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Abstract

Integrated Computational Materials Engineering (ICME) is the next generation methodol-
ogy for the discovery, development, and deployment of material solutions. ICME refers to
tackling materials science and engineering problems by way of merging materials modeling
exploiting High-Performance Computing (HPC), experimental and characterization activ-
ities, as well as data and its analytics in the solution process and utilizing this toolset to
deliver better performing innovative material solutions faster. A crucial element in ICME
is the application paradigms of multiscale materials modeling, such as the widely adopted
Process-Structure-Properties-Performance (PSPP) approach. The PSPP construct itself
is a common frame for experimentalists and modelers alike to convey materials problems
from discovery to deployment in terms of the typical progression of how to develop a new
material or material solution. To realize PSPP in practice for modeling, workflows are
required. These workflows consist of interacting multiscale materials modeling objects,
which are interfaced to support the solution of an ICME problem. Commonly, such
workflows consist of multiscale models of material manufacturing (processing), digital
representation of the following material structure, modeling the properties of the structure
in question (for example engineering material properties), and evaluating the performance
of the material solution that links the material to its application environment. The PSPP
chain as such establishes causal relations from material processing all the way to its
application performance. Since optimization-wise this is an imperfect construct, Material
Informatics (MI) deals with managing and analyzing the data, ultimately targeting the
solution of the coveted inverse problem, where a material is discovered and designed based
on its performance requirements and optimized for example with respect to the affiliated
costs. The goal is to deploy a material that satisfies the functionality requirements set for
the product performance.

Applications of ICME began from the need for extreme performance, for example involving
material solutions for aerospace applications. Another high end application involves
surfaces and coatings for wear resistance and lubrication, engaging material challenges for
example in transportation or highly abrasive environments such as mining applications.
This is also the domain of the current work, i.e., how to systematically develop better wear
resistant surfaces and coatings. The specific challenge is the development, implementation
and validation of ICME workflows for microstructure founded design of coatings and
thin films for improved wear resistance. Within this scope, the current work develops a
multiscale framework for modeling the microstructure and surface topography of complex
multiphase coating microstructures and thin films, employing means to model realistic
material microstructural morphologies containing also a composite interface character.
The behavior of thin solid coatings under sliding abrasive loading is studied, and the
possibilities of utilizing Cohesive Zone Modeling (CZM) directly in the modeling of
film rupture are established. Next, the focus turns toward the introduction of the
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ii Abstract

microstructural modeling of either thin or composite coating solutions, for which the
computational methodologies are developed, implemented and validated. The analyzed
cases consider primarily cemented carbide microstructures under abrasive tribological
loading conditions. The computational methodology is developed further to increase
realism with respect to modeling material interfaces, where Finite Element (FE) based
models are interfaced to a Phase Field (PF) based modeling of rapid solidification
microstructures as a result of material processing. After establishing a realistic enough
description of the composite microstructure, the focus turns to introducing a modeling
solution capable of addressing surface roughness and topography, in relation to other
coating characteristics. This introduces a methodology enabling modeling of both the
coating topography, its microstructure, interfaces with the bulk substrate, and the
microstructure of the substrate itself. ICME workflows are discussed, outlined, and set up
for the design of wear resistant surfaces utilizing the PSPP principle as a basis, considering
especially the microstructure to product linkage in a bottom-up manner. The various
use cases support the notion that ICME already provides added value to the solution of
tribological problems and material related challenges by adding knowledge for solving
problems otherwise difficult and costly to handle. Furthermore, the greatest impact and
improved quality of results are obtained when both experimental and modeling approaches
are used concurrently and not viewed as alternatives or competitors.
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1 Introduction

Materials science has always been at the forefront of exploiting modeling, and the surge in
the numerical capabilities and HPC has resulted in a widespread adoption of computation
and is pushing for the digitalization of the whole field. ICME is the next generation
methodology for the discovery, development, and deployment of material solutions. Many
if not most of the methodologies brought forth by ICME are not new themselves. Rather,
the novelty is the introduction of numerical computation, data, and analytics to the
solving of materials problems in parallel with the experimental work and empirical trials
as a methodology of problem solving. The problems can range from the most difficult
problem of material discovery to optimization and materials selection, or simply to
better grasping of material affiliated problems and challenges in ever more demanding
operational environments. The benefits are immediate, for example TMS (2013), TMS
(2015) and MGI (2011), realize that the cycle of bringing new materials to the market can
be shortened by at least a factor of two, and the same can be said for the affiliated R&D
costs. ICME brings forth numerous new additions to the materials science or engineering
toolset, such as the possibility to run virtual tests on materials, decipher causal relations
systematically and in a controlled manner, and expand the design space far beyond the
few prototypes or material test batches which can be actually manufactured physically.
Of course, in order to walk the walk, ICME needs to be able to deliver impact to practical
industry problems. At present, we are on the verge of the wider adoption of ICME, and it
can be stated that computational materials research is here to stay. ICME is now gaining
more traction from novel manufacturing technologies, Machine Learning (ML) techniques,
and ultimately from the adoption of Artificial Intelligence (AI) in materials research and
engineering (see TMS (2017)).

ICME refers to tackling materials science and engineering problems, such as the de-
velopment and optimization of novel materials and solutions, by way of merging HPC,
experimental work, characterization, data and analytics in the solution process and
utilizing this toolset to establish better performing innovative material solutions faster. A
crucial element in ICME is the application paradigms of multiscale materials modeling,
such as the widely adopted PSPP approach. The identification of the PSPP concept and
the widespread adoption of multiscale modeling was made in the landmark paper by
Olsson (1997). The PSPP construct itself is a common framework for experimentalists
and modelers alike to convey materials problems from discovery to deployment in terms
of the typical progression of the development of a new material or material solution. To
realize PSPP in practice for modeling, workflows and versatile toolsets are a necessity.
These workflows consist of interacting multiscale materials modeling objects, which are
interfaced to support the solution of an ICME problem. Commonly, such workflows
consist of multiscale models of material manufacturing (processing), digital representation
of the following structures, modeling of the properties of the structures in question
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2 Chapter 1. Introduction

(for example engineering material properties), and evaluation of the performance of the
material solution, which links the material to its application environment. An example
of such a workflow on a general level for tribological problems is presented in Figure 1.1
together with traditional workflows approaching the problem solely by way of modeling
or experimentation. The objective of ICME can be understood as an attempt to extract
the best features from both experimental and modeling approaches so as to come up
with an approach where both principally differing approaches are exploited with respect
to their best characteristics. Experiments can be argued to suffer from the notion that
defining and assessing relevant testing conditions with respect to the end product is
troublesome, and full scale or prototype testing is slow and costly. Modifications to the
solution are similarly difficult, since the interpretation of the test results is far from trivial
and the number of iterations is very limited. Modeling again has its greatest hurdle in
establishing whether the model captures the right physics, and how to proceed with its
validation. Characterization requirements for multiscale material models can be extremely
challenging and in many cases not even possible to meet directly. However, systematic
understanding of the causal relations and running numerical trials on “what-if” scenarios
is far cheaper than solving the problem experimentally. What the ICME proposes to do
is to take the best from both worlds. The analysis of simpler laboratory scale tests is
deepened by modeling the relevant physics, and multiscale models are exploited to bridge
the findings to the product scale, limiting the number of prototypes and focusing the
experiments on where their impact from a solution point of view is greatest. Similarly,
virtual trials are introduced to investigate the influence of material design changes to
the final product. The ICME approaches by convention adopted in the current work
also aim to deepen the “physics-based” character of numerical modeling, in the current
work primarily by explicitly incorporating material microstructure and micromechanical
behavior.
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(a) Experiments driven approach

(b) Modeling driven approach

(c) ICME driven approach

Figure 1.1: Workflows for developing material solutions for tribological problems (Laukkanen
(2016)).



4 Chapter 1. Introduction

In order for the ICME approach to be feasible and implementable in practical problem
solving with a deadline, the toolsets need to be versatile and extensible. A practical
challenge from the times before ICME when multiscale materials modeling was considered
a complete solution by itself was that the development of a single modeling solution,
bridging for example two spatial scales by way of considering only information transfer
or homogenization, could take several years to develop, verify and validate to a limited
extent. Thus, a prerequisite for ICME is the development of a modeling toolset, the step
that typically can be acknowledged to be laborious and quite application domain specific.
An example is presented in Figure 1.2. The toolset picked as an example already has
elements of atomistic, microstructural and macroscale modeling, and as such the range of
its applicability is vast. However, so is its degree of complexity and the identification of
its capabilities and application ranges, let alone the not so-well known characteristics such
as the propagation of errors in the modeling chain, making the application both complex
and requiring extreme effort in its utilization and validation in practical problems. Upon
establishing the usability of a certain subset of characteristics, the benefits and impact of
ICME for that specific domain are within reach.

Figure 1.2: Multiscale materials modeling toolset for tribological problems (Laukkanen et al.
(2017a)).

Multiscale materials modeling can be argued for many researches and practical problems
to be divided into two often distinct regions. The most complex problem is bridging
the atomistic information to the scale of the material nano-microstructure1. As a result,
many so-called multiscale works focus on the atomistic end or then on the microstructural
scales. In the former the typical model spatial sizes are in the range of tens of nm, while
in the latter hundreds of µm are good indicating values. The emphasis of the current work
is on the latter, and the focus is in developing modeling solutions where upscaling to the
product scale and, for example, engineering bulk material properties can be envisioned
and in many cases performed. As such, this field of multiscale modeling and application of
ICME deals with microstructures and their behavior, especially in solid mechanical terms,
typically referred to as micromechanics. A typical example of such a model is presented in

1or from discrete to continuous description
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Figure 1.3, where a WC-Co cemented carbide microstructure is investigated with respect
to its stress-strain response under compressive loading. The study of microstructures,
their failure behavior, and the influence of both microstructural morphological parameters
(for example size and shape distributions) as well as the general material behavior (for
example the size dependencies and the evolution of damage) are of primary interest for
micromechanical modeling.

(a) First principal stress in the WC crystals (b) Equivalent plastic strain in the Co binder

Figure 1.3: Microstructural model of a WC-Co cemented carbide microstructure loaded in
compression (Laukkanen et al. (2016a)).

The core objective of the current work is to contribute toward the development of ICME
workflows for solving tribological problems involving the design and tailoring of respective
material solutions. The focus is on the study of coated systems, either thin hard films or
composite coatings, and the influence of various characteristics at the scale of the coating
and the material microstructure with respect to resistance to wear. As such, the objective
is to introduce methodologies to create models of microstructures and surface roughness to
build models where the influence of these features and material behaviors can be studied.
Since composites are typically hierarchical systems with various multiscale details, many
of which are simplified during upscaling of both microstructure and behavior, going
beyond ideal interface models is investigated. Significance with respect to failure and wear
processes, i.e., steps toward microstructure scale modeling of damage is a necessary follow
up in the quantification of the modeling results. The other objectives are to study the
interaction of surface roughness with the other characteristics of coated systems directly,
to investigate the possibilities of explicitly including surface topography and modeling its
influence on the tribological contacts, and going beyond the effective surface roughness
modeling. A crucial objective is also to take steps in the validation of computational
models in order to qualify the methodologies and to establish future research needs and
directions.

The thesis first establishes the Aims of the Research in Chapter 2. After that, the
approaches adopted for modeling are presented in Chapter 3. This is followed by a
presentation of the primary findings in Chapter 4. Chapters 5 and 6 discuss and summarize
the thesis work. In Publication I, the behavior of thin solid coatings under sliding abrasive
loading is studied and the capabilities of utilizing CZM directly in the modeling of
film rupture are established. After that the focus turns toward the introduction of the
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microstructural modeling capability to either thin or composite coating solutions, and the
computational methodologies are developed, implemented and validated in Publications
II and III. The analysis cases consider primarily cemented carbide microstructures under
abrasive tribological loading conditions. The computational methodology is developed
further to increase realism with respect to modeling material interfaces in Publication IV,
where the FE based models are interfaced to a PF based modeling of rapid solidification
microstructures as a result of material processing. After establishing a realistic enough
description of a composite microstructure, the focus turns to introducing a modeling
solution capable of addressing surface roughness and topography in relation to other
coating characteristics. This is the subject area of Publication V, which introduces a
methodology enabling the modeling of coating topography, its microstructure, interfaces
to the bulk substrate, and the microstructure of the substrate itself. ICME workflows
are discussed, outlined, and set up for the design of wear resistant surfaces utilizing the
PSPP principle as a basis, considering especially the microstructure-to-product hierarchy
in a bottom-up manner.



2 Aims of the Research

The aim of this work was to develop, apply, and initiate the validation of a microstructural
and micromechanical modeling solution for thin films and composite coatings to support
establishing ICME workflows for the design and optimization of wear resistant material
solutions. The following research questions were stated:

1. Can the previously utilized fracture mechanical analysis means be extended by
utilizing CZM and damage mechanical modeling to better model the wear resistance
of coated surfaces?

2. Is microstructural and micromechanical multiscale modeling using FE applicable
for solving the Structure-Properties-Performance (SPP) and PSPP tribological
problems, and can it form a baseline for the design of better wear resistant surfaces
and composite microstructures?

3. Is it possible to introduce interface modeling techniques to micromechanics, which
could contribute to the further improvement of a physics-based modeling workflow?

4. Can explicit modeling of surface roughness and topography provide insights regarding
its significance in comparison into the other coating design parameters (structure,
defects, film thickness, substrate, etc.)?

These questions were addressed during the course of the work by way of developing
computation modeling means and by applying them in the study of respective materials
and behaviors. The thesis work focuses on the modeling side, although in practice the work
was carried out in projects where experimental and characterization tasks were constantly
carried out parallel with the modeling activities. Thus, the work also focuses heavily
on applying modeling to problem solving instead of solely developing and implementing
the computational means. In order to investigate means to model thin coating damage
and failure, a study was carried out (Publication I) where CZM methods were utilized
to investigate coating cracking under sliding abrasion and the possibilities of utilizing
the derived damage metrics in the design of coatings. To carry out microstructural and
micromechanical modeling, a toolset was developed and applied primarily for scratch test
contacts with sliding abrasion (Publications II and III). The typical simplifications related
to interface modeling were addressed by introducing an interface to PF based modeling of
rapid solidification microstructures, and the findings were utilized to define more complex
descriptions of cemented carbide composite interfaces and to assess the significance of
this modeling approach (Publication IV). Finally, the influence of surface roughness was
incorporated in the models by parametrically studying (based on characterization data)
the impact of explicitly modeling surface roughness effects on the stress-strain response

7



8 Chapter 2. Aims of the Research

of a Diamond-Like Carbon (DLC) coating during smooth-on-rough and rough-on-rough
contacts (Publication V).

The scientific contributions of the thesis are as follows:

• The work produced a methodology for modeling thin film cohesive and adhesive
failure utilizing the CZM methodology. The resulting methodology was utilized for
studying and improving the thin film structures using design trials of multilayered
and gradient coatings structures tailored to specific tribological contact conditions.

• The developed microstructural and micromechanical modeling approach and toolset
for composites were applied to Thermal Spray (TS) WC-Co coatings, and a detailed
evaluation of the microstructural characteristics critical for the avoidance of wear
damage was performed. The findings act as a baseline and demonstration of how to
develop new coating solutions for specific operational environments.

• The modeling solution enabling more detailed microstructure scale investigations of
the coating hard phase-to-binder interface yielded a novel numerical methodology
linking the thermodynamics based material processing models to microstructural
property models.

• The effects of surface roughness as a design parameter of DLC coatings were quanti-
fied by the developed modeling approach, and its significance to the wear resistance
of DLC coatings was demonstrated during model validation where correlation
between the modeling and experiments was displayed.

• The methodologies and their implementations were found to be applicable as ele-
ments of ICME workflows describing the role of material micro- and mesostructures
in the tribological performance of a particular material solution.



3 Materials Modeling

The objective of the current work is to enable the detailed modeling of wear resistant
coated surfaces at the scale of their respective microstructures. Thus, different phases,
their morphologies, anisotropies, defects, and surface characteristics such as roughness, as
well as the ultimate evolution of these aspects due to material damage are the subject
area of this study. These results contribute to producing materials design workflows
forming the basis of ICME applications, as presented in Figure 3.1. These workflows
are a core feature of the already classic PSPP approach and contribute to the solution
of, for example, the structure-property problem, and as such are a critical element in
pursuing computation driven material design methodologies. The current work addresses
essentially the structure-to-performance stages by enabling the modeling of material
properties based on the detailed representation of the microstructures, and further
assessment of their performance under tribological loading conditions beyond simply
evaluating the engineering material properties. In the current chapter, modeling of these
structures is presented with respect to thin film structures, surface topography, and
composite microstructures.

3.1 Modeling of thin films

The primary target of modeling thin films has commonly been to increase understanding
of the conditions where a coating can fulfill its functional requirement of preventing the
activation of a mechanism inducing wear. Approaches have often emphasized fracture
mechanical approaches, such as in the classic works presented in Holmberg et al. (2003),
where a fracture mechanical model was developed based on the crack density of a thin hard
film and the input based on a numerical contact model. Similar approaches employing
fracture mechanics have been utilized by several researchers for different coating systems,
such as Li et al. (1997) for DLC coatings on hard material substrates, Nastani et al.
(1999) for DLC coatings on a silicon substrate, and Diao et al. (1994) for TiN and Al2O3
coatings on hard material substrates. The latest developments in the fracture mechanical
route can be stated to largely reside in a series of three papers: Holmberg et al. (2006a),
Holmberg et al. (2006b), and Laukkanen et al. (2006). In these papers, the fracture
mechanical methodology has been developed to include residual stresses as well as complex
loadings and shapes and types of cracks in addition to considering the influence of material
properties of the coating and the substrate.

