2-filled sample is cap-

tured well over the total velocity range. For the unfilled sample the prediction is correct

for the highest sliding velocity, while at lower scratch velocities deviations increase. The

surface penetration is under-predicted with 1 µm at the lowest speed. This is still a more

accurate prediction, 7% off, compared to that of the rubber-filled sample, 15% off, due to

the larger absolute penetration depth. In contrast to the rubber-filled sample at 300 mN,
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Figure 5.7: Penetration into the surface (a) and lateral friction force (b) as a function

of scratch velocity at 300 mN normal load. Symbols are experimental results, as in

Figure 5.3, and lines are simulation results for unfilled and TiO2-filled epoxy (black),

and for SR-filled epoxy (gray). All simulations with µf = 0.27.
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Figure 5.8: Penetration into the surface (a) and lateral friction force (b) as a function

of scratch velocity for unfilled and TiO2-filled epoxy at 500 mN normal load applied.

Experiments (symbols) compared to simulations results using µf = 0.27 (solid lines).

For comparison, experimental results and numerical predictions of SR-filled epoxy at

300 mN normal load are added in gray.

the lateral friction force at 500 mN normal load is predicted quantitatively for both sam-

ples, see Figure 5.8b. Comparing these experiments and simulations confirms that our

approach does not fail at deeper penetration depths and, therefore, it does not explain
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the discrepancy between simulations and experiments for the rubber-filled sample.

5.3.4 Effect of SR filler-particles

Surface interaction

Since the matrix material already affects the value of µf needed to capture the response,

µf = 0.25 for PC (Chapter 4) and µf = 0.27 for this epoxy system, one explanation could

be that the SR-fillers directly influences the surface chemistry, resulting in a different

interaction with the indenter tip at the molecular scale. To check this, simulations are
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Figure 5.9: Penetration into the surface (a) and lateral friction force (b) as a function of

scratch velocity for epoxy filled with SR-particles. Experiments (symbols) compared

to simulation results using different values for µf (lines).

performed with different values of µf , see Figure 5.9. A lower value of µf has the effect

of a less severe bow wave formation in front of the indenter. Since the experiment is

force-controlled, a decrease in contact area and, therefore, an increase in penetration

depth results, see Figure 5.9a. Due to the visco-elastic nature of the material, this effect

becomes stronger with decreasing sliding velocity. With a single value of µf = 0.1 both

the absolute penetration depth and its dependence on sliding velocity are captured.

With the decreased contact area from lowering µf , a decrease of lateral friction force is

observed, see Figure 5.9b. Although lower values of µf give better predictions of the

lateral force, a single value does not cover both force and penetration depth.
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Rubber layer

A second explanation for the discrepancy between simulations and experiments could

be a difference in composition of the top layer. Although the samples have been thor-

oughly mixed during sample preparation, the initial stages of the curing process result

in a rapid decrease in viscosity of the uncured resin, increasing the mobility of the filler

particles. This may cause the formation of clustered regions and/or that rubber fillers

are migrating to the top layer to form a region with higher filler content. The relatively

larger scatter observed in the stress-strain response, see Figure 5.1, could hint to inho-

mogeneities in composition. To test the influence of a difference in mechanical proper-

ties of the surface region, a single layer of 1 µm thick elements is added to the FE-mesh,

see Figure 5.10, and modeled neo-Hookean with a 20 MPa modulus. This thickness

is chosen since it is the typical length scale of the filler particles (0.1–3 µm diameter)

and the modulus is a compromise between pure rubber properties and epoxy with (ex-

tremely) high filler loading. The part underneath this layer is, as before, modeled with

parameter set 5.

Figure 5.10: Zoom-in of finite element mesh for the scratch simulations with rubber

layer on the scratch surface.

Comparing both scenarios, homogeneous composition versus a concentrated rubbery

layer with both the same local friction (µf = 0.27), the effect of this rubbery layer on

the scratch response is considerable, see Figure 5.11. Initial penetration during the in-

dentation step is unaffected, see Figure 5.11a, as is the sink-in when sliding commences,

but the steady state penetration has increased about 15%. The absolute difference ex-

ceeds the 1 µm from the rubber layer itself. Despite this increase in penetration depth,

also the lateral force decreases, by about 40%, see Figure 5.11b. Comparing these sim-
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Figure 5.11: The effect of the rubber top-layer on scratch response: penetration into

the surface (a) and lateral friction force (b) as a function of scratch distance. Simulation

results of 300 mN normal load, 0.1 µm/s sliding velocity, with µf = 0.27 local friction

coefficient.
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Figure 5.12: Penetration into the surface (a) and lateral friction force (b) as a function of

scratch velocity for epoxy filled with SR-particles. Experiments (symbols) compared

to simulations (solid lines) using µf = 0.27 with a homogeneous scratch domain or

with a rubber top-layer.

ulations with experiments yields excellent agreement, see Figure 5.12. The reason for

the somewhat surprising effect of such a relatively thin, rubbery layer lies in the shape,

but more importantly in the composition, of the bow wave that is formed in front of

the indenter. This is illustrated in Figure 5.13, where the cross-section at the symmetry
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plane is shown for both scenarios: (i) homogeneous material properties throughout the

whole (sub)surface (see Figure 5.13a), and (ii) a rubbery layer on top (see Figure 5.13b).

Here the simulations, 300 mN normal load and 0.1 µm/s sliding velocity, have reached

steady-state. The scratch profiles at the symmetry-plane, as indicated by the dashed

line for case (i) and the gray line for case (ii), are depicted vertically scaled (2×) in Fig-

ure 5.13c. To compare the contributions from the homogeneous filled part only, the

profile of this part in case (ii) is added, depicted as a black solid line. The rubbery

normal mesh

(a)

top layer

bulk

(b)

normal mesh

top layer

bulk

normal 

mesh

with 

top-layer

(c)

Figure 5.13: Scratch response of rubber-filled epoxy at 0.1 µm/s sliding velocity and

300 mN normal load, (a) with homogeneous material properties (set 5) and (b) with a

rubber layer on the same bulk (set 5); scratch-surface profiles are clarified with lines as

indicated in the legend; indenter is not shown for clarity reasons. (c) Vertically scaled

(2×) scratch profiles from (a) and (b). Profiles are shifted such that homogeneous bulk,

indicated by dark gray in (a) and (b), is at the same level. The projected contact area

in horizontal direction between indenter tip and homogeneous bulk is indicated by

arrows.
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layer only transfers the stresses to the epoxy-rich part underneath, its contribution to

the lateral force in the top part of the bow wave is minimal. Therefore, we only con-

sider the projected vertical contact height between the indenter and the homogeneous

filled part, as shown in Figure 5.13c. With the top-layer added, clearly a decrease in

projected contact height results, even though the total penetration depth had increased.

This difference in contact height may seem small, but it results in a quadratically in-

creased projected contact area due to the cone-shape of the indenter. The rubber layer

is acting as a stress-reliever for the material underneath, resulting in a smaller volume

of epoxy-dominated material to be loaded.

Porous structure

A third, and final, explanation is suggested by inspecting the SEM (Figure 5.14) and

TEM (Figure 5.15) images of cross-sections of the scratch sample. No macroscopic

phase separation at the surface is observed. Instead, clearly 200–300 nm sized cavi-

ties are present everywhere in the material, both in the surface-layer (Figure 5.14a and

5.15a) and throughout the rest of the sample (Figure 5.14b). In the TEM micrographs,

the voids are bright white and the rubber particles are visible as dark-gray regions in

the epoxy matrix, see Figure 5.15b. The origin of these tiny voids is unknown, but

they have a definitive impact on the materials behavior. Analyzing the SEM and TEM

images gives a void volume fraction of 7–10% and to estimate their effect on the me-

chanical response, RVEs are generated with 10 vol% holes. The matrix is given the

1 μm

(a)

1 μm

(b)

Figure 5.14: SEM pictures of 10 vol% rubber-filled epoxy, of cross-sections at (a) the

surface and (b) in the middle of the sample.
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1 μm

(a)

1 μm

(b)

Figure 5.15: (a) TEM micrographs of 10 vol% rubber-filled epoxy. The surface is seen

in the top-left corner. The micro-voids appear as bright white holes in the matrix and

the SR fillers as dark-gray regions, which are better visible in the enlargement (b).

(ideal) homogenized material properties of 10 vol% rubber-filled epoxy (set 4, see Fig-

ure 5.5a). Figure 5.16a shows the response that results from set 4 (closed symbols), and

the resulting stress-strain response of the voided RVEs (open symbols) compared with

experiments. Evidently, adding 10 vol% voids yields a stress-strain response of the RVE

that agrees already well with the experiments.