3.1.1 Thin films (Publication I)

A common feature of the fracture mechanical route is the limitations of the underlying
theory, i.e., the assumptions regarding the crack field type, size and shape that are

9



10 Chapter 3. Materials Modeling

Figure 3.1: PSPP approach to ICME (Laukkanen et al. (2017a)).

required. Moreover, the treatment of multimaterial systems is somewhat limited in
this kind of approach (see Laukkanen et al. (2006) for details). In Publication I, the
previous work was revisited by exploiting the developments affiliated with CZM as well
as the damage mechanical approaches to modeling failure initiation and propagation
in coated systems, also taking advantage of the enhancements in the available HPC
capabilities. The basis of CZM and its application in the microstructural scale still lies
in the classic works of Dugdale (1960) and Barenblatt (1962). Consequently, the basis
for the applicability of CZM to different types of cracking problems, including cohesive
and adhesive crack problems, can be considered to exist. CZM is commonly applied over
spatial scales although the underlying physics and basis for defining Traction Separation
Law (TSL) behavior differ, and the atomistic scale arguments do not explicitly transform
to larger scales. The present consensus, however, is that the principle is sound enough to
be exploited. Similarly, mixed-mode loading conditions have been studied, for example
by van den Bosch et al. (2006), which is a prerequisite for working with coated systems
and having any possibility to track the relevant modes of failure.

The basic experimental problem setting is presented in Figure 3.2, i.e., a finite sliding
and finite strain frictional contact with a plastically deforming substrate, utilizing an
Augmented Lagrangian-Eulerian (ALE) formulation for better finite deformation perfor-
mance. The cracking patterns as sketched in Figure 3.2 have been shown to be consistent
(Holmberg et al. (2003), Holmberg et al. (2006a)) with experimental findings, as presented
in Figure 3.3 for a TiN coating. The added feature of CZM is that it provides a more
general modeling capability compared with the direct fracture mechanical approach, the
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CZM tightly interacting with the solution of the contact problem and different material
deformation behaviors.

(a) Schematic representation of the studied cracking pattern for thin hard films in scratch testing:
a) Angular cracks, b) parallel cracks, c) transverse (angled) cracks, d) coating chipping, e) coating
spalling, and f) coating breakthrough.

(b) Schematic representation of the different crack types and affiliated deformation mechanisms
in a coated system.

Figure 3.2: Description of the mechanistic background in the cracking of thin hard films
(Holmberg et al. (2006a)).

The input to a CZM is a TSL, and as such calibration of the failure model was carried
out. The methodology developed by Laukkanen et al. (2006), which is based on a weight-
function methodology having its basis on a Boundary Element Method (BEM) founded
derivation of the actual weight functions, was applied. In the methodology, the Stress
Intensity Factor (SIF) being computed is presented as

K(2) = E′

2K(1)

[∫
Γ
t(2) ∂u(1)

∂a
dΓ +

∫
Ω
f(2) ∂u(1)

∂a
dΩ
]
, (3.1)

where E′ is the stress field dependent elastic modulus, (1) the weight function reference
solution (and K(1) the respective SIF, generally under mixed mode conditions as in
Laukkanen et al. (2006)), u the displacement vector, t the traction vector, f the body
force vector, Ω the solution domain, Γ = ∂Ω, and a the crack length parameter. The
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Figure 3.3: SEM image of crack patterns after scratch testing of a 2µm TiN coated surface,
stylus movement from left to right (Holmberg et al. (2006a)).

weight function is given by

h = E′

2K(1)
∂u(1)

∂a
(3.2)

which upon substitution to Equation 3.1 yields the weight function based expression for
the evaluation of the SIF:

K(2) =
∫

Γ
t(2)hdΓ +

∫
Ω
f(2)hdΩ. (3.3)

Upon scratch testing and evaluation of the respective scratch test contacts by FE, the
fracture toughnesses can be calculated for specific crack field types and for through coating
cracks, which were utilized as a baseline for the fracture toughness in the current work
(FE also introduces a substrate plasticity correction to the thin film stress state). The
results are presented in Figure 3.4a. The FE modeling and the details are presented more
thoroughly in Laukkanen et al. (2006) and Holmberg et al. (2009). The approach includes
the effects of crack field orientation, crack density and crack location within the crack
field, the loading conditions with respect to, for example, stress biaxiality and mode of
loading. The calibration of the TSL was carried out based on the fracture toughness
assessment, adapting an exponential TSL as a basis, where the damage is presented by

d = 1− δ0
m

δmaxm

·

1−
1− exp

(
−α δ

max
m −δ0

m

δf
m−δ0

m

)
1− exp (α)

 , (3.4)

where α is the rate parameter for the damage evolution and δfm − δ0
m is the difference

between the effective mixed-mode displacement at failure and at the initiation of the
damage. The chosen calibration approach is presented in detail in Laukkanen et al. (2011),
but in short, it relies on considering the coating failure as brittle (fast evolution of damage
through the coating or within a critical stress-strain field, selecting the extreme from
Figure 3.4) and ensuring that the effective fracture energy is identical to the measured
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fracture toughness, i.e.,

Gf =
∫ δf

m

δ0
m

(1− d)ti|d=0dδ. (3.5)

Since no direct information regarding the adhesive failure or fracture toughness was
available, other than the likely occurrence of adhesive failure once the through coating
crack field propagates with greater density through the coating, identical TSL properties
were utilized at the film-to-substrate interface as well.

(a) Evaluation of through coating crack frac-
ture toughnesses for a 2µm thick TiN coating
from scratch tests.

(b) CZM model and its TSL relationship with
different parameters influencing the rate of
decrease of cohesive traction.

Figure 3.4: Fracture toughness evaluation and its exploitation in establishing the TSL parame-
ters for modeling the film fracture (Laukkanen et al. (2011)).

The FE approach did not rely on remeshing but rather retained the hexahedral mesh
throughout the solution, and as a result the CZM was carried out by populating the
element interfaces from the contacting region with cohesive zone elements. Examples of
typical meshes and resolution of the stress fields are presented in Figure 3.5.

3.1.2 Surface topography (Publication V)
Publication I focused on considering film damage, while Publications II-IV dealt mostly
with various aspects of coating microstructure. As a natural progression, the aim of
Publication V was to address the influence of surface roughness. In particular, the
emphasis was on developing the analysis and modeling methodologies in line with the
microstructure scale modeling and to approach the surface roughness explicitly rather
than by utilizing effective models. The interactions between the film, the substrate
microstructure, the bond layer, and the other structures and surface topography could be
investigated during the design of new coating solutions or when assessing the tribological
performance of the films under differing operating conditions.

The evaluation of the contact behavior of rough surfaces has traditionally been approached
by the so-called “effective” models, largely due to the complexities in both the analytical
and numerical incorporation of the behavior of a rough surface in the modeling of the
behavior of the tribological contact. This has been primarily due to the difficulties in
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(a) First principal stress contours.

(b) Equivalent von Mises stress contours.

Figure 3.5: FE mesh and contact response for CZM of thin film scratch tests (Laukkanen et al.
(2011)).

approaching the contact problem, and as such it is logical to approach it by way of
numerical modeling. The present state-of-the-art is summarized in multiple sources,
including for example Holmberg and Matthews (2009), where the complexities arising
from the numerous parameters are acknowledged in making it difficult to outline a general
theory or even methodology suited for coated surfaces. Although the significance of
surface roughness has certainly been acknowledged, the simple models typically with an
analytical origin have had difficulties in formulating a theory or model capable of merging
the numerous parameters impacting the behavior of a coated system with those of surface
roughness and topography. Such classic models, relying often on analytical simplifications
of the rough contact problem to be able to approach the problem, have been presented for
example by Greenwood and Williamson (1966), Halling (1975) and Halling et al. (1983).
Following the possibilities to utilize numerical modeling in the realm of thin films as well,
the use of computation in deriving roughness models has increased. Works have taken
the next steps over classic works, and clear influences of surface roughness have been
demonstrated, for example, by Kalin and Pogacnik (2013), Kucharski and Starzynski
(2014) and Reichert et al. (2016). DLC coated surfaces have been studied, for example, by
Jiang and Arnell (2000) and Xiao et al. (2016). These works can be stated to have taken
the first steps in applying modeling to rough surface problems, although the approaches
in a computational sense have been limited to simple models of surface contact where the
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roughness has been discretized for example to a single asperity contacting a flat surface
or a similar modeling outline. Typically these earlier works do not or can not include the
other aspects of the system when considering the design of the coating microstructure
(such as the gradient or multilayer character of the coating, bond layer, microstructure of
the substrate, defects, etc.). In Publication V, a toolset was developed to include surface
roughness and topography alongside the other studied characteristics of the coated system,
to introduce a methodology where all these features are present at the microstructural
scale of the tribological system.

The experimental details related to Publication V are presented in Holmberg et al. (2015).
The details of the surface topography characterization technique and the fractal analysis
procedures for surface characterization and its analysis are provided in Wolski et al. (2017).
In order to be able to produce different types of representations of coated surfaces, a
toolset was developed and implemented to support different methods and types of rough
surface topographies, as presented in Figure 3.6. The basis of the approach is to support
various typical sources of characterization input, such as different types of profilometry
and topography data, or to simply generate surfaces based on mean values or statistical
data, such as the Ra and Rz values. Following interfacing to experimental data, different
surface representations are available, arranged by the ascending complexity of the surface
representation:

• stochastic random walk surfaces: generation of surfaces based on random walk
methods

• isotropic and anisotropic fractal surfaces: representation of the topography as a
fractal surface

• Fourier series and spectra: use of series developments to describe the surface
topography

• direct use of experimental data: reproducing the experimentally measured surface
directly to the model

Figure 3.6: Toolset for modeling rough surfaces (Laukkanen et al. (2016b)).
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The objective of supporting different ways to represent the surface roughness was essentially
to both enable direct transfer of experimental measurements to the model of the surface,
and also to enable parametric and systematic studies of the effects arising from the
variation of surface roughness characterization parameters and methods. In Publication
V, the coating system under study is a DLC coated steel substrate, typical of, for example,
automotive applications. The surfaces were prepared with three surface finishes, resulting
in different levels of surface roughness and consisting of the DLC surface layer, a CrCx
and Cr bond layer, and an AISI52100 bearing steel substrate, as shown in Figure 3.7.

(a) Three different DLC coating surface fin-
ishes: smooth, average roughness, and rough
surface

(b) FIB cross section of the coating

Figure 3.7: DLC coatings studied in Publication V (Laukkanen et al. (2017b)).

Examples of the generated surface roughnesses are presented in Figures 3.8 through
3.10. In Figure 3.8, a random walk surface prepared based on the analysis of surface
topography measurement statistics is displayed, the surface being generated and merged
with a representation of a Face Centered Cubic (FCC) like tessellated steel microstructure.
In Figure 3.9, a similar system and a typical microscratch test diamond tip are introduced.
The system studied in Publication V is presented in Figure 3.10 with respect to the
material domain. In Figure 3.11, the FE mesh used for solving the contact problem is
shown including the countersurface. The resolution of the microstructure of the bearing
steel, the bond layer, and the DLC coating are visible in the figures.

3.2 Microstructural modeling of composite coatings

A central feature of composite coatings is their microstructure, which still today largely
refers to the characteristics needed to produce a wear resistant surface against a particular
loading. With the introduction of ICME, however, there is an obvious desire to develop
systematic procedures for accomplishing that and, ultimately, optimizing tribological
systems with respect to performance and cost. The focal area of this section is, then, the
microstructural and micromechanical modeling of coated material solutions, especially
considering the means for describing the material microstructure with the necessary level
of detail. These coatings are typically labeled as “thick” composite coatings, i.e., the
thickness can be in the range from 100 µm all the way up to 3 mm. The deposition
methods consist of thermal spraying, laser cladding, and weld hardfacing, the current
work focusing particularly on thermal spray and laser clad carbide coatings. Common
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Figure 3.8: Model of a random walk surface topography and microstructural model of an FCC
steel (Laukkanen et al. (2017b)).

Figure 3.9: Microscratch test FE mesh of the surface topography and a diamond tip (Laukkanen
et al. (2016b)).

examples of WC-Co coatings and the respective thermal spray processes, which contribute
also to the experimental background of the current work, are presented in Turunen et al.
(2006), Hannula et al. (2009), and Oksa et al. (2011).

The work in Publications II, III and IV contributes to the development of a toolset for
modeling composite coating microstructures, as schematically presented in Figure 3.12.
The toolset is divided into three separate larger modules focusing on the crystal and
microstructure generation, modeling of the composite interface structures, and linkage to
the process models, especially the PF models for linking to rapid solidification simulations.
Starting from Figure 3.12a containing the crystal or composite constituent generation,
the composite elements are introduced first either from a statistical basis or by interfacing
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Figure 3.10: Anisotropic fractal surface multilayer DLC coating on a steel substrate modeled
including its microstructure (Holmberg et al. (2018)).

directly with the characterization data using image based modeling techniques. Options
are present to modify individual particles, fillers etc., for example to establish groups
and libraries of specific different particles to be utilized in the subsequent generation of
composite nano-microstructures. The next step is the generation of the microstructure,
either by utilizing different random sequential assignment methods or by simulation
driven methods. The former is usually associated with loose packings of multiple phases
within the microstructure (of low overall filler volume fraction), while the latter can
yield extremely dense composite microstructures (of high volume fraction). Following
the generation of the microstructure, by default stored as a 3D image, voxelization and
meshing routines yield the morphology that can be subjected to the physics of interest
and solved using FE or other numerical means, such as various particle based methods.
The approach for more detailed interface modeling is presented in Figure 3.12b. Two
means similar to those for individual crystals are available, either using characterization
data directly or linking to other numerical models such as those arising from the material
processing. The approach enables the “parsing” of the characterization data or coarse-
graining of PF or similar results as with individual crystals. After that, multilayered,
gradient, etc. interfaces can be introduced with limitations imposed only by the resolution
of the mesh, the data structure utilized, and the capabilities of the following solver to
use this information. The interface typical of PF modeling is depicted in Figure 3.12c.
The PF order parameter fields are parsed, the phase characteristics identified for further
model generation for example using thermodynamical means, and the orientation fields
directly introduced to initialize the microstructure for property and performance models.
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Figure 3.11: Mesh for a rough-on-smooth contact model of a multilayer DLC coating against a
smooth DLC counter surface (Holmberg et al. (2018)).

3.2.1 Composite microstructures (Publications II, III and IV)
The modeling challenge and the source for the wear resistance of composite coatings lies
in their complex microstructure, consisting of crystals (grains), fillers, etc., as well as of
defects such as pores, cracks, and imperfect interfaces. The interfaces of the composites add
another important element, which at present is still largely dealt with in a highly simplified
manner not accounting for the true multiscale nature of the interfaces. Tribological
contacts have not been widely studied in conjunction with composite microstructures,
but for example the works by Dick and Cailletaud (2006) considering polycrystalline
microstructures of steel under fretting like conditions, Chawla et al. (2006) in SiC-Al
alloy, and Zhang et al. (2009) and Quey et al. (2011) on Ti-6-4 alloy surfaces should
be mentioned. Work has been largely 2D due to the constraints associated with model
generation, solving the tribological contact, and the type of the characterization data to
name some of the challenges in working with microstructures. An example of work on
a 3D structure has been presented by Wiederkehr et al. (2010) using a serial sectioning
technique. For microstructural modeling in general, the chosen approach has largely
been to work with SEM images, such as has been done by Langer et al. (2001) and Reid
et al. (2008). Another aspect is the modeling of the actual wear damage, where the FE
methods in general are typically at a disadvantage due to the common inabilities in the
mesh adaptation in the generally applied Lagrangian formulations. Examples where the
wear damage has been introduced explicitly are the Movable Cellular Automata (MCA)
work of Österle et al. (2007), or the discrete methods such as Peridynamics (PD) in the
work of Seleson et al. (2009). The discrete nature of these means enables the description
of the moving boundary problem with greater ease than FE modeling, although this is
typically met at the expense of the solution’s accuracy and resolution in comparison to
FE. Although FE is a little more challenging to apply with respect to the complexities of
the problem, sliding abrasion problems have been solved for a thick coated system by
Anwar et al. (2013), and a typical example of introducing cracking mechanisms is given
by Mohd Tobi et al. (2013). These works do not account for the material microstructure
directly or utilize truly physics-based fracture models, or to say the least, the solution
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of the wear problem relies on more classic approaches such as wear laws and simple
macroscale continuum criteria to introduce the material damage. Microstructural features
such as pores and cracks have been introduced in Wiederkehr et al. (2010), Amsellem
et al. (2008) and Beauvais et al. (2008). Furthermore, the microstructural characteristics
described by the parameters such as the size, shape, and density of the reinforcing phase
and the mechanical properties of the binding phase have been investigated by Hu et al.
(2007), Pearson et al. (2009), and Zhang et al. (2009). Overall it can be stated that the
models of composites are typically quite simplistic in terms of the microstructure and
description of the failure mechanisms, and in general, the number of studies where the
interaction of the microstructure and the tribological contact are introduced is limited,
let alone approaches where the design of the tribosystem has been attempted.
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(a) Toolset module for modeling composite microstructures

(b) Toolset module for modeling interfaces in composite microstructures

(c) Toolset module for linkage to rapid solidification modeling by PF and similar methodologies

Figure 3.12: General representation of the composite microstructure modeling toolset applied
in the current work for WC-Co and similar hard materials (Laukkanen et al. (2016a)).
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Publications II and III

The work carried out in Publications II and III focuses on the 3D and 2D modeling
capabilities, both utilizing the imaging based and synthetic (or stochastic) modeling
approaches. Typical models with respect to microstructure geometry concerning the 3D
models of WC-Co microstructures are presented as examples in Figure 3.13 and 3.14. The
two microstructures in Figure 3.13 were prepared using the methods presented in Figure
3.12 and by modifying the crystal size distribution to reflect the spread of grain sizes.
The size of the Representative Volume Element (RVE) in both cases is 300 µm. A FE
mesh of a WC-Co RVE is presented in Figure 3.14, demonstrating the typical resolution
of the WC crystals embedded in the binding Co phase.