With voids the compressive stress decreases considerably, compared to the case of only

rubber-fillers, set 4 (and 5, see Figure 5.5b), since 10 vol% of the system does not bear

load anymore. The material parameters describing the RVE response of the rubber-

filled samples in set 5 were adapted to match the experimental yield- and post-yield

response, see Figure 5.5b, but this, as we see now, was partly done for the wrong rea-

sons –damage rather than voids. Here we keep using the adapted parameter set 5, but

change the compressibility, via the bulk modulus κ, to reflect the presence of the voids

and, from the lateral dimension change of the RVE of the voided system, a decrease in

the value of κ from 3645 MPa to 2700 MPa is found, Table 5.1 (set 6). This large dif-

ference in κ may seem exorbitant at first, but it originates from only a minor difference

in Poisson’s ratio ν. For set 4 (rubber-filled epoxy), the transverse macroscopic strain

observed in the RVE-simulations gave ν = 0.41, whereas for set 6, ν = 0.39 was found.

Assuming that the Young’s modulus E did not change, which is obviously not the case,

Equation 5.5 shows that this small difference in ν already leads to a 20% decrease of

κ. Since E has actually decreased as well, an even larger decrease of the bulk modulus
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Figure 5.16: Stress-strain response of epoxy filled with 10 vol% rubber at a strain rate

of 10-3 s-1. Experimental results (mean: solid black lines, scatter: dotted lines), com-

pared to (a) simulations using parameter set 4 (ideal rubber-filled, no voids, closed

symbols), and simulations of RVEs with 10 vol% voids (open symbols) where the ma-

trix is described by parameter set 4, and compared to (b) model predictions using to

the large strain response of the experiments (Gr) adapted homogenized parameter set

5, and one last identical set with a to voids adapted bulk modulus κ: parameter set 6.

results. Interestingly, the influence of the bulk modulus κ on the response in uni-axial

compression/tension is absent since the material is allowed to freely contract/expand

in the plane of loading. This is reflected by an identical stress-strain response for set 5

and 6, see Figure 5.16b, despite of the 1 GPa difference in bulk modulus.

Scratch simulations are performed using parameter set 6 and µf = 0.27. Changing only

the bulk modulus, as compared to set 5, results in a considerable decrease in penetra-

tion depth, see Figure 5.17a. In the scratch experiment, κ clearly has a major impact.

Below the indenter and directly in front of it, in the bow wave, the material undergoes

confined compression, resulting in a high sensitivity to the volumetric contribution. In-

terestingly, the lateral friction force decreases with the higher penetration depth, see

Figure 5.17b, which indicates that the bulk modulus strongly influences the resistance

of thematerial in the bowwave. Compared to the experimentally obtained response, set

6 still underpredicts both penetration depth and lateral friction force. Therefore, we ex-

plore the influence of decreasing κ further and perform simulations using κ = 2200MPa

and κ = 1700 MPa in combination with paramater set 5, see Figure 5.17. The Possion’s

ratios that correspond to these different values of κ are summarized in Table 5.5. Low-

ering κ proves to sufficiently capture the experimental data. Finally, Figure 5.18 shows
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Figure 5.17: The effect of 10 vol% voids in the rubber-filled sample, reflected by low-

ering the bulk modulus to κ = 2700 MPa (set 6), and the effect of decreasing κ further:

penetration into the surface (a) and lateral friction force (b) as a function of scratch

distance. Experiments (symbols) at 300 mN normal load and 0.1 µm/s sliding velocity

compared to simulation results using different values of κ in parameter set 5.
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Figure 5.18: Penetration into the surface (a) and lateral friction force (b) as a function

of scratch velocity for epoxy filled with SR-particles. Experiments (symbols) compared

to simulations using µf = 0.27 (solid lines) for two different values of bulk modulus κ.
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that the experimental data are quantitatively modelled in the complete sliding velocity

range investigated, if a low value for κ is used. This exercise clearly and illustratively

demonstrates the importance of employing proper modeling to interpret experimental

results of complex processes.

5.4 Conclusions

The hybrid experimental-numerical approach is successfully used to quantify the fric-

tional response of an unfilled standard epoxy system, over a broad range of sliding

velocities and at two different normal loads applied. Finite-element simulations of the

single asperity scratch test were performed using material parameters obtained from

a previous study. A value of µf = 0.27 for the local friction coefficient was found to

adequately capture the experimental data, which only slightly deviates from the value

of 0.25 previously obtained in Chapter 4 for polycarbonate.

Next the same approach is applied to hard (TiO2) and soft (rubber) particle-filled epoxy

samples, using the numerical method described in Chapter 4. Homogenized material

parameters are obtained via RVE-simulations and compression tests. Fillers change the

intrinsic mechanical response, and therefore also the scratch response. Hard fillers in-

crease the yield stress and decrease the penetration into the surface, i.e. they enhance

scratch resistance, causing the lateral friction force to decrease since less material is

moved in front of the indenter tip. This is confirmed by the scratch simulations, using

µf = 0, 27, that quantitatively capture the experiments over the whole sliding-velocity

range and for two different normal loads applied.

Soft fillers, in contrast, lower the yield stress and greatly increase the penetration into

the surface. An unexpected result is that, although a larger volume of material is ad-

dressed, the lateral friction is decreased. This implies a change in friction or local defor-

mation. Simulations confirm that lower values of µf , ranging 0.1–0.2, give better predic-

tions, but no unique value of µf adequately captures both the surface penetration and

the lateral friction response. An alternative explanation, inspired by the relatively large

scatter observed in the compression response, is that the rubber fillers tend to agglom-

erate during the preparation process. For the scratch samples this could cause a surface

layer with increased rubber content to form. Scratch simulations employing a 1 µm

rubber surface layer, and with again µf = 0.27, gave excellent results and, while surface

penetration increases, the lateral friction force strongly decreases due to a redistribution
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of stress, caused by the presence of a rubber layer. However, its existence could not be

confirmed by inspecting the cross sections of the samples by SEM and TEM. Instead,

serious voiding was found showing in the order of 10% 200–300 nm sized uniformly

distributed cavities. Incorporating these voids via a multi-level approach in the mod-

eling proved to result in an interesting macroscopic effect. An increase in penetration

depth combined with a decrease in lateral force was predicted over the whole velocity

range. Combined with a decreased value of the compressibility κ, it proved quanti-

tative. This exercise witnessed the importance of attempts to interpret experimental

results on complex processes with proper modeling.
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5.A Material parameters

Table 5.1: Material parameters for particle-filled epoxy.

filler set Gr κ τ0 Sa µ r0 r1 r2

# [MPa] [MPa] [MPa] [–] [–] [–] [–] [–]

unfilled set 1 35 3200 1.5 17.7 0.166 0.977 15 -3.4

10 vol% TiO2 set 2 63 3675 1.49 17.4 0.219 0.98 50 -4.3

set 3 44 3675 1.49 16.5 0.219 0.98 20 -2.8

10 vol% SR set 4 33.2 3645 1.26 17.8 0.153 0.98 14 -3.0

set 5 26 3645 1.26 16.3 0.153 0.98 15 -2.6

set 6 26 2700 1.26 16.3 0.153 0.98 15 -2.6

Table 5.2: Reference spectrum for epoxy.

mode η0,i,ref Gi λi

[MPa·s] [MPa] [s]

1 4.74 · 105 4.47 · 102 1.06 · 103

2 5.79 · 103 5.77 · 101 1.00 · 102

3 1.50 · 103 5.41 · 101 2.77 · 101

4 3.39 · 102 4.05 · 101 8.37 · 100

5 8.41 · 101 3.33 · 101 2.53 · 100

6 2.10 · 10
1

2.75 · 10
1

7.64 · 10
−1

7 4.21 · 100 1.82 · 101 2.31 · 10−1

8 1.21 · 100 1.74 · 101 6.97 · 10−2

9 2.10 · 10−1 1.00 · 101 2.10 · 10−2

10 8.01 · 10−2 1.26 · 101 6.35 · 10−3

11 1.69 · 10
−2

8.79 · 10
0

1.92 · 10
−3

12 7.71 · 10−3 1.33 · 101 5.80 · 10−4

13 1.46 · 10−3 8.35 · 100 1.75 · 10−4

14 7.18 · 10−4 1.36 · 101 5.29 · 10−5

15 1.44 · 10−4 9.01 · 100 1.60 · 10−5
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Table 5.3: Reference spectrum for epoxy filled with 10 vol% TiO2 particles.

mode η0,i,ref Gi λi

[MPa·s] [MPa] [s]

1 7.61 · 105 5.02 · 102 1.52 · 103

2 5.15 · 103 7.31 · 101 7.05 · 101

3 5.15 · 102 2.95 · 101 1.75 · 101

4 2.35 · 102 3.85 · 101 6.10 · 100

5 2.50 · 101 3.05 · 101 8.20 · 10−1

6 3.51 · 100 2.25 · 101 1.56 · 10−1

7 4.47 · 10−1 1.85 · 101 2.42 · 10−2

8 3.18 · 10−2 1.28 · 101 2.48 · 10−3

Table 5.4: Reference spectrum for epoxy filled with 10 vol% SR particles.

mode η0,i,ref Gi λi

[MPa·s] [MPa] [s]