(a) Model of the WC-Co microstructure, “con-
fined” crystal size distribution

(b) Model of the WC-Co microstructure,
“spread” crystal size distribution

Figure 3.13: 3D Models of WC-Co microstructures (Laukkanen et al. (2016c)).

Figure 3.14: Cut of a WC-Co microstructure RVE mesh (Laukkanen et al. (2016c)).

In order to obtain the high WC fractions typical of common wear resistant microstructures,
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whether manufactured by thermal spray, cladding or sintered, simulation driven packing
routines, referred to as Concurrent Simulation Assisted (CSA) routines, are favored. Cross
sectional details of RVEs are presented in Figure 3.15, demonstrating a microstructure
during the microstructure generation process at the WC fractions of approximately 65%
and 85%, respectively. The approach in CSA differs from the computational placement
routines, which attempt to generate the structure by way of packing, stochastic geometry
operations, and by identifying the possible locales from the microstructure where for
example a carbide can be placed. In the developed CSA approach, the compaction of
the microstructure from a loose randomly prepared sample is calculated explicitly by
utilizing either a particle solver with a pair potential, or by way of a simplified FE contact
solution. In both cases, very high packing fractions can be obtained to continue the
further microstructure preparation operations.

Another approach utilized extensively is to generate models directly from the characteri-
zation data by employing image based modeling. An example of how the microstructural
details can be resolved is presented in Figure 3.16. This is an example from a set of
thermal sprayed WC-Co microstructures, which were modeled and their behavior studied
in sliding abrasion, mostly utilizing two-dimensional models. As presented in more detail
in Holmberg et al. (2014a), the procedure performs a segmentation and uses the image
data directly to form a mesh. Various routines with differing treatments, especially to
the phase boundaries, were established, including links to external libraries and meshers,
especially for computing constrained triangulations1. In addition, it was found that the
steps related to smoothing, filtering out for example the noise arising from the char-
acterization, and post-processing of the microstructure to obtain the desired physical
behavior such as individual deformation of carbides during the deformation process (a
nano-microstructural feature not necessarily captured by the characterization but relevant
in finite strain deformation processes) were common when preparing a microstructural
model and included in the analysis workflow. Another example is a weld hardfacing
coating with a martensitic binding microstructure and different carbide and boride hard
particles presented in Figure 3.17. An outline of a sliding abrasion scratch test model is
included, the details of the microstructure as captured by the FE models are shown, and
the coating-to-substrate interface is included in the microstructural modeling. Another
model, in this case 3D, of a scratch test of a WC-Ni laser cladded coating is presented in
Figure 3.18 and has been studied in more detail by Suhonen et al. (2017). The scratch
track following the computation of the tribological test contact is also shown. The mi-
crostructure has a large Mean Free Path (MFP) and the large fairly spherical carbides are
present in a somewhat clustered form. Large pores are also present in the microstructure.
The microstructural model can capture and match the features to a degree identifiable
from the available characterization data.

1utilizing primarily Python Numpy and Scipy functionalities
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(a) CSA routine result in preparing a WC-Co
microstructure, WC fraction approximately
65%.

(b) CSA routine result in preparing a WC-Co
microstructure, WC fraction approximately
85%.

Figure 3.15: Cross sections of the WC-Co microstructure following CSA packing

Figure 3.16: Detail of meshing output as a result of image based modeling of a WC-Co thermal
spray coating (Holmberg et al. (2014a)).
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Figure 3.17: Weld hardfacing composite coating and a model of its micro-scratch testing
(Suhonen et al. (2017)).

Figure 3.18: Laser cladded WC-Ni composite coating and a model of its micro-scratch testing
(Suhonen et al. (2017)) (white = carbides, red = pores).
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Publication IV

In Publications II and III, the composite structure was simplified with respect to interfaces,
i.e., except for some analysis cases utilizing CZM to describe imperfect interfaces, with no
further information about the interface character included in the models. In Publication
IV, this aspect was taken under closer scrutiny to provide a basis for more complex interface
models, which can, for example, arise from coarse-grained lower spatial scale treatments
of the interface structures and interactions. This was found to be a characteristic lack
in the present models of hard materials and tribological problems as a whole. However,
from the experimental and material processing perspectives, the interfaces, interphases
and overall the interactions within composite materials are far from ideal and defect free
representations of common material models (for hard materials, see e.g. the experimental
works of Turunen et al. (2006), Hannula et al. (2009) and Oksa et al. (2011)).

The approach selected in Publication IV was to extend the microstructural modeling
capability to consider and model the interfaces of individual carbides as well, i.e., to
create an interface region and/or, if necessary, further apply CZM and similar techniques
to model imperfect cohesion/adhesion and its evolution with respect to the initiation
and propagation of the damage within the material microstructure. The basics of the
developed solution and its implementation are outlined in Figure 3.19. In essence,
every composite constituent, typically a particle such as a carbide, can be treated as
a multilayer, a graded structure, or a general subset of the microstructure itself in the
3D space surrounding the individual particle. This largely solves the problem of how
to either incorporate an infinitesimal cohesive layer into each particle, or include an
interphase of desired characteristics. It does not provide any added insight with respect
to specifying the interface region material properties and behavior, but it does permit, for
example, the direct specification of the respective behaviors on the basis of nanoindentation
measurements. To further explore and extend the interface modeling capabilities, links
to material processing modeling were pursued. In particular, since the microstructures
of primary interest have been manufactured by rapid solidification processes, the PF
modeling methodology as presented in more detail by Greenwood et al. (2018) and applied
by Pinomaa et al. (2015) was adopted. By way of PF modeling, the solidification response,
including WC dissolution during thermal spray and formation of further W-C-Co based
phases such as the brittle W2C semicarbide, the respective interphases can be captured
and included in the FE based microstructural model appropriately. As such, the PF
analysis results can directly act as an input to FE modeling, or the PF results can be
further data mined to extract and process interface characteristics for further use in the
FE interface models.

Another relevant way to add realism to the composite models is by incorporating various
defects, such as cracks and pores. Secondary phases can be typically incorporated directly
into the microstructure and be treated already with the methods presented above. The
imaging based approaches can identify and include defect structures directly, but in
addition, it was found that to better support the systematic study of defect structures
in the microstructures, further stochastic means would be in order. This translates into
implementing an ability to incorporate different defect types in desired fractions into
microstructural regions of relevance with respect to the occurrence of a specific defect
type. An example is presented in Figure 3.20 for a Cr2O3 coating, where thermal spray
“splat” boundaries have been utilized to form a structure where the defects reside (these
“splats” were generated in advance by way of sequentially packing ellipsoids). In this
case, three defect types were generated by customizing the defect generation procedure
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Figure 3.19: Schematic representation of the adopted interface modeling approach for hard
material composite microstructures (Laukkanen et al. (2016c)).

to yield a structure mimicking the actual manufacturing process. Gas pores with a
roughly unity aspect ratio were included in the structure directly, the “splat” boundary
defects were incorporated by introducing a misfit between the “splat” boundaries, and
sharp crack-like features were introduced to the interfaces by essentially “carving” out
or detaching regions in the microstructural model. Subsequently, a defect containing
a porous ceramic microstructure was generated and is easily modifiable to study, for
example, the significance of certain defect types with respect to the strength or fracture
properties of the material. The statistics necessary for the generation of the structure
were extracted using image processing, as shown in more detail in Laukkanen et al. (2014).

Figure 3.20: Synthetic defect containing model of Cr2O3 thermal spray coating (Laukkanen
et al. (2014)).





4 Results

4.1 Failure of thin films (Publication I)

The CZM approach was utilized first to investigate whether the thin film cracking behavior
could be reproduced by way of numerical modeling. The testcases were comparable to the
TiN coating studied previously, for which extensive information about cracking behavior
was available. Further details regarding material parameters and model parameterization
are provided in Publication I. The first testcase presented in Figure 4.1 was used to evaluate
the significance of the thin film parameters to cracking predictions. The experimental
reference model of Figure 4.1a yielded a response where cracking from the trailing edge
of the contact or from the film to the substrate interface was favored, overall matching
the observed experimental behavior. Increased modulus of elasticity of the coating made
the system stiffer to the applied scratch test contact and resulted in the delamination
of the film from the substrate within the region under contact. Decreasing the modulus
of elasticity eliminated the cracking density altogether, and investigation of the TSL
response even implied no damage nucleation. The findings are indicative of the influence
of the film properties onto cracking. However, as noted in the following section, further
arguments need to be made with respect to the ability of the film to contribute to the
load carrying capacity of the tribological system.

As one of the principal failure mechanisms, the damage evolution behavior at the film-to-
substrate interface is presented in greater detail in Figure 4.2, essentially comprising a
failure scenario where film adhesion is lost once the scratch test loading is large enough.
The initiation took place from both the leading and trailing regions of the contact. Once
initiated, the damage at the respective material point evolved and the interface crack also
began to extend laterally. The two crack tips grew and merged during the progressing
contact, forming a decohered interface where the crack size was roughly twenty times the
coating thickess, indicating a complete loss of adhesion. The other prominent mechanism
observed in the experiments was through coating cracking. A scratch test model displaying
the progression of this form of cracking is presented in Figure 4.3. It is noted that the
film exhibited initial damage when it was subjected to tensile stresses at the leading
region of the contact, but this was only sufficient to initiate the damage. The through
film cracking took place at the trailing region of the contact where the contact separated
and the film was subjected to both tensile and bending stresses. In addition, on the basis
of this observation, a trial of a multilayer coating better resistant to sliding abrasion was
considered. The hypothesis was that a multilayer better smoothening the tensile stresses
across the film thickness would offer improved toughness. The outcome is presented in
Figure 4.3b, where it is observed that the damage introduced to the system significantly
lessened, displaying a coupling between the multilayer coating’s stress state, its adaptation
to the tribocontact, and the respective damage exhibited by the film.

29
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(a) 2 µm thick TiN film with E = 200 GPa.

(b) 2 µm thick TiN film with E = 500 GPa.

(c) 2 µm thick TiN film with E = 100 GPa.

Figure 4.1: CZM modeling of the influence of the film modulus to the coating and the
coating-to-substrate interface crack pattern, first principal stress contours (Laukkanen et al.
(2011)).

The evolution of through coating damage is presented in Figure 4.4. It is observed that
the crack initiation took place ahead of the contact due to finite strain and sliding effects
and largely nucleated at the film-to-substrate interface, but the primary failure initiated
from the surface at the trailing edge of the contact and was responsible for the through
cracking of the film. Similarly, the graded multilayer film was only seen to exhibit minute
damage in comparison to the homogeneous film, the shown result representing the final
configuration of the homogeneous film at the point where complete failure had occurred.
The previous results for through film and interface cracking were obtained by activating
CZM only either at the film-to-substrate interface or through the film itself. A case where
both were considered simultaneously, i.e., the whole system is filled with cohesive zone
elements, is presented in Figure 4.5. It is observed that the interface and the through
film cracking mechanisms interacted and actually, in comparison to solely through film
cracking, the defect driving force was lessened to a degree where the failure took place
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Figure 4.2: Initiation and propagation of the damage at the film-to-substrate interface during
scratch testing, TiN E = 300 GPa, film thickness 2 µm and the system contains a bond layer.
x1 is in the direction of sliding and positioned to the film-to-substrate interface (Laukkanen et al.
(2011)).

also at the film-to-substrate interface, although the principal behavior with respect to the
ultimate failure remained the same.
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(a) First principal stress contours for through film cracking CZM and distribution of damage
through the film at the location of the first through coating crack.

(b) First principal stress contours in a multilayer coating with through thickness material
properties tailored according to the bulk film stress state.

Figure 4.3: CZM of through film cracking (Laukkanen et al. (2011)).
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Figure 4.4: Evolution of the through film damage in TiN E = 300 GPa, film thickness 2 µm.
FGM refers to the multilayer system tailored according to the through film stress distribution.
x2 is the direction of the film thickness (Laukkanen et al. (2011)).

Figure 4.5: Evolution of both interface and through film damage in TiN E = 300 GPa, film
thickness 2 µm (Laukkanen et al. (2011)).
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Different multilayer and graded film property profiles were considered in order to study
their significance for the initiation and further propagation of the damage within the
tribosystem. The influence on the initiation and propagation of through coating cracks
is presented in Figure 4.6. For the reference, E = 300 GPa film was selected with a
loading condition where the damage had nucleated but the film was not yet entirely
broken to better demonstrate the influence of the film properties. Although the soft bond
layer appeared feasible considering the lessened evolution of the damage near the defect
initiation, in this case it was unable to support the film, which leads to the nucleation of
a through coating crack if the load carrying capacity as expressed by the TSL behavior
cannot be retained. The other film arrangements with multilayer like configurations were
favored over a single layer film, as expected. In the “hard” film, the properties were
graded toward a higher elasticity surface, and the benefits were apparent similarly to the
case where the bond layer is introduced on its own. Introduction of a softer layer within
the multilayer, i.e., the “discontinuous” film case, was also seen to improve the behavior.
Overall, the results suggest rather simple and implementable ways to tailor the multilayer
behavior for specific tribocontacts.

Figure 4.6: Influence of the graded film characteristics on the damage accumulation and further
on the initiation of through film cracks (Laukkanen et al. (2011)).

The reference TiN model with CZM modeling of through film cracks was compared with
the experimental crack field density results, as presented in Figure 4.7. The crack field
densities obtained from the models as a function of scratch test sliding distance were
close to the observed initiation of the crack field, and overall the comparison between the
different models with E = 300 GPa and the experiment is promising.

In order to measure the damage exhibited by the different film arrangements relative to
the load carrying capacity of the film, in the current case measured as the mean contact
pressure at a specific loading condition, the sum of damage as exhibited by a specific
model was extracted for different failure mechanisms. The findings are summarized in
Figure 4.8. With respect to interface cracks, or adhesive failure, it is noted that an overall
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Figure 4.7: Comparison of experimental and modeled crack densities (Laukkanen et al. (2011)).

increase in the film stiffness loaded the interface ever more, leading to increased damage
although obviously at the same time also increasing the load that the system is able to
carry. For through film cracks, the differences caused in the film’s ability to carry loads
were smaller, and the examined gradient structures were superior to the other alternatives.
Any loss in the TSL response for example due to the resulting softer bond layer can lead
to a significantly greater rate of damage accumulation. Considering the further analysis
cases where both principal failure mechanisms were active, again any loss in the cohesive
or adhesive properties in terms of the TSL was very detrimental. The introduction of
bond layers, arresting layers (where a softer layer is embedded in a multilayer) and graded
layers resulted in an improvement leading to less film damage. The “hard” graded film
had the best load carrying capacity-to-damage ratio, while the graded “softer” systems
also decreased the rate of damage accumulation as long as the respective load carrying
capacity was sufficient.
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(a) Relationship between the sum of damage and the respective mean surface pressure for
interface cracks.

(b) Relationship between the sum of damage and the respective mean surface pressure for
through film cracks.

(c) Relationship between the sum of damage and the respective mean surface pressure for
interface and through film cracks.

Figure 4.8: Summary of the load carrying capacity vs. damage of different multilayer film
systems (Laukkanen et al. (2011)).
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4.2 Composite microstructures under abrasive sliding
(Publications II and III)

The behavior of various composite systems under sliding abrasion conditions, typically
microscratch test contacts, were evaluated in Publications II and III. The case of applying
the modeling tools to study the behavior of a WC-Co microstructure undergoing scratch
testing is presented in Figure 4.9. The WC phase is presented in white, while the Co
phase is shown in green. The stress-strain fields are typical for WC-Co microstructures.
The carbides respond to the applied loading by developing a high stress state, which is
transferred through the structure especially by carbide to carbide interactions when the
MFP is small. Similarly, the response of the material to deformation arises primarily from
the plastic straining taking place in the Co binder phase. The strains exhibited by the Co
phase are large since the phase has to accommodate nearly all the deformations arising
from the sliding scratch test contact. Various hard material microstructures and their
response to microscratch testing are presented in Figure 4.10. In Figure 4.10a, a thermal
spray processed WC-Co microstructure similar to Figure 4.9 is presented. In comparison
to Figure 4.10b, which is a sintered structure, the influence of the somewhat greater Co
binder content as well as the partial WC carbide dissolution (somewhat more rounded
and larger carbides) are visible. In Figure 4.10c, a laser cladded WC-Ni microstructure
contains very large carbides, influencing both the extensive deformation of the Ni binder
as well as the stresses experienced by the WC grains. The TiC-Ni microstructure in Figure
4.10d contains a “skeleton” of TiC particles, which contributes positively to the ability of
the microstructure to distribute the stresses to a greater volume. In Figure 4.10e, the
carbide and boride containing an essentially martensitic matrix behaves in a more uniform
manner compared to the hard materials with a softer binder phase, the contribution of
harder particles being more contained due to the smaller internal mismatching of the
microstructure.

Figure 4.9: WC-Co microstructure undergoing scratch testing (tip movement from left to right)
(Holmberg et al. (2014b)).
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(a) Thermal spray WC-Co microstructure.

(b) Sintered WC-Co microstructure.

(c) Laser cladded WC-Ni microstructure

(d) Sintered TiC-Ni microstructure

(e) Martensitic carbide and boride containing microstructure.

Figure 4.10: Scratch testing of various hard material microstructures (tip movement from left
to right, contours represent equivalent von Mises stresses) (Holmberg et al. (2014b), Holmberg
et al. (2014a), Suhonen et al. (2017)).
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It can be identified that certain characteristics of hard material microstructures are
responsible for many of the observed features of the stress-strain fields, as presented
previously, for example in Figure 4.10. The primary characteristics are presented in
Figures 4.11 and 4.12. The typical features deal with complex morphologies, locally small
or large MFP or interactions between particles, or the available deformation mechanisms
and pathways or channels within the hard material microstructure. As indicated in
Figure 4.11, these features contribute to the locally elevated stresses in the WC phase,
the interactions increasing the stress state within the clusters or arrays of carbides, the
absence of deformation mechanisms due to the locally differing phase fractions relative
to the microstructure average, and the regions where a low hard phase content enables
extensive deformations due to the applied external loading. Furthermore, in Figure 4.12
the regions of maximum tensile stresses and respective plastic strains in the Co binder are
highlighted in the tensile deformed region of the indentation outside the material volume
undergoing compressive deformation, yielding more examples of the typical stress-strain
response of hard material microstructures.

Figure 4.11: Details of the microstructure scale stress-strain behavior in a thermal sprayed
WC-Co coating (Holmberg et al. (2014b)).

In addition to the above presented microstructural features, other characteristics such
as the carbide size distribution and the tribological contact also influence the behavior
of hard material microstructures, as presented in Figures 4.13 and 4.14. In Figure 4.13,
WC-Co thermal spray microstructures have been modeled under indentation loading with
different WC carbide size distributions. The WC sizes have been labeled as “conventional”
(≈ 1 − 3µm), “microscale” (≈ 1µm), and “submicron” (< 1µm) with respect to the
mean carbide size. The small contour plots present the microstructure and first principal
stresses in the microstructure undergoing indentation loading, while the main figure
displays the density of the fracture probability field evaluated as presented in Holmberg
et al. (2014b). The utilized WC fracture model and its formulation are presented in detail
in Wallin et al. (2008) and Wallin and Laukkanen (2006). The failure model accounts for
the carbide size with respect to its propensity to initiate fracture, and the line graphs
provide a homogenized representation of the outcome within the Statistical Volume
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(a) Contours of first principal stress.

(b) Contours of equivalent plastic strain.

Figure 4.12: Stress-strain state in an imaging based model of the WC-Co microstructure
undergoing loading by indentation (Holmberg et al. (2014b)).

Element (SVE). The first principal stress was utilized as the cleavage controlling stress.
The results demonstrate that the conventional size distribution of carbides yielded the
poorest response, as expected. However, the submicron size carbides did not provide the
best results, as the microstructure containing on average micron sized carbides performed
better. The explanation lies in the distribution of the tungsten carbides in the submicron
size microstructure (so this could also be viewed as an MFP effect), where the smaller
carbides were to some extent aggregated and the resulting clusters limited the possibilities
of the binder to accommodate the externally applied deformation, resulting in local
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stress gradients in the clustered carbide regions. This resulted in a somewhat poorer
performance compared to the micronscale WC microstructure. Figure 4.14 presents an
example of how the tribological contact size influences the behavior of the microstructure.
The larger 200µm tip resulted in a rather smooth contact distributed over a larger fraction
of the microstructure, while the smaller 20µm tip created a local stress-strain field and
the WC-Co composite was no longer able to deform similarly when subjected to the
applied loading, resulting in a locally elevated stress-strain state (under displacement
controlled loading of comparable magnitude). The result is in many ways obvious from
the computational point of view, but again something that is typically ignored or difficult
to address when designing and assessing microstructures from a solely experimental
perspective. Similar behavior under erosive contact against a composite microstructure
is presented in Figure 4.15. The impact angle was 45°, the erosive particles making
contact from left to right at the velocities of 15m/s and 50m/s. At the lower velocity, a
typical contact stress field was generated with trailing tensile stresses, and to a certain
extent plastic deformation of the martensitic binder phase was also observed. However,
beyond the surface deformation or strain hardening, no particular indications that would
imply significant deterioration of the microstructure were present. At the higher velocity,
however, the deformation was no longer contained in the immediate vicinity of the contact,
and as a result, the carbides and borides of the structure began to develop large tensile
stresses, particularly in the features of the structure that were complex in morphology.
The martensitic microstructure collapsed locally, and indications that defects would
initiate from the reinforcing particles and/or subsequently from shear localization within
the binder also began to emerge. The differences arise from kinetic energy associated
with the impact, the analysis is quasi-static with respect to the material domain so no
rate dependencies or other dynamic effects influence the response.

Figure 4.13: Three different WC carbide distributions and their influence on the stress-strain
states (principal strain in small figures) and the coating failure probability (density in contours,
mean in the line graph) under indentation loading (Holmberg et al. (2014b)).
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Figure 4.14: Influence of the applied tribological contact and its size scale on the stress-strain
response: material distribution (top, the microstructures are both identical), contours of the first
principal stress (middle) and contours of the equivalent plastic strain (bottom).

Figure 4.15: Influence of the erosive contact velocity on the response of a martensitic binder
and carbide and boride composite microstructure (Suhonen et al. (2017)).
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The nucleation, growth, and overall influence of the defects on the behavior of coatings
and composite microstructures is depicted in the results presented in Figures 4.16 and
4.17. In Figure 4.16, the crack nucleation and propagation have been computed employing
the Extended Finite Element Method (XFEM), as outlined in Holmberg et al. (2014a)).
The benefit is the possibility of modeling both nucleation and propagation within the
phases of the composite microstructure, although the computational cost is considerable.
To lessen this cost, a submodel of a scratch test simulation was utilized to investigate
the specifics of the defect evolution. The whole domain is specified as a possible source
of defect nucleation utilizing a CZM approach. The mechanism depicted was such that
the crack nucleated from an “oddly” shaped dissolved pair of carbides and also nearby
from the Co binder and, in particular, the dissolved “throat” between the two carbides
nucleated the defect. The crack evolved through the microstructure toward the surface,
through both the binder and the carbides, occasionally arresting at the interfaces and
finding easier ways for example by cracking adjacent carbides for further propagation.
Similarly, local regions with high contents of Co acted as favored crack propagation
pathways. Ultimately, the crack penetrated the surface interacting with the tensile stress
field trailing the scratch test tip. The results in Figure 4.17 demonstrate the significance
of thermal spray coating defects in the single phase Cr2O3 microstructure. The splat
boundaries, cracks within the splat regions, and clusters or larger pores are seen to act as
microstructure scale defects during tensile testing of the SVE.

Figure 4.16: Sequence of crack initiation and growth through a WC-Co thermal spray coating
(Holmberg et al. (2014a)).

In Figure 4.18, a set of analyses is presented where the behavior of different microstructures
is evaluated statistically. The failure model as presented in Holmberg et al. (2014a) was
utilized for the carbides along with the strain based criterion for the binder phase. This
enabled the computation of the failure rate of, e.g., carbides with a specific stress state,
which can be further utilized as an indicative wear rate in the comparison of different
microstructures and their details over the SVE (failure rate within a specific feature of
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Figure 4.17: Influence of the microstructural defects in a Cr2O3 TS coating on the distribution
of the first principal stress within the microstructure (Laukkanen et al. (2014)).

the microstructure). Comparison of the microstructural behavior and different load cases
provides insight into the functionalities of the coatings in resisting the tribological contact.
The first result in Figure 4.18a is the “reference” WC-CoCr coating studied already in
many of the previous works with respect to its indentation and scratch test behavior.
Upon investigating the microstructure scale behavior in more detail, it was observed
that for the near surface microstructure the response of the microstructure was far from
uniform. Large carbides appeared to exhibit greatest stresses making them prone to
cleavage, followed by “sharp” features or corners of smaller carbides, while smaller carbides
embedded more evenly with appropriate MFP in the Co binder exhibited the lowest stress
state. The laser cladded WC-Ni coating of Figure 4.18b behaved similarly, although the
scatter in the outcome of the studied contact case was greater, some carbides exhibiting
greater loading than others. The scatter was investigated in more detail for the laser
cladded system, and the results are presented in Figure 4.18c. The study constituted more
contacts to obtain an estimate of the significance of the larger carbides and the exposed
Ni based binder of the microstructure. The results demonstrated a size dependency, i.e.,
if the binder was exposed to the contact, the result was unfavorable to the microstructure,
but if a large spherical WC carbide was contacted, the microstructure responded well
to the imposed loading. WC-CoCr coatings with different WC size distributions are
presented in Figure 4.18d with respect to the utilized failure metrics, showing better
outcomes with microscale carbides. In Figure 4.18e, the findings with respect to the size
of the contact are presented, showing the ability of a very small diamond tip to influence
the response of the WC-CoCr microstructure and the outcome of the test. As a final
note, an observation was made with respect to the different size carbide models and
how this influences the load carrying capability of the coating, as presented in Figure
4.18f. The ability of the micronscale microstructure to support the applied loading to
a greater degree over the other microstructures also transferred larger stresses to the
WC-CoCr-substrate interface, where the submicron scale carbide microstructure was the
best by this metric. This indicates that multiple criteria are necessary for the design of
microstructures and that the activation of specific failure micromechanisms is an intricate
process.
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(a) WC-CoCr thermal spray coating undergoing indentation.

(b) WC-Ni laser cladded coating undergoing indentation.

(c) WC-Ni laser cladded coating undergoing indentation in the different regions of the microstruc-
ture.

Figure 4.18: Comparison of the indicative wear rates for different hard material coatings under
indentation.
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(d) WC-CoCr thermal spray coatings with different carbide size distributions undergoing inden-
tation.

(e) WC-CoCr thermal spray coating undergoing indentation with different size indenter tips.

(f) Comparison of the coating-to-substrate interface first principal stress state for two WC-CoCr
coatings with different carbide size distributions.

Figure 4.18: Comparison of the indicative wear rates for different hard material coatings under
indentation.
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4.3 Interfaces in hard material microstructures (Publication
IV)

A more complex and realistic treatment of the phase interfaces in the WC-Co microstruc-
tures was the novel subject area of Publication IV. The workflow and typical outcome
of the thermodynamical PF modeling of interfaces and subsequent FE modeling of the
engineering material properties of an RVE are presented in Figure 4.19. Based on the PF
modeling of the simplified rapid solidification microstructure, essentially the dissolution of
the WC crystal and the formation of a semi-carbide at the WC-to-Co interface, an effective
interface model (in this case a multilayered interface) was discretized and the outcome
transferred to a three-dimensional RVE, and then utilized to compute the engineering
material properties. Due to the differences in the interface composition, the model yielded
differing mechanical response when subjected to virtual compressive testing.

Figure 4.19: Workflow and results of creating an effective interface model for the WC-Co
microstructure, and its engineering material properties obtained by linking PF and FE modeling
(Laukkanen et al. (2016c)).

An imaging based model generalizing the application of the concept to a larger mi-
crostructure in a two-dimensional analysis is presented in Figure 4.20, where a WC-CoCr
microstructure was used as an input to the PF model to study the effects of processing
on the microstructure. Following the PF modeling of WC dissolution according to a TS
relevant thermal cycle, the system was discretized into four phases for the evaluation of its
mechanical properties by solute concentrations. Comparison of the analysis outcomes with
and without the phases resulting from the dissolution of WC is presented in Figure 4.21.
With respect to the distribution of stresses and the load carrying capacity, let alone the
deformation mechanisms, the behavior was, as expected, significantly influenced by the
incorporation of the brittle carbide phases. This was the result of the large enough phase
fractions of the brittle phases in the current analysis case. A more detailed evaluation
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of the differences is presented in Figure 4.22. Carbide dissolution influenced the stress
state of the microstructure due to the resulting brittle carbide network. Similarly, the
possibilities of the Co binder to exhibit “free” deformation were hindered, where regions
with larger MFP remained unaffected.

(a) Microstructure of a WC-CoCr thermal spray coating.

(b) PF simulation result following a thermal spray processing cycle.

Figure 4.20: PF simulation results of a WC-CoCr thermal spray coating (WC (green), Co
(blue), and other carbide phases (gray and red)) (Laukkanen et al. (2016c)).
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Figure 4.21: Comparison of the behavior of the model without and with interface phase
structures (Laukkanen et al. (2016c)).
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(a) Equivalent stress in the effective interface model of WC-CoCr.

(b) First principal strain in the effective interface model of WC-CoCr.

(c) Detail of the first principal strain in the effective interface model of WC-CoCr.

Figure 4.22: Influence of the effective interface modeling on the resulting stress-strain fields in
the WC-CoCr microstructure (Laukkanen et al. (2016c)).
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Utilization of the PF results in the modeling of three-dimensional RVEs was carried out
and the results are presented in Figures 4.23 and 4.24 for the material behavior under
mechanical loading. The interface stress fields were greatly influenced by the inclusion
of interfaces, since the system is a TS microstructure with a fairly low WC fraction so
that plastic deformation can still take place moderately freely within the binding phase.
The influence of the rate of cooling is presented in Figure 4.24, showing that it influences
the carbide dissolution and formation of the subsequent interphase microstructures.
In addition, an “optimal” microstructure was extracted from the PF analysis results,
containing a significant gradient around the WC crystal. The “optimality” was considered
in such a manner that the interphase did not degrade the mechanical performance of the
microstructure but somewhat improved it compared to the constant cooling rate models.
On the other hand, neither did it negate the possibility of binder deformations taking
place, which otherwise would result in an overall brittle microstructure. Compressive and
impact wear behavior was also briefly addressed, with the results presented in Figure 4.25.
In the microstructures, the crack nucleation took place primarily at the WC-to-binder
interface region with some initiated microcracks propagating and linking, resulting in
SVE scale macrocracks failing the entire computational domain. In impact loading with
a ceramic ball, the dynamic loading resulted in the formation of a crushing zone and
tensile cracks nucleating from the surrounding stress field. In addition, the fracture
models as presented in Holmberg et al. (2014a) were applied to the WC-Co system to
provisionally evaluate the toughness-strength dependency for the virtual microstructures,
as summarized in Figure 4.25.

Figure 4.23: Three-dimensional WC microstructural RVE generated on the basis of the PF
modeling of solidification and carbide dissolution (Laukkanen et al. (2016a)).
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Figure 4.24: Different WC interfaces resulting from different cooling rates in the PF simultion
(Laukkanen et al. (2016a)).

Figure 4.25: Failure behavior of the effective interface modeled WC-Co microstructures under
compressive and impact loading (Laukkanen et al. (2016a)).
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4.4 Surface roughness effects on coated surfaces (Publication V)

The topic of Publication V was to investigate the influence of surface roughness on thin
film contacts. Both smooth-on-rough and rough-on-rough contacts were studied. The
films were of DLC type as presented in Laukkanen et al. (2017b), Holmberg et al. (2015)
and Wolski et al. (2017). Both anisotropic fractal surfaces and random walk surfaces were
created on the basis of surface topography measurements. The first studied system is
presented in Figure 4.26, where the results of a rough DLC surface sliding against a rough
steel surface are presented. The contact conditions are of local asperity-against-asperity
type, the surface area under contact being small, only 10-30% of the nominal contact
area. The details of the stress state on the DLC surface are presented in Figure 4.27. A
closer investigation of the DLC surfaces revealed that the influence of longer and shorter
wavelength surface features was identifiable. The surface had a depression in it, which in
Figure 4.27 is under compression, while the somewhat elevated region was subjected to
tensile stresses. The small scale surface roughness, essentially the “random” noise present
locally, was noted to affect the behavior within the larger features, which were actually
grinding groove marks. The stress state magnitude was in the order of gigapascals, and
an immediate overall observation is that the explicit incorporation of surface topography
drastically influenced the contact analysis result.

(a) Contours of equivalent stress.

(b) Contours of first principal stress.

Figure 4.26: Modeling of a sliding rough-on-rough contact of steel against DLC (Laukkanen
et al. (2017b)).