1 6.12 · 105 4.02 · 102 1.52 · 103

2 4.14 · 103 5.96 · 101 6.95 · 101

3 4.04 · 102 2.24 · 101 1.80 · 101

4 2.13 · 102 3.42 · 101 6.23 · 100

5 1.01 · 101 4.38 · 100 2.31 · 100

6 2.59 · 101 2.81 · 101 9.22 · 10−1

7 2.81 · 100 1.68 · 101 1.67 · 10−1

8 5.18 · 10
−1

5.25 · 10
0

9.87 · 10
−2

9 3.48 · 10−1 1.09 · 101 3.19 · 10−2

10 1.04 · 10−1 7.65 · 100 1.36 · 10−2

11 3.82 · 10−2 7.90 · 100 4.84 · 10−3

12 1.54 · 10−2 7.85 · 100 1.96 · 10−3

13 5.20 · 10
−3

8.16 · 10
0

6.37 · 10
−4

14 1.48 · 10−3 6.71 · 100 2.21 · 10−4

15 5.04 · 10−4 7.06 · 100 7.14 · 10−5

16 1.20 · 10−4 5.97 · 100 2.01 · 10−5

17 2.58 · 10−5 6.59 · 100 3.92 · 10−6

Table 5.5: Poisson’s ratios ν corresponding to the bulk moduli κ used in Figures 5.16–

5.18.

set 4–5 set 6

κ [MPa] 3645 2700 2200 1700

ν [–] 0.41 0.39 0.37 0.33



CHAPTER 6

Micro-structural design for optimum

scratch-resistant, wear-resistant, and

low-friction coatings

6.1 Introduction

In Chapters 4 and 5, References [113] and [114], a hybrid experimental-numerical ap-

proach was presented to characterize the scratch response of hard- or soft particle-

filled polymer systems, with either polycarbonate (PC) or an epoxy as matrix mate-

rial. The homogenized material parameters used in the scratch simulations were ob-

tained from the simulated response of three dimensional Representative Volume Ele-

ments (3D-RVEs), as presented in Chapters 2 and 3, References [115] and [116], applied

to the same particle-filled systems. Typically, the scratch response is characterized by

the penetration depth, a measure for the materials’ scratch resistance, and the lateral

friction force. The homogenized material parameters that are necessary to capture the

scratch response in simulations might also be obtained directly from the experimen-

tal stress-strain response. The relation between the influence of filler-particles on the

stress-strain response and, as a consequence, on the scratch resistance and the lateral

resistance will be discussed in Section 6.2. Ultimately, friction leads to wear as critical

events at the asperity-substrate interface lead to the formation of cracks. For particle-

filled systems these critical events arise at the inter-particle scale and/or at the particle-

matrix interface. Therefore, understanding wear in these systems demands not only

the macroscopic response but, more importantly, information about the distribution of

93
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stresses and strains at the local scale. Now the full potential of our approach is revealed,

since the 3D-RVEs also provide this information. Section 6.3 presents the synergy of

the scratch- and RVE-simulations. Finally in Section 6.4, based on detailed analyses

of variations in the microstructure using 2D-RVEs, guidelines are derived to arrive at

microstructures optimized with respect to improved wear resistance without sacrific-

ing scratch resistance and low friction. The chapter ends with some conclusions and

recommendations in Section 6.5.

6.2 Scratch-resistant and low-friction coatings

In Chapters 4 and 5 it was shown that the addition of hard filler particles leads to im-

proved scratch resistance, i.e. the penetration into the surface is decreased, whereas soft

fillers deteriorate it. Figure 6.1a summarizes the experimental compression data of hard

and soft particle-filled polycarbonate (Chapter 2) and epoxy (Chapters 3 and 5) at 10-3 s-1

strain-rate. Clearly, these different systems mainly show a vertical shift in the yield and

post-yield response.

0 0.1 0.2 0.3 0.4 0.5 0.6
0

20

40

60

80

100

120

comp. true strain [−]

co
m

p.
 tr

ue
 s

tr
es

s 
[M

P
a]

@ 10−3 s−1

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

20

40

60

80

100

120

comp. true strain [−]

co
m

p.
 tr

ue
 s

tr
es

s 
[M

P
a] 100 * η

0

normal η
0

S
a
 variation

0.01 * η
0

(b)

Figure 6.1: (a) Experimental stress-strain response of particle-filled (black) and unfilled

(grey) polycarbonate (solid lines) and epoxy (dashed lines) in uniaxial compression at

10-3 s-1 strain rate. (b) EGP-model stress-strain response of epoxy (grey solid line), with

different Sa values (black solid lines) or viscosities (dashed lines).
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6.2.1 Yield or post-yield

To investigate which is the most dominant contribution, the yield stress itself or the

total post-yield regime stress, we consider the intrinsic mechanical response of unfilled

epoxy using the material parameters from Chapter 5, with Sa = 17.7, see Figure 6.1b.

The flow stress in the EGP model is defined as:

σ
d
s,i = 2ηi(τ̄, p, Sa)Dp,i, (6.1)

where the viscosity is defined by an Eyring type flow rule:

ηi = η0,i,ref

τ̄ /τ0

sinh(τ̄ /τ0)
︸ ︷︷ ︸

(I)

exp

(
µp

τ0

)

︸ ︷︷ ︸

(II)

exp (SaR(γ̄p))

︸ ︷︷ ︸

(III)

. (6.2)

We consider two situations: (case 1) a 100× increase or decrease in initial viscosity

η0,i,ref , leading to an order 2 shift of the total relaxation spectrum, and (case 2) a ln(100)

or ln(1/100) change in Sa, leading to values of 22.3 and 13.1, respectively. Both cases

lead to the same yield stresses, but the post-yield response is completely different, see

Figure 6.1b: case 1 leads to a shift in stress for the complete post-yield regime, whereas

case 2 leaves the strain-hardening regime unaffected.
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Figure 6.2: Predictions from scratch simulations using model parameters for epoxy,

with different values for Sa or with shifted viscosity (influence on stress-strain re-

sponse is shown in Figure 6.1b). (a) Penetration into the surface and (b) lateral friction

force as a function of scratch distance.
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Scratch simulations are performed with the original parameter sets, combined with the

extra parameters for case (1) and (2). The results of these five simulations, with normal

load set to 300 mN, 0.1 µm/s sliding velocity, and a local friction coefficient of µf = 0.27,

are shown in Figure 6.2. Qualitatively, either increasing the yield stress expressed in ηi

through η0,i,ref (case 1) or through Sa (case 2) leads to the same effect: a decrease in the

penetration into the surface and, as a result of the lower contact area, a decreased lateral

friction force. Quantitatively, however, the influence of changing the total post-yield

response is stronger. Decreasing ηi has the opposite effect and, also here, the influence

from changing the whole intrinsic post-yield response is the strongest.

6.2.2 Scratch resistance and yield stress

How the yield stress correlates with the scratch response experimentally is shown in

Figures 6.3a–6.3b, where data of scratch experiments on hard and soft particle-filled,

and unfilled, polycarbonate and epoxy at 1 µm/s sliding velocity and different normal

loads is shown. For each material the yield stress at 10-3 s-1 is known, see Figure 6.1a.

Figure 6.3c shows the steady-state surface penetration from Figure 6.3a as a function

of the yield stress. Clearly, a strong correlation exists between a material’s yield stress

and its scratch resistance. The steady-state lateral friction force is shown in Figure 6.3d;

here the correlation is less evident. Next, simulations are performed. Differentiation in

material properties via the yield stress is obtained by shifting the relaxation spectrum

2 orders in magnitude, either up or down, (case 1) in Figure 6.1b, since this describes

the experimental differences between the materials’ responses the best, see Figure 6.1a.

Three different normal loads are considered, 300–500–700 mN. The simulations confirm

that the scratch resistance increases with yield stress, see Figure 6.3e. Furthermore, as

shown in Figure 6.3f, it appears that the friction force is indeed less sensitive to the yield

stress.

Until now we considered penetration into the surface during scratching only. However,

for practical realistic scratch resistance, the residual scratch depth, obtained after elastic

recovery, is more relevant. The simulations also provide the residual scratch depth and

they are included with the grey dashed lines in Figure 6.3e for 300 and 700 mN nor-

mal load. It appears that indeed only a small part of the penetration into the surface

is plastic yielding (irreversible deformation), most is elastic. The simulations predict a

decrease in relative recovery with increasing yield stress, but this unexpected and prob-

ably erroneous result could be attributed to deficiencies in the simple version of the

EGP model used, where reversing deformations leads to errors. Solutions to this prob-

lem, the so-called Bauschinger effect, are known and have been found by introducing a
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Figure 6.3: Penetration into the surface (a) and lateral friction force (b) as a function

of scratch distance for –filled and unfilled– polycarbonate (grey) and epoxy (black),

where normal load, and filler-type and fraction are indicated; (c)–(d) mean values from

(a)–(b) as a function of yield stress measured in uniaxial compression at 10-3 s-1 strain

rate, of (un)filled polycarbonate (circles) and epoxy (triangles), lines are to guide the

eye; (e)–(f) simulations results, where the variation in yield stress originates from shift-

ing the initial viscosity as in Figure 6.1b.
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viscous contribution to the strain hardening [45]. This extended EGP model should be

used (in future simulations) to give more correct and realistic predictions of the residual

deformation.

Apart from using fillers, the yield stress in the epoxy systems can also be influenced

by changing the network density by employing different hardeners. We used Jeffamine

D230 and D400, with an average molecular weight of 230 and 400, respectively, lead-

ing to two epoxy systems with different crosslink densities and, consequently, different

intrinsic responses, see Figure 6.4a. The result is a shift in the stress, similar to case (1)
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Figure 6.4: (a) Intrinsic response of epoxy, cured with different hardeners (leading to

differences in Mc): Jeffamine D230 (material used so far, black lines) and D400 (in-

creased Mc, grey lines) at different strain rates applied. (b) Steady state penetration

depth (open symbols) and residual scratch depth (obtained with optical profilometer)

(closed symbols), at 500 mN normal load and 0.1 µm/s sliding velocity, as a function

of the yield stress at 10-3 s-1 strain rate. Lines are predictions, as in Figure 6.3e.

–a change in η0,i,ref– in the previous subsection, while leaving the rate-dependence in-

tact. Penetration into the surface during scratching (500 mN normal load and 0.1 µm/s

sliding velocity) again depends on the yield stress, see Figure 6.4b, and the simulations

show that by only changing η0,i,ref the material’s response during scratching is captured

reasonably well. The residual scratch depth, obtained with the Sensofar Plu 2300 opti-

cal profilometer, shows an almost constant 50% recovery for these materials under these

experimental conditions. Predictions demonstrate, as in Figure 6.3e, an increase in com-

puted residual scratch depth with decreasing yield stress, illustrating that the error is

larger for higher penetration depths. This confirms our hypothesis that the mismatch

originates from our model failing to capture load reversal accurately, since this effect is
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more pronounced with increased deformation. As a conclusion of this subsection it is

shown both by experiments and simulations that scratch resistance improves with yield

stress, while much less improvement is found in lateral force. Therefore, we will now

investigate low friction in somewhat more detail.

6.2.3 Low friction coatings

As could be concluded from Figures 6.3b, 6.3d and 6.3f, tuning friction by changing the

material properties seems to give only minor results. However, it was shown in Chap-

ter 5 that the addition of only a very thin (1 µm) layer of rubbery material on top of

the polymer substrate results in a significant decrease in the lateral friction force, but

at the expense of an increased penetration depth. Therefore, we return to this vertical

stratification policy and compare the addition of a soft layer to the scenario where we

add a hard thin surface layer (elasto-plastic, E = 230 GPa, H = 10 GPa, and 1 GPa yield

stress). This layer is perfectly connected to the underlaying mesh, and redistributes the

load over a large surface. The result is a decrease in penetration depth, see Figure 6.5a,

and compared to the case with soft top-layer, an even lower lateral friction force, see

Figure 6.5b.
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Figure 6.5: Predictions from scratch simulations using model parameters for unfilled

epoxy (grey lines), and with a 1 µm top-layer of a rubbery or metallic material. (a) Pen-

etration into the surface and (b) lateral friction force as a function of scratch distance.

Again the results are intriguing as illustrated particularly by Figure 6.5b that shows a

two times and even three times lower friction force, by adding a thin (respectively soft
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and hard) toplayer only. However, this new strategy needs more investigation, since

e.g. in case of the thin hard layer very large (hydrostatic) stresses appear in the hard

substrate, so it will probably fail which will result in failure of polymer underneath

as well. Moreover, the same µf as with the pure polymer is used which might not be

correct.

6.3 Wear-resistance

6.3.1 Introduction

In the controlled single asperity experiments, with moderate normal forces applied on

indenters having intermediate top angles, the onset of damage is observed in special

cases only. With standard polycarbonate or the standard epoxy, that both can be con-

sidered as relatively tough materials, damage was never found. However, when using

a high normal load on a brittle polymer like polystyrene (PS) regular cracks are formed

at the bottom of the scratch surface, see Figure 6.6a. Van Breemen [117] attributed its

existence to the event that a critical hydrostatic (tensile) stress (of 40 MPa for PS) was

surpassed notably in the wake of the indenter under overall compressive loading, see

Figure 6.6b. The crack formed releases the stress. The process repeats and after having

a moved a distance sufficiently large to build up new stresses, the critical tri-axial stress

is surpassed again, explaining the periodicity of the wear events.

Similarly, in our experiments we only found periodic cracking under extreme load-

ing conditions, for epoxy under high normal-load scratching, beyond the limitations

of our Nano Indenter XP setup, and for polycarbonate with high hard-filler content,

sharp indenter angle, and high normal load. In the analyses we will first shortly re-

peat Van Breemen’s approach, but now on the epoxy used for real coatings, rather than

polystyrene or polycarbonate, see Section 6.3.2. Next we investigate in great detail the

onset of damage, thus wear, in filled systems, see Section 6.3.3, to conclude –based on

these analyses– with recommendations for coatings optimized for wear resistance with-

out sacrificing scratch resistance, see Section 6.4.

6.3.2 Wear in unfilled epoxy systems

To explore the conditions for our epoxy system that lead to a transition from the regime

of ductile ploughing and elasto-plastic deformation to macroscopic cracking and wear,
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(a)

sidetop

(b)

Figure 6.6: Influence of normal load on scratching polystyrene at a sliding velocity of

10 µm/s; (a) scratch profile generated with optical profilometer, where the onset of

wear is clearly visible, manifesting itself as small cracks in the surface profile; (b) the

positive hydrostatic pressure as observed in a simulation, where black indicates the

maximum hydrostatic pressure, corresponding with the loactions in (a) where cracks

are observed. Figures taken from [117].

we conducted scratch experiments on a CSM Micro Scratch Tester (MST). Tests were

performed with a 90° top angle and 50 µm top radius diamond indenter at 100 µm/s

sliding velocity, and with different normal loads (up to 8 N) applied. Inspecting the

scratches afterwards reveals that periodic cracks start to appear at 4 N normal load,

while they are absent at lower loadings. Scratch simulations are performed, using a

constant local friction coefficient of µf = 0.27, and compared with the experiments,

see Figure 6.7. Both the penetration into the surface (Figure 6.7a) and the lateral fric-

tion force (Figure 6.7b) agree well for 1 and 2 N normal load, whereas they are slightly

under-predicted for the 4 N normal-load experiment. It appears that the stress release

upon crack formation leads to a further sink-in of the tip which subsequently results in

an increased lateral force.

The simulations show that the local hydrostatic stresses in thewake of the indenter tip at
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Figure 6.7: Scratch response of unfilled epoxy for different normal loads applied at 100

µm/s sliding velocity. Experimental results (solid lines) compared with simulations

(symbols) for (a) the penetration into the surface and (b) the lateral friction force as a

function of scratch distance.

2 N normal load reach a maximum value of 130 MPa, providing the lower bound of the

critical tri-axial stress that this epoxy material can sustain. At 4 N normal load a maxi-

mum value of 180 MPa is reached. Meijer and Govaert [118] showed that for a number

of thermoplastic polymers, characterized by their entanglement density νe ∼ 1/Me, a

semi-log relation with their critical hydrostatic stresses results. Although physically

crosslinked (Mc = 589 g/mol [86]), we compare our lower and upper bound with their

findings, see Figure 6.8. The 130–180 MPa range appears to be in line with, and only

slightly outside the trend of the other polymers, and the latter might be caused by the

difference in molecular interactions, either entangled or physically crosslinked. Fig-

ure 6.9 compares the positive hydrostatic stresses from the simulations with the post-

scratch profile at 4 N normal load. The cracks, that appear as white regions in the surface

profile, are clearly not in the center, as was the case with polystyrene (Figure 6.6a). The

simulations confirm this, since the stress maximum, indicated by the black region (black

means all stresses > 150 MPa) in the stress field, appears off-center as well.