In addition to the most complex rough-on-rough contact scenario, somewhat simpler
anisotropic fractal surfaces were generated and the sliding contact response computed
against a smooth counterface at different orientations. The results for smooth, “average”
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Figure 4.27: Stress state on rough DLC surface, equivalent stress (left) and first principal
stress (right) (Laukkanen et al. (2017b)).

and rough surfaces, as defined in Laukkanen et al. (2017b), are presented in Figures 4.28
through 4.30 for different orientations of sliding relative to the anisotropic fractal surface
grinding marks. First, the first principal stresses for all three surfaces are presented in
Figure 4.28 for the case where the sliding contact takes place parallel to the grooves.
It was observed that the stress field was influenced by the groove markings, the local
fractal surface characteristics (higher order terms of the surface roughness), and the
absolute magnitude of the surface roughness. It was also noted that the overall magnitude
of roughness influenced the stress state and its distribution. For the smooth surface
topography, the maxima of tensile stresses were produced within the scratch grooves
between the asperities. For the average roughness, the asperity peak was under compressive
stress, and the maxima of tensile stress were found at the sides of the asperity close to the
region where the contact separated from the surface. The behavior was somewhat similar
to that observed for the trailing region of the contact for ideally smooth surfaces. For
the roughest surface, this behavior was even more amplified, i.e., the asperities resisted
the deformation in the sliding direction parallel to the grooving, and significant tensile
stresses arose within the asperity sides. As far as the magnitude of the stress state was
concerned, the introduction of greater surface roughness yielded a greater magnitude of
tensile stress, the reasons being the somewhat smaller contact area and the fact that
bending stresses are also introduced. The stress state maximum increase is of the order
of 50% from the smooth to rougher surfaces. The influence of the orientation of sliding is
presented in Figure 4.29. With a 45° orientation, it was observed that the stress field was
disturbed by the fact that sliding did not take place parallel to the groove marks. As a
result, the first principal stresses remained similar or slightly decreased, the influence of
the bending component increased, and the overall material volume under higher stresses
decreased significantly. With the angle of sliding set to 90°, the behavior was again
different. In this scenario, bending of the asperities remained quite unchanged, the stress
state increased in value, but now the grinding grooves began to act like notches on the
surface, yielding a new tensile stress peak around the roots of the multiple asperities.
The distortion of the stress field can be seen as a positive characteristic as far as the
tensile stress field is concerned, while the asperity roots acting as stress concentrations
suggests another possible failure mechanism and that the behavior of rough surfaces can
be highly dependent on the orientation of loading and sliding relative to the greater surface
roughness anisotropies. It is apparent from Figure 4.30 that the behavior is also similar
for average roughness surfaces. Since the stress state in the average roughness surfaces is,
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at the 90° orientation, even greater than for the rough topography, this suggests that the
dependencies between the different deformation mechanisms in relation to the surface
topography can yield interactions resulting in a complex stress state, where the causal
relations between the surface roughness, material properties, and coating thickness related
parameters can be nontrivial.

Figure 4.28: First principal stresses on the surface of a smooth, average, and rough DLC
surface topographies (Laukkanen et al. (2017b)).

Figure 4.29: First principal stresses on the surface of a rough DLC surface topography at
different angles of sliding (Laukkanen et al. (2017b)).

Figure 4.30: First principal stresses on the surface of an average roughness DLC surface
topography at different angles of sliding (Laukkanen et al. (2017b)).





5 Discussion

The following sections address the primary results of Publications I-V. The developed
methodologies and their implications to the understanding of the behavior and design
of tribological systems affiliated with thin films and composite coatings are discussed.
The ever critical validation activities are addressed briefly with respect to the main
findings. A more detailed treatment of this topic of paramount importance is performed
in the accompanying papers and affiliated experimental works, which largely focus on
the development and application of the multiscale materials modeling methodologies. As
closure, some general words regarding ICME in tribology are provided. Further discussion
is provided on validation aspects. The scope of the research questions 1 and 4 are further
discussed in Section 5.1, particularly Subsection 5.1.1 for the question 1 and Subsections
5.1.2 and 5.1.3 for the question 4. The research question 2 related to microstructural
and micromechanical modeling is addressed in Section 5.2 and the research question 3 in
Section 5.3.

5.1 Design of thin films

5.1.1 Optimizing coating-substrate systems
The results demonstrated foremost that tribological performance is a system property. In
the current work, this was addressed by quantifying the behavior of different computational
thin film designs both with respect to applied loading (used as a measure of load carrying
capacity) and versus the damage that the specific loading condition introduces in the
tribological system. The loading was selected in the current case to be representative of
the reference coating developing its first through cracks, i.e., the initiation of damage
to the degree that permanent failure can ensue. Since different cracking mechanisms
can be introduced into TSL, albeit always with concerns whether the physically correct
failure mechanisms can be captured, the basic failure mechanisms involving cohesion and
adhesion as well as their implications to the material performance can be extracted. The
results provided direct insight into how changes in the coating characteristics influence
both the load carrying capacity and the damage accumulation in sliding abrasion contact
conditions. The results indicated that greatly mismatching coating systems are to be
avoided, i.e., systems containing both extremely hard and soft coatings or layers. Hard
films suffered more easily from damage, while the softer ones avoided damage initiation
but easily lost their load carrying capacity. Gradient and multilayer systems enable
improvement of the film performance and optimization to particular contact conditions,
as was indicated by the multilayer system tailored to match the stress distribution over
the coating thickness, yielding a significant decrease in damage while still being able to
carry the applied loading. In addition, even simple linear gradients within the multilayer,
improving the top surface rigidity and matching the bond layer and/or substrate better,
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were improvements over the homogeneous film. Moreover, the use of abruptly different
bond layers to arrest the propagation of damage, or to build different damage containment
mechanisms within the system, are apparent possibilities. Overall, although the number
of parameters in a typical thin film system appears to be somewhat limited compared
with those of a composite microstructure, a great degree of property variability can still
be obtained by systematically tailoring the system to meet the requirements of a specific
tribological loading scenario. Again, of course, the best use of the modeling framework
and the identified trends is to begin considering multiple variables simultaneously and
begin working toward global optimization of the tribosystem, which was still outside the
scope of the present work but is an important future topic. A large hurdle also still exists
in making the analysis means truly multiscale and to begin the incorporation of atomistic
information into surface physics, chemistry, and interface behavior.

5.1.2 Influence of surface topography and orientation on friction
and wear

The explicit introduction of the surface topography in modeling enables to study the
interactions between the microstructure and the surface topography, including the mi-
crostructural behavior of the film, the entire coating solution, and the substrate material.
Although the current work had significant experimental support all the way from the
production of three different surface roughness DLC surfaces as outlined in Holmberg
et al. (2015), it was established that similarly to microstructural modeling, a toolset
enabling different ways of treating the surface data would be in order. Thus, the datasets
can be statistically sampled to create further 3D representations of the surfaces, or, as
in the present case, the possibility to use fractal data (Wolski et al. (2017)), and an
anisotropic fractal approach can be utilized to describe the surface quality. This again has
the merit that complex and realistic surface topographies can be systematically modeled
and the fractal parameters and surface roughness systematically altered to investigate
the dependencies between the surface character and the tribological surface performance.
Since the methodologies link to the microstructural modeling toolset, the incorporation
of features such as surface defects can be performed in a straightforward manner.

The observations of the stress-strain fields indicated that an orientation dependency
exists. The dependencies can be interpreted in a straightforward manner by tracing
the progression of the contact sliding across the roughness peaks and how the surface
roughness “disturbs” the formation of the stress-strain fields in comparison to an ideal
surface (particularly the grinding grooves which were prominent on the surfaces of the
present study). This was particularly true for a contact sliding at a 45° angle relative to
the grinding marks, when the contact differed most from the ideal, indicating possibilities
for tailoring the surface texture and exploiting the surface topography to improve the wear
resistance. The implications related to the microstructure-to-topography interactions
are still largely beyond the scope of the current work, but are certainly a future topic of
great importance in enhancing the exploitability of modeling. In addition, in the current
cases, the isotropic fractal component was noted to be significant for the local stress-
strain state (shorter wavelengths in the surface representation), although the principal
behavior was dominated by the grinding grooves (longer wavelengths). Thus, these
features are certainly not insignificant especially considering the nucleation of defects
and if coating imperfections are included. Frictional effects are also expected, although
the experimental results by Holmberg et al. (2015) do not provide a baseline for a more
detailed assessment. With respect to the contact areas, the apparent contact areas in
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different computed contacts were of the order of 15-30% of the nominal contact areas,
which can be considered an expected number based on the classic works on rough-on-rough
contacts, such as presented already by Bowden and Tabor (1950).

5.1.3 Interactions between surface roughness and coating wear
performance

The fractal signatures were utilized in quantifying the surface roughness across several
scales, the benefit of the methodology being the ability to include characteristics from
the sub-micrometer range all the way to the millimeter scale depending on the respective
experimental input. The signatures, particularly the anisotropic orientation texture
and directionality, were found to be responsible for the observed stress-strain response.
An interesting aspect for further work is the possibility of linking these structural and
topographical parameters to the resulting contact response, i.e., the stress-strain fields.
This necessitates the generation of further analysis cases, and their analysis in a data-
centric manner due to the statistical nature of the output, especially if the isotropic fractal
component has a greater influence. However, as the correlations are largely local, surface
roughness arises as another parameter contributing to the local stress-strain fields critical
to the tribological performance of thin films. A rough comparison of the contributions to
the first principal stresses between the analysis cases indicates that in the studied DLC
films, local roughness affiliated features influenced the outcome by ≤ 40%. This again is
of an order which can certainly influence film performance, for example with respect to
the initiation of cracking mechanisms, but somewhat smaller than the principal variables
influencing the coating design such as the elasticity of the multilayers and film thickness.
The differences in the stress states arising from the different surface roughnesses and
orientations of the loading ranged overall from 20% all the way to 200%, particularly
when comparing rough surfaces and a loading orientation not parallel or perpendicular to
the anisotropic surface fractal. These differences can be largely understood by considering
the surface “stiffness” relative to the loading orientation, also considering whether this
yields a membrane or bending type of stress-strain response in the thin film. This also
correlates with the observations of non-symmetric cracking patterns, the membrane like
stress state induced by loading parallel to the grooves being able to yield an almost four
times higher magnitude of stress compared to the perpendicular loading resulting in
groove bending.

5.2 Design of composite coatings and microstructures

5.2.1 Microstructural modeling and wear resistance
The current work deals largely with wear resistance, i.e., it focuses on the features
and characteristics of the microstructure considered attributable to wear behavior, but
the actual cumulative wear process or the formation of large scale material defects are
considered only to a limited extent. Thus, conclusions are drawn primarily focusing
on the characteristics affecting the initiation stage of wear damage and cracking with
respect to micromechanical processes. As such, wear is considered to be correlated with
the formation of defects locally within the microstructure which, while operating at the
respective spatial scales, can be attributed largely to local stress-strain conditions. Such
arguments are, of course, supported by the work carried out in Publication I for thin films
(CZM cracking modeling) and in Publication III for composite microstructures (CZM and
XFEM modeling of composite coating failure). In any event, the interpretation of the
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stress-strain fields in the assessment of the beneficiality or criticality of a certain material
feature to wear needs to account for the respective micromechanisms of failure. Even if
more complex and explicit criteria are utilized for the initiation and propagation of damage
and defects in numerical models, the same argument applies and typically the formulations
are similar as far as the physics based complexity and micromechanical background are
concerned. Thus, the argumentation for drawing conclusions on the results with respect
to wear performance is largely based on the understanding of the micromechanisms of
failure and their continuous comparison with experimental observations. For example,
for the composite coatings, it can be stated that the work carried out largely relies
on the presentations of the failure mechanisms as shown in Figure 5.1. The principal
failure mechanisms and implications arising from the stress-strain fields that are to be
considered of relevance when interpreting the wear resistance are cracking of the brittle
phase (carbide cracking), failure of the ductile binder, failure at composite interfaces, and
initiation and growth of failure by way of pre-existing defects such as porosity and cracks.
Also, the findings are inferred primarily from the causal relations between microstructure
and the following material properties and wear resistance, more elaborate approaches to
design and steps for their development are briefly addressed in Section 7.

Figure 5.1: Basic failure mechanisms of hard material coating microstructures manufactured
by TS (Holmberg et al. (2014a)).

According to such a micromechanistic assessment, the significance of the basic engineering
material properties and coating microstructural parameters with respect to wear resistance
was evaluated in Publication III, and is presented in Table 5.1. Since the design space of
tribological systems in the spatial scale of material microstructures has been found to be
extremely vast, it was construed that overall estimates could still be provided to yield
guidelines regarding the significance and reasoning underlying the selection of certain
key parameters for the kind of hard material composite systems studied in the current
work. The outcome is grossly simplified in comparison to direct modeling results and
their detailed analysis, and the parameters are by no means unique, but it does provide a
baseline of how some of the typical engineering parameters associated with composite
microstructure influence the outcome with respect to wear resistance. With respect to the
binding matrix, the engineering property found to be of high relevance is the hardness as
a measure of elastic stiffness and the material’s ability to exhibit plastic deformation. The
material solution specific tailoring of the binder properties relative to the hard phases is
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one of the characteristic features to consider when designing a wear resistant coating, as
long as the properties such as the phase fractions are simultaneously accounted for. The
hardness of the reinforcing particles is another typical property considered critical to the
wear resistance of coatings and essential for the basic requirement of producing a coating
where the accumulation of plastic deformation and material damage are limited as a result
of the cyclic loading appearing in a tribological contact environment. However, particle
hardness is a key parameter when assessing how the microstructure functions during
the tribological contact. Too large internal mismatches in the deformation exhibited by
the system are likely to promote local modes of failure and the beneficial properties of
individual phases may be lost. An argument can also be made regarding the excessive
performance of the material solution due to the hard phase(s) and its contribution to
the cost of the material solution. Particle size and MFP are crucial parameters, since
they also contain information about the phase volume fractions according to the adopted
definitions. Scale dependencies, such as those arising from nanostructural deformation
or microstructural mechanisms (e.g. Geometrically Necessary Dislocations (GND)) in
the microstructure of the binding phase) are outside the scope of the current work but a
definite future topic of research. The prime parameters in this sense are the distribution
and size of the hard phase relative to the tribological contact, the former deciding whether
the surface is wear resistant enough and protected against cyclically induced damage, and
the latter determining whether the scaling and distribution of the hard phase provides
the surface with the necessary deformation mechanisms in the tribological application at
hand. In this respect, tailoring of the particle size distribution and MFP leads to the same
outcome, i.e., shielding of the binding material from tribological contact in the cases when
it can induce damage in the respective phase while retaining deformability of the entire
system to satisfy the requirements arising from the tribological contact (for example with
respect to the load carrying capacity). The basic design of a tribological system can be
argued to revolve around these two to some extent conflicting criteria. Particle size and
MFP are variables that provide the means to adjust these interactions, influencing the
particle-particle interactions along the way. Moreover, the strengthening effects arising
from the nanostructures or complex metastable phases are to be kept in mind. Particle
morphology is a characteristic influencing the microstructural layout on one hand by way of
packing characteristics, but largely also due to the fact that complex morphologies would,
based on the image based modeling results, appear to influence the defect initiation and
further propagation considerably. Thus, one could argue that well defined and “primitive”
morphologies are favored, although this may decrease the possibilities to obtain proper
shielding of the binder and/or high volume fractions and packings when necessary. Again,
morphology is only one of the geometric characteristics, the strength and toughness
properties of a particular hard phase providing additional constraints or possibilities in
terms of exploiting a certain hard material phase. Partly overlapping with the above
is the role of the MFP in developing a wear resistant microstructure for a particular
application. MFP is a somewhat better parameter compared to, e.g., phase fractions,
since it includes behavior characteristics of both the hard and binding phases. The
determination of a suitable MFP is typically a question of being able to utilize the surface
protecting characteristics of the harder phase(s) by selecting an adequately small MFP
value relative to the tribological contact. On the other hand, for hard material structures
to be able to exhibit a good degree of deformability, it is often wise to attempt to obtain
a MFP which is only as small as necessary for the particular purpose, i.e., to retain
the maximum (or at least sufficient) toughness of the microstructure, while still having
enough load carrying capacity (or “hardness”) to produce a strong enough surface to
resist the plastic deformation. Cracks, defects, and clusters of particles (or aggregates of
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Table 5.1: Effects of various coating characteristics on the wear resistance represented qualita-
tively (adopted from Holmberg et al. (2014a)).

Effect on stresses Effect on strain Comment
Matrix elasticity + + If matrix is able to experi-

ence plastic deformation
Matrix hardness ++++ +++++ If matrix is able to experi-

ence plastic deformation
Particle elasticity +++++++ + Assuming hard particles

relative to binder
Particle hardness +++ ++ Assuming hard particles

relative to binder
Particle size +++ +++ Considering the range

investigated1

Particle morphology +++++ ++++ Image based modeling
based result

Particle clustering ++++++ ++++++ Local effects
Mean free path ++++ ++++
Porosity +++++ +++++ Local effects
Defects2 ++++++++ +++++++ Local effects

fillers in general) commonly lead to a decrease in the surface wear resistance for obvious
reasons of aggravating the local stress-strain state. In some cases, the clusters could be
seen as small scale structures increasing the wear resistance, but typically clusters of
WC carbides, for example, act more likely as a crack initiation site. Another scenario
where for example a pore structure can be of benefit, in terms of the mechanical behavior,
is the possibility to activate deformation mechanisms and in this way enable surface
wear resistance to increase, a feature which could be within reach, considering tailoring
of the microstructural functionalities for specific tribological contacts. Similarly, it can
be readily stated that the current studied coating systems and tribological contacts are
largely such that the crack initiation and propagation lead to an unacceptable loss of
surface integrity. If wear cannot be avoided or steady cumulative wear is a design feature,
the significance of the defect structures and overall anomalies in the microstructure would
commonly decrease. However, this is again a matter of tailoring the microstructure to
suit such behavior by, for example, ensuring adequate toughness by adjusting the binder
properties, its distribution or other hierarchical structures, to provide adequate wear
resistance to the material.