In conclusion it appears that in homogeneous coatings the onset of wear is caused by

a local exceeding of a, polymer dependent, critical positive hydrostatic stress. This (tri-

axial tensile) stress is formed in the wake of the indenter, that under its center causes

a negative hydrostatic stress (pressure) to bear the normal load. The stress is quantita-

tively predicted, as is, consequently, the onset of wear.
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Figure 6.8: Critical hydrostatic stress as a function of (entanglement or crosslink) net-

work density of various amorphous thermoplastic polymers (data from [118]), and of

our epoxy system.
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Figure 6.9: (left) Top view of simulation mesh at 4 N normal load (scratch direction

upwards), where the grey-shades indicate positive hydrostatic stresses in 50–150 MPa

range and the black area indicates all stresses> 150 MPa; the dashed line indicates the

contact area; compared to the post scratch profile obtained with the Sensofar (on the

right), where the white regions indicate the cracks in the surface. The lines on top of

the figure give the experimental and modeled surface height profiles.
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6.3.3 Wear in filled epoxy systems

Next we investigate damage in filled coatings, since generally hard fillers are added

to the matrix material to help improving the scratch resistance (and to some extend to

also lower the lateral friction force). The influence of the modulus of the filler on the

macroscopic intrinsic response of the heterogeneous systems is plotted in Figure 6.10

for 10% hard (Figure 6.10a) and soft (Figure 6.10b) particles. Fillers mainly change the

yield stress and the strain hardening. To help estimating the magnitude of the (large

strain) rubber modulus of the different systems with soft fillers some constant moduli

(dashed) lines are drawn. From Figure 5.5 in Chapter 5, we know that the 3D-RVE re-
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Figure 6.10: The influence of the filler-particles’ modulus on the intrinsic response of

epoxy (unfilled: grey solid lines) with 10 vol% filler-particles (black solid lines). Values

of fillers’ modulus are (a) 230 GPa or (b) 10–35–60–200 MPa (rubber). For comparison

are given the slopes of lines with different moduli (dashed lines) and the intrinsic re-

sponse of epoxy with 10 vol% holes (circles).

sponse of the intrinsic material behavior of particle filled epoxy starts deviating from

the experiments at a macroscopic strain of around 20%, see Figure 6.11. This is basi-

cally surprisingly large, since the strong heterogeneous strain and stress distributions

in filled systems easily cause the hydrostatic stress to locally exceed the materials’ criti-

cal value already at very small macroscopic strains. Apparently only if a large number

of critical events happen to occupy a sufficient volume of the RVE, makes the damage

percolating through the complete structure and a noticeable failure, as demonstrated by

the growing difference between experimental and computed stress beyond 20% strain

in Figure 6.11, occurs on the macroscopic scale. We first investigate the strain distri-

butions and analyze critical strains in given parts of the RVE volume. Accordingly, we
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Figure 6.11: Stress-strain response of epoxy filled with 10 vol% TiO2 at a strain rate

of 10-3 s-1, experimental result (solid line) compared to predictions from FE-simulation

of 3D-RVEs using either Sa = 17.7 (open symbols) or Sa = 0 (closed symbols) for the

epoxy matrix.

compute the stress distributions to finally arrive at an energy criterion where strains

and stresses and volumes are incorporated.

Stress and strain based criterion

We focus on the microscopic scale making use of the detailed analyses using 3D-RVEs

and compute the distribution of the maximum principal strains at different macroscopic

strains of 0.05, 0.2, 0.35 and 0.5, for both the hard and the soft particle filled epoxies, with

10 vol% fillers, see Figure 6.12a. The maximum principle strain (of course) increases

with the macroscopic strain applied. Caused by stress and strain localization in the par-

ticle filled systems, the maximum principal strain gradually becomes larger than that in

the unfilled systems; for hard fillers this effect is much more pronounced.

Exceeding a local maximum in strain does not need to be serious and noticeable on the

macroscopic scale. Therefore as a next step we compute the maximum strain reached

in a given volume by integrating the strain over the total RVE. For the test volumes we

chose 1% and 10% as examples. Figure 6.12b plots the critical maximum value of the

principal strain reached in these volumes as a function of the macroscopic strain. Inde-

pendent of the test volume chosen, the same trends are observed. Hard fillers cause a

deviation from the straight (strain-strain) line that characterizes the unfilled epoxy and

create a line with a different constant slope. Soft fillers first behave as hard fillers, but at

a macroscopic strain of about 20% their slope changes to become identical to that of the
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Figure 6.12: (a) Distribution of the maximal principal strains (MPS) in RVEs of 10

vol% particle-filled epoxy compared to the unfilled system as a function of the ap-

plied/macroscopic compressive strain. (b) Critical principal strain that is reached by

an indicated volume fraction of the matrix as a function of macroscopic strain.

(a) (b)

Figure 6.13: Iso-surfaces of positive hydrostatic stresses (lower threshold at 10 MPa)

at 2.5% macroscopic strain in a (a) hard-particle filled system (RVE is compressed in

z-direction), and (b) soft-particle filled system (RVE is compressed in x-direction).
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unfilled epoxy. This is an interesting intermediate result; the more so since (also) at 20%

macroscopic strain the experimental hard particle filled epoxy response starts deviating

from the RVE response, see Figure 6.11.

Although the volume weighted strain distributions seem important, from the pure sys-

tems we know that a (hydrostatic) stress based criterion works extremely well (see Sec-

tion 6.3.2). As shown in Chapter 3, detailed analyses on 3D-RVE level provide these

stresses as well. In Figure 6.13, which is copied from Figures 3.7 and 3.8, we plot iso-

surfaces of positive hydrostatic stresses at a relatively low macroscopic strain of 2.5%.

Therefore we extend our analysis to arrive at an energy-based criterion, since energy

contains the product of stresses and strains.

Energy based criterion

Figure 6.14a shows the distribution of the positive hydrostatic stresses in the matrix.

From this distribution we compute the energy using the volume weighted strain distri-

bution:

E(t) =
N∑

i=1

Vi(t)εi(t)σ
H
i (t), (6.3)

which is a summation, over all elements (i = 1, ..., N) with positive hydrostatic stress

(σH > 0), of the product of σH , the elements’ volume Vi, and the equivalent strain εi.

The result is shown in Figure 6.14b.

Now let us assume that the most important mode of failure is caused by particle-matrix

debonding, so we relate the result from Equation (7.1) to the total interfacial area Atot =

Nfiller4πR2 where Nfiller represents the number of particles in the RVE and R is the

mean particle radius. Figure 6.15 shows this energy per interfacial area as a function of

macroscopic strain. Since the samemicrostructure is considered, but with different filler

material-properties, a scaling of Figure 6.14b results. Clearly, the energy per interface-

area rapidly increases for the hard-particle filled system, while for the soft-particle filled

system the increase is much more moderate and by changing the rubber modulus even

low plateau values are reached. Figure 6.15b gives a closer view on the most interest-

ing region around a macroscopic strain of 20% where damage became noticeable on the

macroscopic scale. The hard-particle filled system surpasses at 20% macroscopic strain

a critical value for the energy per interface-area of 1 kJ/m2. This is a nice result indeed.

The soft particle filled systems reach this critical value at very large macroscopic strains,
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Figure 6.14: (a) Distribution of positive hydrostatic stresses in the matrix of 10 vol%

hard-particle filled (solid lines) and 10 vol% soft-particle filled (dashed lines) RVEs

at different macroscopic strains (indicated by symbols) (soft-filled: 10 MPa modulus).

(b) Energy, caused by these positive hydrostatic stresses multiplied with the volume

weighted strain, as a function of macroscopic strain.

or never at all, depending on the filler modulus relatively to the rubber modulus of the

pure matrix in the strain hardening regime.

To demonstrate the latter, Figure 6.16a gives a cross section of Figure 6.15b showing

the energy per surface area at 30% macroscopic strain for filler moduli G normalized

with the large strain matrix rubber modulus Gr. Clearly a particle modulus close to

the matrix rubber modulus gives an optimum low energy per surface. This is a very

useful result that can, andwill, be used in optimizing themicrostructure. Another pretty

interesting point is the influence of the size of the particles. Figure 6.16b illustrates that,

for a given volume fraction fillers, the particle size directly, and strongly, influences the

surface area A, thus smaller particles greatly lower the energy per surface values.
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Figure 6.15: (a) Energy caused by the positive hydrostatic stresses, divided by the

particle-matrix interfacial area, as a function of macroscopic strain. (b) Zoom in of (a)

showing results for more values of the soft particles’ modulus.
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Figure 6.16: (a) Energy per surface (E/A) at 30% strain as a function of matrix’ strain-

hardening (Gr) normalized filler modulus Gfiller, as a function of macroscopic strain,

and (b) influence of the filler size, represented by the radius particle R, showing that

smaller particles are to be preferred.
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6.4 Optimizing for scratch- and wear resistant coatings

From the results presented in Figures 6.11 and 6.15 we concluded that in coatings with

hard fillers at a macroscopic strain of 20% apparently a critical cumulative damage sit-

uation is reached at the averaged RVE level, expressed in a critical value of the energy

per unit interface. Interestingly, this critical value is also reached, be it at larger macro-

scopic strains, with softer fillers. However, this is not generally true for all moduli and a

clear optimum in soft filler modulus exists, where this critical energy per surface value

is never reached, see Figures 6.15 and 6.16.

What remains is to find an optimum compromise between scratch resistance, that re-

quires a high yield stress and therefore high filler moduli, and wear resistance, that ben-

efits from a low filler modulus, aiming at avoiding critical energy-per-surface-interface

values. The preference for a choice of the smaller filler particles, greatly influencing their

total surface area A, was already discussed. In this last section we want to answer how

hybrid filled systems that combine hard and soft filler particles should be designed. For

quantitative answers on that question, 3D-RVE analyses are required, but present limi-

tations in both computational power and memory availability limit their use to the size

and complexity of the RVEs shown in Figure 6.13. Therefore we return to 2D periodic

RVEs in plane strain loading, and realize and accept that our answers are limited to be

qualitative only.

Basically two principally different concepts of hybrid filler systems can be thought off:

(i) a mixture of hard and soft filler particles with different ratio’s in particle size, and (ii)

a soft shell around a hard filler-particle core, see Figure 6.17. Particle coordinates for the

3D-RVE are generated via the procedure described in Chapter 2. Subsequently, 2D-RVEs

are obtained by taking cutting planes of the 3D-RVE. The 2D-RVE is accepted if its area-

fraction of fillers equals the 3D-RVE’s volume fraction within 1% error. Figure 6.17a

shows an example of a meshed 2D-RVE with 10% hard fillers (black regions); in Fig-

ure 6.17b another 10% of equal-sized soft fillers is added (white regions), while Fig-

ure 6.17c shows a 2D-RVE with particle-size ratio Dh/Ds = 5 for the hard/soft-particles.

Finally, in Figure 6.17d the soft phase appears as a shell around a hard-particle core. Not

that, since the 2D-RVE is a cross-section of a 3D-RVE, some ‘fillers’ in 2D only consist of

the soft ‘shell’.

The stress-strain response of 3D-RVEs is compared to plane-strain 2D-RVEs in Fig-

ure 6.18. Clearly the 2D-RVEs respond considerably stiffer than the 3D-RVEs when
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(a) (b)

(c) (d)

Figure 6.17: Meshed 2D-RVEs that are generated from 3D-RVEs’ cross-sections; (a)

only 10 vol% hard-particle filled (black) and (b) with additional 10 vol% equal-sized

soft fillers (white); (c) ratio in particle size hard/soft: Dh/Ds = 5; (d) hard fillers as core

surrounded by soft shells.

hard fillers are used, Figure 6.18a, while with soft fillers strain softening is completely

absent, Figure 6.18b. The stiffer response results in earlier flow by sequential yielding

compared to 3D. As a consequence the magnitude of the yield stress is predicted less

accurate, as demonstrated by the observation that it does not increase by the addition

of 10 vol% hard fillers. The strain hardening is still more pronounced, see Figure 6.18a.

The computation of the energy per interface-area is still qualitatively correct as will be

shown below.
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Figure 6.18: Comparison of the stress-strain response of 3D-RVEs in uni-axial com-

pression (solid lines) and of 2D-RVEs under plane-strain loading; response of unfilled

epoxy (grey lines) is compared with those of 10 vol% (a) hard-particle and (b) soft-

particle filled systems (black lines).

Figure 6.19 summarizes all results of the computations with 2D-RVEs with different

complex microstructures. Figure 6.19b plots the energy per interface-area versus strain

for hard- and two soft-filled materials whose intrinsic response is given in Figure 6.19a.

Compared to Figure 6.15 the vertical axis differs considerably, while for hard fillers the

increase in energy starts at larger strains. The prediction for the soft-filled system with

35 MPa filler-modulus is qualitatively OK, while that for low 5 MPa modulus already

starts increasing in an early stage of the deformation before leveling off. This is due

to the position and orientation of places where the positive hydrostatic stresses occur,

which is in the direction of deformation at the poles of the fillers. Therefore, build-up

of these stresses starts soon after deformation commences, but they disappear when

sequential yielding initiates. This in contrast with the hard-fillers’ stress localization

which starts at the equators of the particles, and most importantly, between interacting

hard particles. In 3D, interactions occur with particles in all directions, whereas in 2D

they can initiate in one plane only, resulting the energy to increase only in a later stage

of the deformation.

Figure 6.19d shows the evolution of E/A for the 2D-RVEs with combined soft and

hard filler-particles, both at 10% filler-content, for different ratios in diameter hard/soft

Dh/Ds. The stress-strain responses of these systems are shown in Figure 6.19c. Clearly,



6.4. Optimizing for scratch- and wear resistant coatings 113

0 0.1 0.2 0.3 0.4 0.5
0

25

50

75

100

125

150

175

comp. true strain [−]

co
m

p.
 tr

ue
 s

tr
es

s 
[M

P
a]

hard−filled

soft−filled
G = 35 MPa

G = 5 MPa

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6

0

10

20

30

40

50

comp. true strain [−]

E
/A

 [J
/m

2 ]

hard−filled

soft−filled

G =  5 MPa

G = 35 MPa

(b)

0 0.1 0.2 0.3 0.4 0.5
0

25

50

75

100

125

150

175

comp. true strain [−]

co
m

p.
 tr

ue
 s

tr
es

s 
[M

P
a]

 

 

10 vol% hard
10 vol% soft
"50/50", D

h
/D

s
=1

"50/50", D
h
/D

s
=5

(c)

0 0.1 0.2 0.3 0.4 0.5 0.6

0

10

20

30

40

50

comp. true strain [−]

E
/A

 [J
/m

2 ]

hard−filled

"50/50"
D

h
/D

s
=1

"50/50"
D

h
/D

s
=5

soft−filled
G = 35 MPa

(d)

0 0.1 0.2 0.3 0.4 0.5
0

25

50

75

100

125

150

175

comp. true strain [−]

co
m

p.
 tr

ue
 s

tr
es

s 
[M

P
a]

 

 

10 vol% hard
10 vol% soft
hard−core/soft−shell

(e)

0 0.1 0.2 0.3 0.4 0.5 0.6

0

10

20

30

40

50

comp. true strain [−]

E
/A

 [J
/m

2 ]

hard−filled

soft−shell
G = 35 MPa

(f)

Figure 6.19: Stress-strain response and energy per interfacial area in 2D-RVEs. (a)

Stress-strain response of unfilled (grey) and 10% hard (solid black line) and two soft

(black dashed lines) particle filled systems; (b) energy per interface area of these sys-

tems; (c) and (d) as (a-b) now for mixed hard and soft fillers with two ratio’s in particle

size hard/soft: Dh/Ds, large and small triangles G = 35 and 5 MPa, respectively; (e)

and (f) as (a-b) now for hard fillers as core surrounded by soft shells.
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combining hard with the optimized soft fillers –35 MPa modulus (open symbols) com-

pared to 5 MPa (closed symbols)– causes E/A to increase at a later stage compared to

the 10% hard-filled system. Moreover, this effect is more pronounced when the relative

soft-particles’ diameter is decreased, see Figure 6.17c. Adding soft fillers mainly influ-

ences the yield stress, see Figure 6.19c, while in the post-yield region strain hardening

appears to be dominated by the hard particles. The particle-size ratio Dh/Ds has little

effect on the stress-strain response.

To check the predictive quality of the plane-strain approach, we take the simple case

of equal Dh/Ds, since this is relatively straightforward to implement in 3D. RVEs with

32 particles of 20 vol% total filler loading are generated, and the fillers are randomly

divided to be either hard or soft. Predictions of stress-strain response and energy per

interface-area are shown in Figure 6.20. Qualitatively, the effect on E/A is identical in
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Figure 6.20: Predictions from simulations using 3D-RVEs that contain 10 vol% hard

particles (black solid lines), 10 vol% soft particles (dashed lines), or 20 vol% filler con-

tent with 50%-50%mixture of hard and soft fillers (circles);(a) Macroscopic stress-strain

response (unfilled epoxy included in grey, for comparison) , and (b) the energy in the

3D-RVEs, caused by the positive hydrostatic stresses, divided by the particle-matrix

interfacial area, as a function of macroscopic strain.

both 2D and 3D, compare Figures 6.19d and 6.20b. The stress-strain response, how-

ever, is very different. In full-3D the yield stress is roughly in between unfilled and

soft-filled, localization in the form of strain-softening after yield is observed, and upon

strain hardening the hybrid system outperforms unfilled epoxy as it increases parallel

to the hard-filled system, see Figure 6.20a. The effects are more extreme in plane-strain,

where the response basically ‘jumps’ from that of soft-filled (identical yield stress) to
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that of the hard-particle filled system (nearly identical large strain response), see Fig-

ure 6.19c.

The most interesting case in terms of E/A-build-up is that of a soft shell around a hard-

particle core, Figure 6.19f. With the 5 MPa filler-modulus (closed symbols) the effect is

only minor, while no energy increase from the positive hydrostatic stresses is observed

with the optimized 35 MPa filler-modulus. This is a most interesting result that de-

serves more future investigation. The stress-strain response (Figure 6.19e) appears very

similar to the other mixed hard/soft filled systems (6.19c), which suggests that the mere

presence of the combined hard/soft phase is more dominant than the exact morphology

of the microstructure.

6.5 Conclusions and recommendations

Conclusions

• Scratch resistance is proportional to the material’s yield stress. Increasing the yield

stress via an increase in crosslink density gives better results than by applying

progressive accelerated aging, since it directly reduces the penetration into the

surface.

• Friction is only slightly dependent on yield stress. More promising for low friction

coatings is to follow the strategy of vertical stratification. Very thin either soft or

hard layers on top of the coating decrease the lateral friction force with a factor 2

and 3, respectively.

• In homogeneous coatings (the onset of) wear is caused by a local exceeding of a,

polymer dependent, critical positive hydrostatic stress, which strongly correlates

to the polymer’s network density, either entangled or crosslinked.

• Wear in filled coating systems is experienced first in hard particle filled coatings

and it starts to become noticeable on the macroscopic scale at a macroscopic strain

of around 20%. The cause of (the onset of) wear proves to be surpassing a critical

value of the energy E, stored in the RVE, divided by the total interfacial area A,

between particles and matrix in the RVE, of E/A = 1 kJ/m2 for epoxy-TiO2.