5.2.2 Stress-strain response of hard material composite
microstructures

The main purpose of examining the microstructure scale stress-strain fields and their
analysis is to bridge the gap between modeling and experimental observations of failure
micromechanisms and to yield knowledge to facilitate the better designing of wear resistant
tribological surfaces. The two principally differing hard material coatings of Publication

1where scale dependencies were studied in a limited manner
2cracks, porosity with high aspect ratio
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II yielded examples of how the response of two surprisingly disparate tribological systems
with respect to their microstructure can be evaluated. The laser cladded coating with
large WC particles and a Ni based binder has a sliding wear performance similar to that of
the WC-CoCr TS coating, but the microstructure morphology leaves the binder exposed.
This is apparent when considering the material’s low abrasion wear resistance, at which
point the performance degrades compared to the TS coating with a greater hard phase
fraction. However, for sliding contact this is not an issue with respect to the activation of
failure mechanisms, as the WC particles in the soft Ni based binder reinforce the surface,
yielding a coating which is both capable of load carrying and wear resistant under these
conditions. The most critical mechanisms are those which activate plastic deformation
and slip localization within the binder, i.e., a tribocontact where the local features can
make a significant contact with the binder are critical with respect to binder straining and
failure of the WC-to-Ni interface. However, for sliding contacts with larger contact areas,
the microstructure and hard phase(s) can function as intended and provide an adequate
tribological response. Moreover, under such optimal conditions for this microstructure, it
was witnessed (and overall expected) that the frictional response of the coating is suitable
for many applications, due to its smaller coefficient of friction in comparison with the TS
WC-CoCr coating.

The WC-CoCr TS coating is in many respects similar to the sintered WC-Co structures,
except for the somewhat smaller WC fraction and process dependent dissolution of WC to
the binding material also influencing the carbide morphologies. The much smaller crystal
size and the overall “characteristic size” of the microstructure, as well as the greater hard
phase fraction in particular influence the behavior and response of the TS coating under
abrasive loadings. The carbides also shield the binder from local contacts, which in most
of the studied loading cases leads to a more balanced stress-strain response. However,
the strain state of the binder phase can be very large locally in particular when the load
carrying capacity of the coating is close and the significance of the defects and other locally
abnormal features is greater than in the more “damage tolerant” laser cladded coating.
One can argue that this is the result of the greater strengthening obtained by increasing
the WC fraction and decreasing the MFP. This increases the overall strength of the
system alongside the susceptibility of the microstructure to any local anomalies or features
that adversely influence the local stress-strain state. On the other hand, due to the
significance of the interfaces this offers increased possibilities for the development of novel
hard material microstructures. Considering similar findings in published works, limited
modeling studies exist for TS coatings, but some works have been performed for sintered
structures explicitly introducing a composite microstructure. For TS coatings, one of the
few similar works is that of Bolelli et al. (2015), who studied TS coatings under tribological
conditions with 2D imaging based modeling. They identified inclusions responsible for
crack initiation and studied the principal deformation mechanisms in microstructures
having some similarity to the current work. Kim et al. (2006) utilized two-dimensional
models to assess the behavior of simplified hard material microstructures. Their findings
link the basic characteristics such carbide shape and microstructural contiguity to the
mechanical properties. Saai et al. (2014) studied different WC-Co grades by defining
respective RVEs and considering volume fractions and grain size, although only utilizing
an elastic multiscale model. Herd et al. (2018) studied the fracture process and were able
to reproduce behavior relevant to the current work, such as failure of “sharp” morphologies
within the WC grain skeleton. The fatigue response of sintered systems has been studied
by Ozden et al. (2016) and Ozden et al. (2015), continuing the earlier work by Chen
et al. (2013), linking to the residual stress analyses presented by Kayser et al. (2017).
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These works reproduce similar stress-strain response for the WC skeletonal sintered sharp
microstructures, differing from the binder embedded WC crystals in TS coatings, but
many of the features again affiliated with the stress-strain concentrations and binder
responses can still be argued to have similarities. The importance of residual stresses,
for example for High Cycle Fatigue (HCF), emerges as a topic for further consideration.
Imaging based models of sintered structures have been created by Tkalich et al. (2017a)
and used to evaluate the WC-Co hardmetal properties, manually outlining the grain
geometries. This approach better identifies the individual WC grains, but does not
consider the role of the binder in the sense of finite strain deformation. A tessellation
approach was utilized by Tkalich et al. (2017b), which gives away some of the geometric
details and morphology of the WC-Co microstructure, but as far as 3D modeling is
concerned, it does provide a better basis for considering the interaction between the
microstructural constituents and the composite behavior, as evidenced by the results of
Tkalich et al. (2017b).

5.3 Interface models for composite microstructures

Treatment of interfaces is a major issue influencing the realism of composite hard material
models. As an example, it was observed that imaging based models can in many cases
be unrealistic, since the identification of hard-to-binding phase interfaces is not possible.
Instead, the deformation is being transferred by clusters and skeleton structures of the
hard phase rather than by individual carbides separated by nanometers or less of the
binding phase. This influences particularly finite strain predictions, or in practice already
limits the possibilities to even predict the stress-strain response beyond yield or to obtain
representative yield values. In Publication IV, this was addressed by extending the toolset
by linking to the PF modeling of solidification, subsequently capturing the interface
structure of a WC-Co microstructure in more detail. The use of solute concentration
data from PF enabled the derivation of an interphase region due to carbide dissolution
resulting in complex solidification phase structures. Following the development of the
toolset, this enables an increase in the design space of the modeling workflow by extending
its capabilities toward material process modeling. Although not explored further in
Publication IV, more complex property-performance combinations such as wear resistance
can be studied with ease. The inclusion of interface characteristics was found to be very
significant, although some of the examined cases were rather extreme, with a significant
degree of carbide dissolution. However, the addition of the semi-carbide phase was found
to drastically change most aspects of the deformation behavior of the hard material
composite. The introduction of the carbide network and the dendritic skeleton structure
impacts the basic mechanical behavior and, in addition, any further failure metrics,
as evaluated for example in Publications II and III, would be significantly influenced.
The solute creates a finite layer around the WC crystals, and typically these complex
phases are observed to limit the deformability of the hard material and to degrade the
TS coating properties. Neglecting the effects can lead to non-realistic modeling, while
their inclusion provides a means to assess the possible detrimental characteristics and
design manufacturing processes for the material to better meet its intended application
requirements. Overall, it was found that interfacing to PF modeling provides an approach
beyond the classic treatment of interfaces and removes one crude approximation due to
the added physical aspects of the hard material microstructure.
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5.4 Validation

Proper validation can be argued to be the greatest opportunity to accelerate the devel-
opment of materials modeling solutions. In the following, some specific aspects of the
validation of the present models are discussed, the experimental work being presented
partly in the referenced separate publications.

5.4.1 Thin films
In Publication I, the validation was quite straightforward and fairly extensive. Relatively
simple measurements were compared with the model, such as the scratch depth and
width under progressively increasing loading. The models were found to be capable of
accurately reproducing the experimental tests, and the baseline models were demonstrated
to perform well. This was, however, a quite expected result based on the earlier similar
work performed, for example, by Holmberg et al. (2006a) and Laukkanen et al. (2006). A
more demanding trial was the utilization of the fracture toughness results to investigate
whether the CZM methodology could in its present form reproduce the crack field density
as observed in the experiments. The building of the model was largely directed so that the
necessary degrees of freedom would be available to track the crack propagation through
the thin film. Although the fracture toughness measurements are based on another
methodology presented by Laukkanen et al. (2006) with its own validation steps, the
CZM modeling was able to produce the experimentally measured scatterband of results
for through coating cracking, which is also the most reliable and easily quantifiable
experimental result. In addition, through coating cracking is the first coating failure
mechanism observed in the experimental tests, although since the observations are often
made only after the tests and crack geometries tend to be curved, etc., this has not always
necessarily been so obvious. The interpretations regarding the tensile stress states at
the trailing edge of the contact including both the membrane and bending stress states,
however, yield a great deal of supporting data to that effect. In any event, this gives
credence to the further simulations where the model is utilized more in a predictive
manner and capabilities such as damage induced coupling leading to stress relaxation
are introduced in the modeling approach. Recently, some supporting analyses for thin
hard films and coatings have started to appear, also utilizing the CZM techniques, and
some similarities can be argued to exist. Lofaj and Nemeth (2017) have observed similar
cracking responses at the trailing edges of the contact in the nanoindentation analysis
of a W-C coating on a steel substrate, utilizing a FE approach. Coating cracking and
interfacial delamination have been considered by Xiao et al. (2015), and a similar fracture
pattern demonstrating the interaction of the substrate and the thin film was found with
respect to defect initiation. The significance of the substrate plasticity for the cracking
behavior has been identified by Rehman et al. (2012), ending up with a suggestion of
sufficient substrate strength relative to interface adhesion. A spallation like response
has been assessed by Soulignac et al. (2013), where the effects on spallation and the
significance of the interface roughness were assessed with respect to the interface damage
in thermal barrier coatings. Overall these works demonstrate that the specific observations
regarding failure behavior have similarities with respect to different coating systems, where
the principal failure mechanisms and active deformation mechanisms are comparable.
With respect to modeling the contact of rough DLC surfaces, similar contact modeling
approaches were utilized as before with respect to the scratch test contact. Of specific
interest was whether the non-symmetric cracking pattern that was considered to be
related to surface roughness orientation could be captured. Especially for the 45° loaded
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“average” and “rough” surfaces, a cracking pattern was found to emerge only on the other
side of the scratch, which was a clear observation of interest to study with rough contact
models. The modeling results showed that a difference of approximately four times existed
in the first principal stresses between the two sides of the scratch groove, an observation
that is in line with the experimentally observed crack densities. In addition, the lowest
stress state in the models was again observed for the 45° sliding direction, and the highest
critical load recorded in the experiments matched this finding. However, overall the
analysis of the results accounting for the experimental scatter and statistical nature of the
modeling results complicates the evaluation, and in the future, for example, the creation
of larger numerical data masses for the assessment is definitely recommendable.

5.4.2 Composite coatings and microstructures
In Publications II and III, the validation activities were pursued both quantitatively and
qualitatively. The models were either indentations or scratch tests, and quantitative
comparison showed a fair agreement between the microstructural models and experiments.
Qualitatively, tests such as pin-on-disc and rubber wheel tests produced rankings which
were comparable to the modeling results. The wear mechanisms could also be inferred
and ranked based on the micromechanical modeling. The work in Publications II and III
largely employed 2D modeling, which was a challenge for all validation activities, while at
the time of preparing Publications IV and V, 3D approaches became available and are
also hoped to significantly ease the validation activities in future works.

In Publication II, validation of the basic behavior regarding deformation and cracking
behavior was pursued, despite the challenges arising from the 2D modeling. The inden-
tation and scratch test response can be considered more quantitative, while for tests
such as rubber wheel and pin-on-disk, qualitative assessment of the results against the
modeled contact conditions was tested, i.e., whether observations concerning the ranking
of the test cases and microstructures could be inferred from the microstructural model
outcomes. Gross simplification of axisymmetricity was made in the comparisons when
required, especially to be able to make a direct comparison with the indentation results.
However, even such simplifications were deemed acceptable due to the overall importance
of being able to perform any possible degree of validation. For the indentation of the
WC-CoCr coatings, the computational results were approximately 20% off from the
experimental mean value, a finding considered promising since in this case a more limited
number of test cases was available for the comparison of modeling and experiments.
For the laser cladded coating, the difference was <5%, most likely indicating that the
microstructure is more approachable by the current modeling technique and that the
larger dimensions also aided in the characterization tasks, further contributing to the
input data quality. Regarding scratch testing, the values of the stress states for loading
conditions comparable to the experimentally observed crack initiations were in line with
the values obtained from the fracture toughness testing of the WC-CoCr coating (which
was established analytically). These reference values are based on indentation fracture
toughness measurements, although the degree of experimental scatter is also notable in
these tests.

5.5 Development of ICME for tribology

The current work produced an abundance of experience related to the application of
micromechanical modeling to tribological problems, which were all based on existing or
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future practical applications. This yielded invaluable information regarding what kind of
modeling functionalities and approaches actually add value and contribute to the solving
of tribological challenges. Although the current work does focus on tribological problems,
it is foreseen that the methodologies utilized, e.g., in generation of microstructural models,
can easily see uses in the ICME realm beyond the scope of the current work, for example,
in overall modeling of numerous mechanical phenomena at the scale of various material
microstructures.

One clear notion was the necessity to develop a flexible and easily adaptable modeling
methodology. Single analysis results are of definite value, but the most practical value of
the work arose from the study of the trends related to a larger range of relevant parameters.
This also aids the validation processes, since the limits of models and outright anomalies
are easier to identify. In addition, the pairing of synthetic3 and imaging based models
was seen to be clearly beneficial. Even very simplistic modeling approaches were found to
add value and produce results that supported the interpretation of the results of more
complex and realistic models. The HPC requirements of many of the models are severe,
i.e., computational cost is a limiting factor in utilizing the more complex workflows and
with respect to inclusion of further material and more elaborate model information, but
this is not foreseen as much of an issue due to ever greater access to computing hardware
(the current work was performed utilizing in-house HPC capabilities). Although a future
step is to develop better modifiable models and global optimization routines applicable
to microstructures, at present one of the best approaches is to utilize parameterized
synthetic models to investigate the causal relations between the structure, properties, and
performance of materials. Since several synthetic approaches can produce quite realistic
representations of the actual microstructural morphologies of materials, this approach is
favored together with imaging based models that attempt to produce the best possible
estimates for material behavior. A feature that has matured over the years and also
within the toolset development of the current work is that model generation steps such as
the development of the meshing solutions no longer occupy resources to the same degree
as before, enabling more emphasis and effort to be placed on the refinement of describing
the material features and behaviors.

A topic to consider further in the future is defects and their evolution. This means
especially the development of micromechanical analysis capabilities where fully coupled
treatment of defects is included. This, along with the somewhat easier weak discontinuity
problem of complex phase-to-phase interfaces and interphases naturally makes the problem
truly multiscale in nature in the pursuit of respective constitutive models and physics-
based parameterizations. However, CZM, for example, lends itself to the development of
damage models that can be generally applied to microstructural problems. The additional
challenges are more likely to arise e.g. from the necessities of treating multiple material
hierarchies, where approaches such as scale dependent crystal plasticity become necessary.
In addition, implicit FE methods apply rather badly to moving interface and defect
evolution problems involving strong discontinuities.

With respect to the development of microstructural modeling capabilities, the resolution of
the present methodologies is largely sufficient, and the challenges deal with computational
efficiency, definition of input parameters (especially small scale and with respect to
interfaces), and how to effectively parallelize the computational approaches. In addition,
new strategies are required for scale bridging, be they concurrent between macroscale
and microscale, or merging the microscale and atomistic scales, current paradigms

3or stochastic
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are insufficient and can degrade the quality of the numerical solutions. A common
example is the errors and non-physical behavior in the solution arising from the coupling
methodologies themselves.

Regarding ICME for hard material composite microstructures, the PSPP concept was
deemed a workable overall structure for the microstructure design and for inferring the
causalities leading to the material properties and tribological performance. The problem
can be roughly divided into two as far as the approaches are concerned, i.e., working with
the process modeling aspect or with the properties and performance arising as a result of a
specific microstructural morphology and its behavior. The structure-to-properties problem
is the most straightforward to solve, while the performance aspects already require a
degree of refinement and modification as far as being able to, for example, resolve the
tribological contacts with microstructural modeling and ensure that it is descriptive of
the actual experimental conditions. Inclusion of the processing aspects is a great benefit,
since it completes the digital workflow and design chain and provides a direct link to
the alloy and manufacturing process design, which are crucial steps considering how one
ends up with the microstructure and what its specific characteristics actually are. This
again adds to the complexity of the workflow, since the process models tend to be either
very simplistic or highly derived, even by themselves. All these efforts aim at grasping
causalities, and while they are already capable of producing immense amounts of data, the
exploitation of the data and its detailed analysis to work efficiently in a multi-dimensional
design space are future challenges. Although even causal relations significantly improve
the capability to design tribological material solutions, the vast design space that appears
at every stage of the PSPP approach can only be tackled once methods such as ML
and AI are introduced and integrated to manage and assess the data and yield global
optimization capabilities.



6 Summary and Conclusions

In the following, the results of this thesis are briefly summarized and conclusions are
drawn in reference to the research questions of the work presented in Chapter 2.

Summary

ICME with computational microstructural and micromechanical modeling offers new
insights into the behavior and design of tribological systems and surfaces. Adoption
of the principles of ICME, most importantly the concurrent utilization of experimental
and modeling approaches, yields great amounts of data for solving tribological problems
and, ultimately for the development of systematic design tools for tribological material
solutions.

A key characteristic of the usability of a multiscale materials modeling toolset is versatility.
In the current work, this first became obvious in the analysis of the imaging based modeling
results, where establishing causal relations becomes much easier when the toolset provides
support to models of varying complexity, in many cases even very simple and naive
models of composite microstructures. Similarly, it is foreseen that the use of so-called
“semi-synthetic,” i.e., modifiable imaging based models blurring the division between
synthetic and imaging models, will be of great use. In addition, it must be noted that
most microstructural models are only usable in a single scale for the assessment of the
properties, behavior, and performance of materials. Sophisticated methods to couple
the models to the macroscale as well are still largely lacking, the traditional coupling
methods typically inducing errors which become especially limiting when the material
damage is included and the numerical solution becomes unable to capture the relevant
physical behavior because of the multiscale approach.