• For soft fillers the critical value for the energy per interfacial area is also reached,

but at large macroscopic strains, depending on the filler modulus G relative to

the rubber modulus Gr of the matrix in the large strain regime. Neither large,
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nor small (e.g. voids) moduli are to be preferred; optimum values of this ratio

are around G/Gr = 1, and give a plateau value, close to zero, of the energy per

interface area.

• The particle size of the fillers directly determines the interfacial area for a given

volume fraction fillers. The value of E/A is directly influenced. Consequently are

smaller particle diameters to be preferred.

• To achieve wear resistance without sacrificing scratch resistance, hybrid filler sys-

tems should be used.

• If a mixture of hard and soft particles is chosen, then their diameter ratio Dh/Ds

(and, consequently, for a given volume fraction their number ratio Nh/Ns) should

be different from 1. A hard-soft ratio Dh/Ds of 5 is already much better, 10 could

give further improvement, but is not yet explored due to computational con-

straints.

• A second hybrid system that works even better is a core shell systemwith the hard

particles as core and the soft polymer as shell. As choice for soft material modulus,

also here G/Gr = 1 is optimum.

Recommendations

• Quantifying residual deformation demands a constitutive model that accounts for

the Bauschinger effect in load-reversal.

• Further investigation of the vertical stratification strategy to not only improve the

scratch resistance, but to also lower the friction force, need to be performed.

• Attention should be paid to damage in the hard thin top coating and to failure in

the interface between hard top and softer bottom layer.

• More importantly is to systematically vary the thickness of the top layer, its prop-

erties, and its position, since layers below the surface could be rather interesting

as well.

• Finally the number and thickness ratio of the alternating layers in the stratified

coating structures could be interesting parameters to vary. (Teeth, nacre and shell

structures are made that way).

• The research into the design rules for optimized microstructures for combined

scratch- and wear resistance just started. Many variables have to be varied, to

start with the volume fractions in the different hybrid soft/hard systems.
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• And of course the modulus of the soft rubber is a parameter also in these hybrid

systems. A value of G/Gr = 1 seems to be beneficial here as well.

• But most important is to perform 3D simulations on both the microscopic RVE

scale and the macroscopic scratch test scale. In some situations dealt with in Sec-

tion 6.4 this is technically still feasible.

• Despite that also for hard fillers, the smaller particle sizes are to be preferred, given

the low value of E/A in those cases, the opposite: applying very large particles,

in the order of (but slightly smaller than) the total coating thickness, could be

interesting. Rather than penetrating into the coating matrix material, the indenter

in that case could “jump” from one “big stone” to the other, preventing visible

scratch damage.
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CHAPTER 7

Conclusions and Recommendations

7.1 Conclusions

This thesis discusses the prediction of the performance of particle-filled polymers in

sliding friction. The approach adopted is based on homogenizing the mechanical re-

sponse of particle filled systems and, subsequently, use the macroscopic constitutive

equation thus obtained to predict and analyze the materials’ frictional response. The

methodology is applied first to model systems with a well characterized thermoplastic

polymer matrix –polycarbonate–, filled with either hard (TiO2) or soft (rubber), order

100 nm sized filler particles. This enables developing and refining the experimental and

numerical techniques. Thereafter the approach is applied to a class of polymers that is

more relevant to coating applications, thermosetting polymer systems; for that a stan-

dard epoxy system was selected.

Intrinsic response

To investigate the intrinsic mechanical response of particle-filled systems, three dimen-

sional representative volume elements (3D-RVEs) are constructed as a simplification of

their microstructure. The purpose of the finite element simulations with these 3D-RVEs

is twofold, they provide homogenized material parameters necessary for the scratch

simulations, but equally important, they enable the analysis of local (inter-particle) de-

formations leading to microscopic, and ultimately, macroscopic wear.

119
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1. It is shown that only 30 particles are sufficient to give a reliable RVE response with

little scatter.

2. Using only a single-mode implementation of the constitutive framework to de-

scribe the polymer matrix already proves to describe key features of the intrinsic

mechanical response of complex soft- and hard-particle filled polymer systems,

such as an increasing initial modulus, yield stress and strain hardening with hard-

particle filler-content, and a decreasing initial modulus and yield stress for soft-

particle filler-content.

3. Quantitatively, these simulations under-predict the small strain response, how-

ever, but using multiple relaxation modes proves to be a major improvement.

Multi-mode modeling implies that the initial response of the matrix is modeled

stiffer, as it is in reality, compared to the single-mode modeling. This accurate

modeling approach also reveals more intensified local stresses and strains, imply-

ing that microscopic failure commences at an even earlier stage.

4. Comparing the RVEs’ numerical results to experiments shows that all the rate-

dependency in the systems’ responses originates from the polymer matrix, the

fillers only change the magnitude of the stress response.

5. Furthermore, with themulti-modemodeling, the small-strain response of the particle-

filled systems is captured accurately. The yield stress of TiO2-filled PCwas initially

under-predicted, but as this matrix-filler combination is known to show acceler-

ated aging, increasing the parameter representing the age proved sufficient.

6. The large-strain predictions of the TiO2-filled systems, both with PC and epoxy

matrix, shows to progressively deviate after approximately 20% compressive strain.

In the simulations it is assumed that the particles perfectly adhere to the matrix,

and no failure of the matrix itself is modeled. Although tested in compression, the

simulations show a large build-up of positive stresses and strains, already start-

ing at small macroscopic deformations. This implies a sequential occurrence of

local failure, finally combining to grow into a macroscopic crack, that leads to a

decreased macroscopic stress-response.

7. The soft-particle filled polycarbonate systems are accurately described by the sim-
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ulations. This in contrast to the epoxy based soft-particle filled systems, where

a significant over-prediction of the stress-response is observed. Initially, this de-

viation was attributed to differences in the quality of curing and a poor particle-

distribution, but examining the microstructure with electron-microscopy shows

serious voiding of about 10 vol% 200–300 nm sized uniformly distributed cavities.

Incorporating these voids via a multi-level modeling approach shows that this ex-

plains the observed experimental response.

Scratch response

The scratch performance of the particle-filled model systems is tested with the single-

asperity sliding friction test. The fillers change the intrinsic mechanical response, and

therefore also the scratch response.

8. Hard fillers enhance the scratch resistance, as the increased yield stress leads to a

decrease in surface penetration. This causes the lateral friction force to decrease

since less material is moved in front of the indenter tip. In principal, soft fillers

have the opposite effect. They decrease the yield stress, and thus cause the pen-

etration into the surface to increase. As less material is moved in front of the

indenter, a decrease in lateral friction force results.

The RVE-simulations and compression experiments provide homogenized material pa-

rameters that are used in scratch simulations. Friction is considered as a complex phys-

ical phenomenon involving many variables. Here we adapted a different approach,

inspired by its succesfull application to unfilled polycarbonate [12], focussing on in-

troducing more complexity in the local deformation processes, while simplifying the

friction modeling by using the Amontons-Coulomb friction law.

9. The scratch simulations reveal that the response is very sensitive to relatively small

errors in the modeling. This includes the input that relates to modeling of the ex-

periment, i.e. the influence of the exact indenter-geometry, as a small offset in the

shape leads to incorrect predictions of the penetration depth, and to the materials’

constitutive modeling, as shown for the rubber-filled epoxy sample, where small

differences in the Poisson’s ratio lead to large differences in the predicted frictional

response.
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10. Employing proper constitutive modeling of the materials’ intrinsic mechanical re-

sponse and a simple velocity-independent friction model in finite element sim-

ulations revealed that only a single local friction coefficient (µf ) is necessary to

predict the frictional response of our unfilled and particle filled systems for differ-

ent sliding velocities and for different normal loads applied. The exact value of

µf depends on the indenter-matrix combination, but it is not affected by the filler

particles. These only change the intrinsic mechancial response and, therefore, the

deformation field around the indenter leading to a change in the total scratch re-

sponse.

Scratch and wear resistance

The hybrid experimental-numerical approach is successfully used to quantify the fric-

tional response of different particle-filled systems over a range of experimental condi-

tions. Its advantage is that the simulations enable to distinguish between effects that

are related to the adhesive interaction and effects that originate from the mechanical

response of the substrate. Via the RVE-simulations also deformation processes at the

smaller –inter-particle– length scale become accessible. The approach presented here

shows promise as a design tool for the development of improved scratch resistant ma-

terials.

11. Scratch resistance is controlled by the yield stress of the polymers that constitute

the coating. Increasing the yield stress can be achieved by (i) adding hard particle

fillers, (ii) increasing the crosslink density in thermoset coatings or by (iii) intro-

ducing progressive ageing in thermoplastic coatings. The first two measures are

to be preferred and give the best results.

12. Friction is only slightly dependent on yield stress. More promising for low friction

coatings is to follow the strategy of vertical stratification. Very thin either soft or

hard layers on top of the coating decrease the lateral friction force with a factor 2

and 3, respectively.