The case specific optimization of a tribosystem is always seen as a viable option for
material solutions in practise, since no single material or microstructure solution fits
all possible application scenarios, especially if the material costs are considered as well.
For example, for abrasive conditions in one of the studied cases the optimal solution for
the microstructures was the MFP of 0.4µm and a crystal size of 0.3µm (WC-CoCr TS
coating with high WC fraction), while for the sliding contact conditions several orders
of magnitude larger crystals and MFP were also found to be applicable (WC-Ni laser
cladded coating).

The use cases support the notion that ICME already provides added value to the solution
of tribological problems and material related challenges by way of adding knowledge for
problem solving which is difficult to obtain otherwise. The greatest impact and better
quality results are obtained when both experimental and modeling approaches are used
side by side and are not viewed as alternatives or competitors.

69
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Conclusions

With respect to thin films and their modeling, the results of this thesis can be concluded
as follows (research questions 1 and 4):

• The utilized CZM methodology using mixed-mode TSL was able to reproduce
the experimentally observed cracking patterns for a 2µm TiN film, the primary
mechanism being crack initiation and propagation at the trailing edge of the contact.
Loss of adhesion at the interface takes place only after a substantial further increase
in the applied loading.

• Various gradient and multilayer film simulations indicated possibilities to improve
the film’s performance against a progressively loaded sliding abrasive contact.
Linear and especially progressive property gradients, when designed appropriately
in relation to the bond layer and substrate properties, yielded reductions in the rate
of damage accumulation while still retaining their load carrying capacity.

• As regards the property gradients, the simple nonlinear multilayer systems that
even out the through coating stress gradients yielded the best simulated outcomes.

• The “macrotopography” of the studied rough DLC surfaces with anisotropic fractal
patterns was found to dominate the contact response, the local features contributing
less than ≤ 40% to the stress state.

• Validation of the numerical modeling was successfully completed against the scratch
shape and through coating crack density. For rough surfaces, the anisotropies in the
cracking patterns were matched with the observations of local stress states arising
from the surface topography.

With respect to the modeling of the composite microstructures of wear resistant coatings,
the results can be concluded as follows. The typical mechanisms for crack initiation
resulting in the failure of the investigated wear resistant microstructures were identified
as (research question 2):

• brittle carbide fracture, with first principal stress or a related cleavage stress as the
dominating failure parameters,

• ductile binder cracking, with equivalent plastic strain and strain energy as dominat-
ing failure parameters,

• interface failure, with strain state as the dominating failure parameter (in a mixed-
mode loading context),

• cracking from pre-existing porosities and defects, with free surface associated shear
and distortions as dominating failure parameters.

With respect to the characteristics of the microstructure influencing the wear resistance
of a coating, the following ranking was established (research question 2):

• firstly, defects in the coating microstructure are of the highest importance as they
can create detrimental local stress and strain concentrations,
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• secondly, the presence of particle clusters is critical for the durability of the structure,
particularly with respect to defect initiation and propagation,

• thirdly, the elasticity of the particles is of great importance with respect to shielding
the surface,

• fourthly, binder hardness and particle morphology are of importance for the wear
resistance,

• fifthly, particle size and MFP need to be considered, preferably concurrently, since
the material solutions for tribological applications require understanding and de-
signing of the tribosystem as a whole.

Regarding the computational strategies and ICME based methodologies, the findings of
this work can be concluded as follows (research questions 2 and 3):

• The PSPP approach as a framework for the application of ICME proved an effec-
tive means for directing the exploitation of digitalization and integration of the
experimental and modeling efforts.

• No single microstructural modeling strategy was found to be sufficient, but the
most useful results and the best added value were obtained by experimenting with
different approaches for individual microstructures, for example by running virtual
“what-if” trials and experimentation.

• Introducing PF and interfacing it to FE was found to provide new means of defining
interface models and creating a more realistic representation of the hard material
microstructure. The outcome was found to be particularly significant with respect to
the simulated stress-strain response of the studied cemented carbide microstructures,
the introduced semi-carbide phase fundamentally altering the modeled composite
material response.

• Validation activities require ever more work, and as the resolution and capabilities
of modeling increase, so do the requirements and possibilities for the characteri-
zation and experimental approaches. Since computation of controlled laboratory
experiments can in many cases be viewed as the best way to study and understand
the tribological behavior of material solutions, this suggests that more emphasis be
placed, for example, on in-situ techniques.

• The validation cases carried out in this thesis were quantitatively promising, ramping
up the rate of model development.





7 Future Work

With respect to future work, the following topical areas were identified and are addressed
briefly in the following sections.

Design methodologies for wear resistance

Current work established workflows and toolsets for evaluating the PSPP relationship
related to tribological problems involving wear resistance. The physics-based workflows
can be argued to yield significant information in terms of establishing the respective
causal relationships. However, it is envisioned that relying on the HPC workflows will not
be sufficient for design purposes due to the ever increasing complexity of the models when
establishing better physical representativeness. As such, transition to High-Throughput
Computing (HTC) becomes a necessity along with new optimization paradigms which
will resort especially to the use of ML techniques as design tools. Physics-based and
data-based models need to operate alongside to yield both accurate and fast-to-compute
results to enable the propagation of the design process by exploiting AI technologies.

Single crystal behavior and polycrystalline microstructures

Current work utilized primarily top-down plasticity models to describe the deformation
behavior of the binding and substrate phases. Also, no polycrystalline microstructures
of the harder phases or coatings were incorporated beyond considering multilayered and
gradient films. In order to be able to capture effects of orientation, texture and anisotropic
plastic slip, Crystal Plasticity (CP) based approaches need to be utilized in describing
the deformation processes. To capture scale dependencies which are crucial for designing
hierarchical multiscale structures, non-local or gradient formulations become a necessity.

Coupled damage modeling, cumulative wear and smart
concurrence

A major work item is the incorporation of material damage properly to micromechanical
modeling approaches. The introduction of damage appears most viable when done within
the context of CP modeling, at which point the interplays between plastic deformation
mechanisms, microstructure scale damage and scale dependencies can be incorporated in
similitude. This is one of the enablers for the capability to predict wear on part/product
scale, i.e., cumulative wear over actual product and component lifetimes. Similarly, most
of the presently available methods for concurrence are lacking, particularly the ones that
have been traditionally applied within the confines of FE solvers. Newly developed means
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with improved enriched variational formulations need to be introduced and matured to
be HPC capable.

Merger of discrete and continuous solution methods

Although the necessity to push towards smoother integration of discrete and continuous
analysis methods has been identified and pursued for a long while now, the capabilities
necessary for tribological problems are still largely not available. This is apparent, on the
other hand, in the challenges or inabilities facing the modeling of tribolayer formation,
integration of lubrication and surface interactions, as well as in earlier referred to problems
dealing with surface damage, wear, finite deformations and phase transformations. It can
be argued that further efforts are required and a solution incorporating the best of both
worlds or merger of both analysis capabilities has not yet materialized.

Multiscale modeling across atomistic and microstructural/meso
scales

With respect to model coupling methodologies and concurrence in multiscale modeling
the identified needs are in part mirrored already in the previous sections. However, what
needs to be emphasized is the pursuit of atomistic and microstructure scale coupling in
multiscale modeling. Solutions to problems such as providing microstructural models
information about atomistic scale mechanisms of friction are still elusive, whether this
consists of reactivity or mechanisms of lubrication between surfaces, or for example, phase
transformations or surface transfer layer formation which again contributes to the surface
interactions (as in the case of DLC). Although within individual modeling scales signs of
progress can be argued to exist, effort still needs to be placed on Coarse Graining (CG)
approaches. Especially, the exploitation of Molecular Dynamics (MD) findings and data
to tackle surface behaviors at the scale of material microstructure is still lacking.

Micromechanical testing

Several sections in the current work, particularly the ones dealing with model validation
aspects, identified challenges in obtaining direct microstructure scale information. Data
that could be quantitatively and as directly as possible utilized for the aforementioned
validation activities as well as to accelerate model development. Various characterization
techniques ranging from atomistic to microstructure scale are swiftly becoming more
commonplace, and similar progress can be identified regarding micromechanical testing.
Testing employing material samples at relevant size scales or even single crystals or grains
is bound to accelerate the development of microstructural and micromechanical material
modeling capabilities. Thus, as a future work item pursuing ever tighter integration of
advanced experimental and modeling techniques is seen to posses tremendeous potential.
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a b s t r a c t

A computational modelling and simulation approach was developed and applied for wear resistance
analysis of composite coatings. Three new numerical finite element models were developed to include
microstructural properties of typical thick thermal spray and laser cladded metal matrix coatings. The
first was an ideal synthetic defect free material model, the second an advanced synthetic model
containing defects and the third an image based real model. A thermal spray WC-CoCr coating and a laser
cladded WC-NiCrBSi coating were characterised and the information obtained of their microstructure
and properties was used for computational stress and strain simulations. The simulations were carried
out for a set of indentation and scratch test contact conditions. Wear related features were validated
empirically by abrasive rubber wheel testing and sliding contact pin-on-disk testing in dry conditions.
Features like high local curvature, notches, abnormally large particles, thin ligament or throat-like
structures of a specific material phase, clusters of interlinked carbides or high local fraction of a specific
material phase had a great impact on the resulting stress state and wear resistance of the coating. The
composite structures of the coatings offered a 2 to 50 times lower abrasive wear and more than four
orders of magnitude lower sliding wear rate compared to the reference steel surface.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Wear is taking place at the top surface of products, components
and tools. The wear resistance requirements are thus focused
especially on the surface properties. Advanced surface engineering
offers many possibilities to modify the properties of surfaces to
become more wear resistant, e.g. by surface treatments, deposition
of thin layers or processing of thick surface coatings [1].

Thin coatings, like physical vapour deposition (PVD) and
chemical vapour deposition (CVD) coatings, are excellent in many
tribological applications and today largely in use. However, they
may be vulnerable especially in harsh, high load and high
temperature conditions due to both material and structural
limitations originating from their tiny thickness, which is typically
in the range of 1–3 μm and even less. The use of thick composite
coatings is another solution to tailor surface properties of the
component. Typical processing methods for thick coatings are
thermal spraying and powder cladding, either as welded overlays

or laser fused layers. These methods offer a flexible route to
produce unique composite-structured, rather thick coatings, in a
typical thickness range of 150 μm–3 mm, on a substrate material
selected according to other criteria, like price, extent of alloying
elements and other additives, mechanical strength and low weight
[2–4].

Over the last decades a myriad of hybrid coating materials
suitable for thick coatings – mainly mixtures and composites of
ceramics, metals and polymers – has been developed. Entirely new
possibilities for developing high-performance materials have,
however, opened up in the 2000s, with the development of new
manufacturing methods, widespread adoption of nanotechnology,
and more in-depth understanding through new process diagnos-
tics and higher modelling capacity [5–8]. Particle-reinforced com-
posite materials consisting of a metal matrix and hard dispersed
particles offer a potential solution for increased wear resistance
demands. An improvement in wear properties is often counter-
balanced by the deterioration of other properties, such as impact
resistance or corrosion resistance. It is important to tailor and
optimise the material for the particular application, taking all the
requirements into consideration [8–10].

Computational modelling and simulation of deformations in
a material due to surface loading, and calculations of stress and
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strain in loaded contacts is a research approach that is rapidly
developing today. Modelling and simulation of a tribocontact helps
to understand the mechanisms that result in plastic deformation,
surface cracking, wear particle formation and continuous wear. The
numerical simulations can be carried out on various dimensional
scale levels, from nano size to macro size, by using software
representing the material structure from atomic and even sub-
atomic to continuum macro and component level [11–14].

The material modelling and simulation approach has been used
in contact mechanics [15] and in fracture mechanics of structures
[16]. The same FEM-based approach has successfully been used for
improved understanding of the wear process of a sliding contact
with one of the surfaces coated by a thin surface coating [1,17–24].
Precise measurements of the elastic and the plastic response of the
coating and substrate system, and measurements of the contact
geometry made it possible to simulate stress and strain conditions,
deformations, to calculate fracture behaviour and to evaluate the
wear performance of thin, homogenous, coated surfaces and the
effect of influencing material and operational parameters.

Thin hard coatings, such as PDV and CVD deposited coatings,
can be modelled as a surface layer system, in which both the
coating and the substrate material are considered as homogenous
and in which the interaction between the coating and the
substrate material, as well as the geometrical characteristics, are
crucial for the wear behaviour [1,19].

Thick composite coatings, such as the thermal spray and laser
cladded coatings, need to be modelled in terms of their complex
composite microstructure, including grains, pores, cracks and
various phases in the matrix, in order to achieve representative
stress and deformation simulations that correlate with the real
situations. Composite surface structures of materials such as cast
iron, WC-Ni alloys, metal matrix composites and PVD nano-
composites have been modelled mainly with the two-dimensional
(2D) finite element method (FEM) and with analytical models
[25–29]. Microstructural models are more precise representations
of the material microstructure and they have been developed based
on three-dimensional (3D) FEM modelling for e.g. polycrystalline,
SiC–Al alloy and Ti6Al4V alloy surfaces [30–34].

Microstructural models developed for representing real mate-
rials have been generated by numerical techniques based on image
analysis of cross section images obtained by scanning electron
microscopy (SEM) or light optical microscopy (LOM) [35,36,13]. A
3D microstructural representation can be generated in a similar
way, but by taking microscopy images of several layers below the
surface. Wiederkehr et al. [37] took LOM images from 15 parallel
cross sections below the surface, exposed by polishing, with an
average inter-distance of 4 μm, and they used an FEM based image
morphing method for producing a 3D microstructural material
model of a thermal spray surface with pores and cracks.

The modelling of the wear process, in which material is
detached from the contact surfaces and interacts in the dynamic
triboprocess between the two moving surfaces, needs other kinds
of modelling techniques, such as the movable cellular automata
(MCA) methods used by Österle et al. [38]. Additionally finite
elements can be applied by considering cracking mechanisms like in
the work by Mohd Tobi et al. [39] when applied to thick coatings, or
by considering material abrasion, like in the work by Anwar et al.
[40]. Discrete methods overall provide several advantages for the
modelling of material failure and removal processes, as has been
demonstrated in the peridynamics approach by Seleson et al. [41].

Both 2D and 3D microstructure modelling and simulation
methods have been demonstrated for characterising the mechan-
ical properties of alumina, metallic FeCrBSi and TiC/Cu coatings
with pores and cracks [37,42,43]. Based on empirical experience, it
is known that size, shape and spatial arrangement and orientation
of pores and cracks have a strong influence on the material

properties of thermal spray coatings [2,4]. Since the pores can
add material flexibility and stop crack growth, the porosity is not
always detrimental. Other microstructural material parameters
that need to be optimised in a composite coating for a favourable
tribological surface behaviour, in addition to the pore-related
parameters, are the size, shape, density and spacing of the
reinforced particles, the interfacial bond strength and the binder
mechanical properties [27,29,33].

Modelling the response of thick composite coatings and their
behaviour, including explicitly their microstructure, falls within
the scope of mesoscopic analysis methods. In the current context,
the most stringent additional requirement set to the modelling
methods is the need to treat the weak and strong discontinuities
of the coating microstructure, which can be performed by incor-
porating suitable tailored finite elements and extended finite
element methods. Finite element methods with properly devel-
oped meshing strategies can be applied for microstructure model-
ling, but strong discontinuities and their evolution within the
microstructure commonly require a more refined approach, such
as extended finite element methods.

The aim with this article is to present how computational FEM
models can be developed for the purpose of estimating wear
resistance of composite thick coatings. The developed models are
used for stress and strain simulations of thermal spray WC-CoCr
and laser cladding WC-NiCrBSi coatings. The wear resistance
analysis is based on microlevel finite element modelling as
well as empirical indentation testing, scratch testing, rubber
wheel abrasion testing and pin-on-disk tribotesting for model
validation.

2. Methodology

In this computational modelling and simulation study we use
the so called PSPP (processing–structure–properties–performance)
approach modified after Olsson [11] and illustrated in Fig. 1. The
following three links need to be modelled to achieve a holistic
model for the wear performance of a surface:

(1) the interaction between the wear process and the material
properties of the surface,

(2) the interactions between the material properties and the
microstructure, and

(3) the interactions between and the microstructure and the surface
manufacturing process.

It is often too complex to build a computational model covering
the whole PSPP range with today0s knowledge. Thus is it more
adequate to use a step by step modelling strategy. We have
previously demonstrated how the properties can be linked by
FEM modelling to wear performance for tribological contacts with

Fig. 1. The PSPP approach links tribological design performance criteria to surface
properties, microstructure and coating processing.
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components coated by thin homogenous PVD and CVD coatings
[19]. However, composite coatings like thermal spray and laser
cladded coatings are not homogenous and so there is a need to
include the microstructure in the material model and thus cover
the SPP range. The calculated loading conditions can then be
compared with the strength of the material and the risk for
deformation, cracking, fracture and wear can be estimated. The
simulations show the interaction between the different influen-
cing parameters and help to find the dominating parameters to be
optimised.

The computational modelling and simulation approach is fairly
laborious and requires a good fundamental understanding of
the materials and phenomena to be modelled. However, when
an effective model has been developed, the information is very
generic and can be used for different applications. A basic require-
ment is always that the validity of the model must be tested by
comparing the results with those of a relevant empirical test.