13. Wear in homogeneous coatings depends on the critical hydrostatic stress that,

when surpassed, initiates cavity formation. This releases the stress that, on fur-

ther scratching, builds up again, so the process repeats. The maximum tri-axial

tensile stress a polymer can sustain is proportional to its network density, which
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consequently should be maximized.

14. Wear in heterogeneous coatings depends on a critical energy E per interfacial area

A that, when surpassed, initiates macroscopic changes in the intrinsic material re-

sponse. For the system epoxy-TiO2 the critical value of E/A equals 1 kJ/m2. Given

the dependence of the interface area A between matrix and filler on the particle di-

ameter, smaller particles are better. For soft particles, the optimum modulus G is

equal to the rubber modulus of the matrix Gr at large strains: G/Gr = 1.

15. To achieve wear resistance without sacrificing scratch resistance, hybrid filler sys-

tems should be used. If a mixture of hard and soft particles is chosen, then their

diameter ratio Dh/Ds (and, consequently, for a given volume fraction their num-

ber ratio Nh/Ns) should be different from 1. A hard-soft ratio Dh/Ds of 5 is already

much better, 10 could give further improvement, but this is not yet explored due to

computational constraints. A second hybrid system that works well is a core shell

system with the hard particles as core and the soft polymer as shell. As choice for

soft material modulus, also here G/Gr = 1 is most probably optimum.

7.2 Recommendations

Scratch resistance

1. For the in-situ response, i.e. to predict the scratch experiment itself, using the

standard version of the EGP [44] suffices, since the scratch response is domi-

nated by the bow wave in front of the indenter, where loading conditions are

predominantly compressive and no load reversal has occurred yet. The extended

EGP model [45, 119], or a similar model that properly accounts for the so-called

Bauschinger effect, should be used to also correctly and quantitatively predict de-

formation after unloading. This is required to find the residual scratch depth that

is a true measure for the scratch resistance of coatings.
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Low friction

2. As formulated in Section 6.5, more attention should be paid to the new vertical

stratification strategy to arrive at low friction coatings. A number of computational-

technical questions remain to be answered. Many different topologies and coating

designs are interesting and challenging to investigate further. Obvious parameters

are thickness, properties, positions and orientation –on or relatively to the surface–

and number of the layers; they are all worthwhile exploring.

Wear resistance

3. In Chapter 6 we derived a new criterion for the onset of wear in heterogeneous

systems, and a critical value of E/A = 1 kJ/m2 was found for the coating system

epoxy-TiO2. The energy E here equals the RVE-integrated product of the local

positive hydrostatic stress (σH
i > 0) and the volume (Vi) weighted local strain (εi):

E(t) =

N∑

i=1

Vi(t)εi(t)σ
H
i (t). (7.1)

The interface area A equals the total interface in the RVE betweenmatrix and filler:

A = Nf4πR2. (7.2)

The concept of this new damage criterion E/A should be tested on more standard

composite structures and materials. And it goes without saying that the hybrid

coating systems proposed, that aim at improving wear resistance without sacrific-

ing scratch resistance, are an onset only. A systematic investigation of the potential

of the proposed hybrid microstructures, combined with a systematic variation in

volume ratio’s and constituent properties, is recommendable and could be per-

formed straightforward.
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Samenvatting

In de verfproducerende industrie worden jaarlijks miljarden euro’s omgezet terwijl de

ontwikkeling van nieuwe coatings nog altijd veelal slechts gebaseerd is op ervaring en

een “trial-and-error” benadering. De onderliggende basisfenomenen van wrijving en

slijtage zijn nog steeds niet volledig begrepen. Belangrijke eigenschappen van de (poly-

mere) verf, zoals krasvastheid, worden verbeterd via wijzigingen in de chemie of door

toevoeging van vulstoffen. Vulstoffen kunnen, ten opzichte van de basiscoating, zowel

hard zijn of zacht; de deeltjesdiameter is normaal gesproken in de orde 100–1000 na-

nometer. Vulstoffen worden onder andere toegepast om coatings harder te maken, om

de slagvastheid te verbeteren, of als kleurstof. Ze beı̈nvloeden tevens het mechanische

gedrag van de coating en, als gevolg daarvan, ook het wrijvings- en slijtagegedrag.

Eerder onderzoek heeft aangetoond dat het krasgedrag van een ongevuld glasachtig

modelpolymeer (polycarbonaat) via simulaties kwantitatief kanworden voorspeld, mits

het juiste materiaalmodel wordt gebruikt. Het experiment waarin met een enkelvou-

dige indenter in het oppervlak van de coating wordt gekrast werd succesvol gemo-

delleerd met een eenvoudig snelheidsonafhankelijk frictiemodel gecombineerd met het

zogenaamde “Eindhoven Glassy Polymer” (EGP) constitutieve materiaalmodel. De si-

mulaties voorspelden zowel de afhankelijkheid van krasdiepte en wrijvingskracht van

de krassnelheid, als de invloed van verschillende geometrieën van de diamanten inden-

ter, kwantitatief.

Dit proefschrift borduurt voort op dit pionierswerk door het uit te breiden naar met

deeltjes gevulde polymere systemen. In eerste instantie wordt voor de matrix (het ba-

sismateriaal) opnieuw gebruik gemaakt van het volledig gekarakteriseerde modelpo-

lymeer polycarbonaat, ditmaal gevuld met harde (TiO2) of zachte (MBS-rubber) deel-

tjes. Het intrinsieke spannings-rek gedrag is gemeten met behulp van gecontroleerde

compressieproeven waarin de totale respons van het gevulde systeem wordt bepaald.

Om inzicht te verkrijgen in de lokale spanningen en rekken, worden simulaties gedaan.

De complexe microstructuren zijn gemodelleerd met vereenvoudigde driedimensiona-
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le Representatieve Volume Elementen (3D-RVE’s). Hiermee worden de compressie-

experimenten gesimuleerd in een eindige elementen methode omgeving. Het EGP mo-

del voorspelt de experimenten uitstekend, en de simulaties geven tevens detailinforma-

tie over kritische lokale spanningen en rekken tussen de deeltjes die uiteindelijk leiden

tot macroscopische schade en falen van het coating-materiaal.

Met de gehomogeniseerde materiaalparameters die uit de simulaties volgen, en die het

macroscopisch gedrag van de gevulde systemen beschrijven, worden krassimulaties

uitgevoerd en vergelekenmet de experimenten. Wederom blijkt dat het combineren van

een kwantitatief correct materiaalmodel met een simpel snelheidsonafhankelijk (Cou-

lombs) frictiemodel leidt tot een succesvolle beschrijving van de experimenten. Deze

simulaties geven ook waarden van de (gehomogeniseerde) kritische rekken die leiden

tot zichtbare schade. Door deze vervolgens op te leggen op de randen van de RVE’s

worden de kritische spanningen en rekken, op een lager schaalniveau, die tussen de

deeltjes van de vulstof, bepaalt. Deze informatie wordt later gebruikt om de micro-

structuur aan te passen en te optimaliseren.

Voor verfapplicaties is polycarbonaat niet relevant. Daarom wordt de methode vervol-

gens toegepast op systemen met een thermoharder als matrix, een commercieel ver-

krijgbare epoxy. Eerst wordt dit nieuwe matrixmateriaal gekarakteriseerd om de para-

meters in het EGP model te bepalen, vervolgens zijn systemen geprepareerd met zachte

(polysiloxaan rubber) of met harde (TiO2) vulstofdeeltjes, en getest in compressie- en

krasexperimenten. Er wordt vervolgens aangetoond dat de ontwikkelde hybride expe-

rimentele/numerieke methode ook kan worden toegepast op systemen met een ther-

moharder als basis.

Het proefschrift eindigt met een aanzet tot het ontwerpen van geoptimaliseerde kras-

en slijtagebestendige coatings. Hierbij wordt gebruik gemaakt van inzichten verkregen

uit experimenten en simulaties van zowel gevuld polycarbonaat als epoxy. De analyse

leidt tot aanbevelingen voor nieuwe coatings. Via een criterium voor de aanzet tot fa-

len en slijtage in ongevulde coatings (het overschrijden van een kritische, netwerkdichtheid-

afhankelijke, drie-assige spanningstoestand) wordt een nieuw criterium voor gevulde coa-

tings afgeleid (het overschrijden van de, als gevolg van deze spanningstoestand, opgeslagen

elastische energie per eenheid oppervlak tussen matrix en vulstof ). Complexe microstruc-

turen worden gemodelleerd in tweedimensionale RVE’s en vervolgens virtueel getest.

Verschillende scenario’s worden verkend en geven directe aanwijzingen voor geoptima-

liseerde hybride microstructuren (zowel hiërarchisch in deeltjesgrootte, als met “core-

shell” structuren) voordat het tijdrovende proces van synthese van nieuwe materialen,

en van nieuwe vulstoffen en hun composieten, hoeft te worden doorlopen.



Dankwoord

Met dit proefschrift sluit ik een hele mooie, maar op het laatst ook (uiteraard) hectische

periode af. Ik wil beginnen met Han en Lambèrt te bedanken voor de kans om aan dit
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