The computational modelling and simulation approach includes
several steps, which combine tribocontact analysis, software devel-
opment, material characterisation, empirical testing and numerical
analysis. The methodology to develop an accurate and generic
equation for optimisation of the wear resistance can be charac-
terised by the following steps shown in Fig. 2:

1) Identify the relevant dimensional scale level for the tribocon-
tact to be optimised.

2) Analyse the contact conditions and identify possible influen-
cing variables and parameters.

3) Construct the contact and material model by e.g. FEM or
molecular dynamics techniques.

4) Determine the relevant material properties of the material pair,
e.g. by macro, micro or nano level material characterisation.

5) Carry out computer simulations for the chosen material pairs
and contact conditions, to show the prevailing stresses, strains
and deformations.

6) Validate the model by comparing the simulated results with
the results of empirical measurements in similar contact con-
ditions.

7) Calculate the tendency for crack initiation and crack growth
that results in material detachment based on e.g. fracture
mechanics for tough and brittle materials.

8) Identify the dominating variables with respect to critical local
stress and strain peaks that may exceed the material capacity.

9) Carry out parametric analysis of the dominating variables, to
show their weight and interaction and formulate the surface
wear resistance equation, its limits of validity and accuracy.

A wear resistance equation that can be developed according to
the above methodology is typically limited to some contact
mechanism conditions like severe abrasive wear, mild sliding
wear, impact fatigue wear etc. The equation can cover a large
range of material, geometry and energy variables. Simulations can
be done to explore the risk for surface failure and wear in various
conditions. A first stage equation, like the one shown in Fig. 2, does
not show the accumulated wear process nor predict the lifetime
with regard to wear for components. It quantifies the risk for
initiation of surface failure resulting in wear and can be expressed
as the surface wear resistance (SWR). It is a tool that can be used
by designers for improved surface material selection and robust
tribological design of machine components [14].

We have previously carried out and reported all the steps in
coated surface computational modelling and simulation that were
shown in Fig. 2 for thin, homogenous, coated surfaces like TiN and
DLC [14,19–21,23,24,44]. In this article we will report the steps
from (1) to (6) for thick composite thermal spray WC-CoCr and
laser cladded WC-NiCrBSi coatings. Work on the steps (7) to (9) is
currently in progress and will be reported separately later. The
software developed for this purpose according to the methodology
described above is named VTT ProperTune™.

Identify relevant 
scale level

Model contact and
material pair

Contact analysis

Empirical model
validation

Simulate deforma-
tions and stresses

Material 
characterisation

Identify dominating
variables and inter-
actions

Calculate risk for
crack initiation and
crack growth

Parametric analysis
gives the wear
equation

SWR     =   [k · R0.047 · σ0,su
0.308 · h0.64 ] 

                       [ Eco
0.9 · Esu

0.470 · Eti
0.86 · μ1.05] 

Fig. 2. Methodology for surface coating optimisation with regard to optimal wear resistance based on computational material modelling and loading response simulation.
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3. Materials and characterisation

The coated surfaces modelled and studied in this work with
respect to their wear resistance were two typical thick composite
coatings, namely a thermal spray WC-CoCr coating and a laser
cladded WC-NiCrBSi coating. A representative of the two coating
structures is shown in Figs. 4a and 5a.

The thermal spray coating was deposited by using a high
velocity oxygen fuel (HVOF) system with hydrogen as the fuel
gas. The coating structure consists of densely packed splats with a
typical splat thickness of 5 to 20 μm and splat diameter of 10 to
50 μm. The structure includes randomly distributed cracks, voids
and pores. The metal CoCr matrix surrounds the hard WC particles
and includes local decarburized zones, as shown in Fig. 4a.

The metal matrix material of the laser cladded coating was
a nickel based alloy with Cr, B and Si as alloying elements.

As a strengthening phase, 50% spherical, fused tungsten carbide
powder with a particle size between 45 and 106 mm was added.
Laser cladding was performed with a fibre-coupled 3 kW diode
laser and a coaxial cladding nozzle. The coating structure com-
prises spherical WC particles in the metallic NiCrBSi matrix
(Fig. 5a) and includes only minor defects.

Both coatings were deposited on AISI 1018 steel substrates that
were grit-blasted with 590–710 mm alumina particles followed by
ultrasonic cleaning in a bath of acetone.

In order to get accurate input values for the models there was a
need to determine the mechanical properties of the surface
material on a macro scale level but also to determine very detailed
micro scale properties of the two composite structures. Often it
was quite a challenge to determine accurate micro scale proper-
ties. In some cases, when there was no suitable measurement
method available, values from literature were used.

The material data for the structure and the properties of the
two coatings are found in Table 1. In addition is the material data
for the used carbon steel reference material given. This is used as a
reference to compare the tribological performance of the compo-
site coatings with, in Section 8.

4. Composite coating modelling

Three fundamentally different finite element model generation
routines were developed and adopted and are presented in detail
below. They are:

(i) an ideal synthetic defect-free material model,
(ii) an advanced synthetic material model containing defects, and
(iii) a real image based material model.

Fig. 3. Microstructural FEM mesh of the ideal synthetic defect-free model repre-
senting a typical WC-CoCr coating, colouring representing element shape metrics
overlaid on top of the microstructural geometry.

Fig. 4. Microstructure of the WC-CoCr coating from (a) an SEM image and (b) the real model FEM mesh of the same structure.

Fig. 5. Microstructure of the WC-NiCrBSi coating from (a) a SEM image and (b) the real model FEM mesh of the same structure.
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These definitions reflect how the local microstructure was
simplified and the model was generated for numerical modelling
and simulation purposes.

We used three different models to study the coatings because
they each gave a set of results that was complementary to the others.
The synthetic material models were useful for the understanding of
the generic material behaviour under loading, and for the identifica-
tion of critical and dominating parameters in relation to wear. The
ideal synthetic defect-free model was efficient to investigate generic
material parameters as they appear in ideal structures as a base line,
while the advanced synthetic model was efficient to investigate the
effects and interactions related to defects and pores in the material.
The real image based model gave a detailed and accurate insight in
the material behaviour of the specific coating structures investigated,
both on micro and macro scale, and the model gave very precise
information about deformations, stresses and strains as they appear
in these materials under specific loading.

4.1. Synthetic and real image based material models

4.1.1. The synthetic material models
The synthetic models are based on a mathematical description

of the actual microstructure. They comprise the evaluation and
quantification of microstructural features and their distributions
such as reinforcement particle size, shape and density and further
utilising the determined properties via statistical and stochastic
means. Often this includes for example tessellation approaches

in either two or three dimensions, in order to derive either
simplified aggregate-type of models, or mesoscopic sub-models
for component-and-characterisation-type solution domains.

Synthetic models can be based on either polygonal or voxel/pixel
representations of the phase geometry, or a combination of both. The
most common synthetic approach is to apply various tessellation
techniques for the generation of the grain geometry, as is typically
applied for materials like polycrystals. Synthetic aggregate generation
methodologies based on Voronoi tessellation have been presented by
e.g. Fritzen et al. [45] and Quey et al. [34] for analyses involving
primarily metallic materials. The reason for applying somewhat
different routes for constructing the numerical models lies in the
possibilities to use them for the extraction of results of different
nature.

The ideal synthetic models are fairly crude approximations of
actual micro- and nanostructures, but they have the desirable
property of limiting the number of structure controlling variables.
Thus, the simple synthetic models can provide answers and inter-
pretations on the very basic structural properties, such as shape,
dimension, mean free path and orientation of particles within the
composite structure. Extraction of trends on, for example, the
particle mean stress state, the stress state of the particle corner-
to-binder interface, or mean binder strain state in between particles
is fairly straightforward. Example of our developed synthetic
WC-CoCr model is presented in Fig. 3.

The advanced synthetic models are more realistic by combining
various tessellation routines with actual structural features like

Table 1
Material structure data and mechanical properties.

Symbol (unit) Reference steel
AISI1018

Thermal spray
coating WC-CoCr

Laser cladded coating
WC-NiCrBSi

Structure
Carbide size d (μm) – 1–3 45–125
Mean free path MFP (μm) – 0.70 50
Defect density (%) – o1 o0.1
Carbide aspect ratio (�) – 0.5 �1

Macro properties
Coating thickness h (mm) – 430 420
Hardness H (MPa) 2000 11 960a 6500

13 150b

Elastic modulus E (GPa) 250 300a 240d

280b

Yield strength, compressive sy (MPa) 390 5 370c 2780d

Poisson0s ratio v (�) 0.3d 0.25d 0.28d

Fracture toughness KIc (MPa m0.5) 55d 6.7a 11d

6.1b

Surface roughness, after
processing

Ra (μm) 6 6 22 (parallel)

25 (perpendicular)
Surface roughness, after
polishing

Ra (μm) 0.02 0.1 0.1

Micro properties d

WC hardness H (MPa) – 33 800a 30 000
WC elastic modulus E (GPa) – 625a 450
WC Poisson0s ratio V (�) – 0.22 0.22
Binder hardness H (MPa) – 6500 5410
Binder elastic modulus E (GPa) – 220 220
Binder yield strength,
compressive

sy (MPa) – 2800 2350

Binder Poisson0s ratio V (�) – 0.3 0.3
Counter surface d Al2O3 ball in

pin-on-disk test
SiO2 grains in rubber
wheel test

Hardness H (MPa) 19 600 1200
Elastic modulus E (GPa) 380 70

a Measured from the surface.
b Measured from cross-section.
c Value measured with instrumented indentation data.
d Literature values.
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porosity, voids and pre-existing cracks. As such, synthetic models
can be used for the studies on relationships like the effect of the
porosity and its distribution on the fracture mechanical perfor-
mance of the composite material. Many such aspects are difficult
to tackle even with real models, due to problems related to the
specimen preparation.

4.1.2. The real image based material models
Real image based models are based on a segmentation of nano-

and microstructural features directly on the basis of, for example,
electron microscopy imaging. The scanning electron microscopy
images are post-processed and the phase distribution is extracted
for discretisation for the finite element solution. For building of the
numerical finite element model, various approaches are available.
They are either directly based on voxel/pixel based meshing or on
the extraction of isosurfaces by way-approaches such as the
marching cubes method presented by Wang [46]. The resulting
surfaces and volumes are treated as geometry entities in a FEM
analysis and are identical to synthetic mesoscopic models.

A representative pixel-based meshing strategy for segmented
structures was presented in OOF2 [47], where a penalty approach
was used in an adaptive manner to end in a representable mesh of
different phase regions. Voxel based approaches rely, for example,
on the application of marching cubes like methods, like in the
work by Chawla et al. [31] on SiC composites, where a serial
sectioning approach combined with a marching cubes algorithm
was used for the extraction of the geometry of a 3D multiphase
microstructure. Examples of our developed real WC-CoCr model is
presented in Fig. 4b and of the real WC-NiCrBSi model in Fig. 5b.

The real models provide the best approximation of the actual
material property distribution, and handle nearly arbitrary particle
shapes, such as joined and overlapping carbides, resulting from
the thermal spray process.

4.2. The model generation

4.2.1. Ideal synthetic model
The process of generating the ideal synthetic model is demon-

strated as a flow chart in Fig. 6. The structure was generated by
using a purpose-build Python library, which interfaces to the
continuum finite element software utilised in the present inves-
tigation. The process described in Fig. 6 builds instances of various
properties related to the synthetic structure, focusing greatly on
the geometric topology of the thermal spray coating. The resulting

structure is an output intended for a finite element solver via a
separate interface.

In the generation of the ideal model, the first decision lied in
the selection of an appropriate geometry primitive addition of the
WC particle to the model, which in the first place was assumed to
contain solely the binder material. The material properties of this
carbide particle are deduced, such as its size, aspect ratio and
orientation. The particle geometry was further generalised by the
use of statistical and stochastic means, like by modifying the
particle to resemble a polyline-defined structure over a simplistic
geometry primitive. The spatial arrangement of the particle was
deduced in a similar manner, whether it be ordered or statistical,
and in addition, the local carbide volumetric concentration was
used for estimating the local particle density on the basis of the
mean free path or the particle-to-binding-material fraction.

The computational analyses were carried out in a high-
performance computing environment for various composite coat-
ing morphological features such as mean-free path, carbide size,
geometry and stochastic features. The degrees-of-freedom count
for the model was typically in the range of 100k–1M.

4.2.2. Advanced synthetic model
When generating the advanced synthetic model, without the

above referred simplifications, a somewhat different procedure
was adopted. The properties of the synthetic, or advanced syn-
thetic model, contain essentially further microstructural details
and their statistical description as well as possible defects. This
procedure is presented in Fig. 7.

The procedure is quite specific to the thermal spray coatings
studied in the current work, and it initiates the introduction of
splat boundaries. An elliptic Voronoi type process was adopted to
tessellate the material domain by splats, the splat definition being
either deterministic or statistical in nature. Likewise, non-melts
were considered over splats. Each splat was tessellated further to
generate the sub-structure, the actual local carbide distribution
geometry. Furthermore, strong discontinuities such as pores and
cracks were introduced, as well as weak discontinuities such as
splat boundary interfaces or cohesive regions which differ from
those of the parent materials.

The analyses were carried out with different porosity fraction
and defect containing, initiating and propagating scenarios using
various cohesive zone based failure criteria and parameterisations,
using measured coating fracture toughness values as an input for

Fig. 6. The model generation procedure used for the generation of the ideal synthetic model.
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the traction-separation laws. The degrees-of-freedom count for
the model was typically in the range of 100k–4M.

4.2.3. Real image based model
The real image based model generation process is described in

Fig. 8. The basis for the real model was a high-resolution SEM
image. A sufficiently large material plane was needed to be
processed with a sufficiently high image resolution to capture
both a sufficient volume of material at application-relevant size
scale and the local microstructural geometry. This process was
performed by subjecting a SEM image that was post-processed
into a grayscale image for supporting the image processing, to
image processing tools for building of a segmented microstructure
and for identification of the material distribution which were free
meshed using a penalty approach. The constitutive behaviour of
the individual phases was considered isotropic, either linear-
elastic or elastic–plastic depending on its deformation behaviour.

The analyses were carried out for numerous different high-
resolution SEM images of the coatings to investigate the micro-
structural response in a statistical setting. The degrees-of-freedom
count for the model was typically in the range of 1–10M.

5. Contact conditions

When composite coatings are used in practical applications, the
loaded contact is typically on a macroscale with dimensions
expressed in millimetres, while the composite material structure
has a matrix including hard particles, pores, voids and cracks of
micrometer dimensions. The relevant dimensional scales, on which

these wear phenomena were studied, were on a macro scale for the
entire counter body and on a micro and nano scale for the
composite coating structure, as shown in Fig. 9.

The contact conditions modelled were those of an indentation
and scratch test. The indenting and scratching counter bodies were
represented by a spherical 200 μm radius diamond tip. The inert
tip material simplifies the modelling of the contact process as
adhesive material interaction is minor and phenomena like gen-
eration of surface layers can be neglected. In scratch test the tip
was sliding with increasing load over a flat surface. The modelled
countersurfaces were the two about half mm thick composite
coatings.

Three effects are important to consider in modelling with
regard to the failure behaviour of the surface in a scratch test:
(i) the ploughing of the spherical tip stylus resulting in elastic and
plastic deformation of the metal matrix, (ii) the sliding of the
stylus on the coating resulting in friction, and (iii) as a result of this
there is a pulling force on the coating behind the contact, resulting
in tensile stresses and fracturing.

The complex stress field in the surface is a result of the
following four effects:

1) Friction force. The friction force between the sliding stylus and
the coating generates compressive stresses in front of the
stylus, originating from the pushing action, and tensile stresses
behind the tip, originated from the pulling.

2) Macro-geometry changes. The elastic and plastic deformations
are spherical indent, groove and torus shaped. They result in
stretching and compressing of the coating. The stresses arising
are both compressive and tensile.

Fig. 8. The model generation procedure used for the generation of the real image based model.

Fig. 7. The model generation procedure used for the generation of the advanced synthetic model containing defects.
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3) Micro-geometry change. The hard carbide particles, and defects
like pores, voids and cracks, result in discontinuities of the
surface properties. This results in high stresses at the borders
between the material phases with different properties. The
micro scale results are affected by the local material distribu-
tion and its microstructural morphology, which translates
into local non-linear property mismatching and interaction
between hard particles and the binder material.

The above described contact conditions and sliding process
were simulated by the computer models. The following para-
meters were used in the calculations of the stress and strain
distributions in the models:

� Scratch test parameters: The sliding distance is 10 mm and the
load increases linearly from 5 N pre-load before sliding to 50 N
at 10 mm sliding distance. The sliding velocity is not included
in the models, i.e. the models are time independent.

� Sliding stylus (Rockwell C): The radius of the spherical tip is
200 μm, the material is diamond, the elastic modulus is
1140 GPa, the hardness is 80 Gpa, the Poisson0s ratio is 0.07,
and the roughness is considered ideally smooth.

� Coatings: The structures and properties of the thermal spray
WC-CoCr and laser cladded WC-NiCrBSi coatings are defined
Table 1.

The plastic penetration of indenters in indentation and scratch
testing did not exceed 1/10th of the coating thickness and therefore
the substrate does not have any active role in the wear process and
thus are its characteristics not in detail described in this study [48].

6. Stress and strain simulations

6.1. Synthetic model stress and strain simulations in indentation

In general a composite structure, even an ordered one with
simple geometrically primitive carbides, in a loaded contact
behaves in a very different manner compared to a common
continuum analysis of the same contact problem. The simple ideal
synthetic model simulation results in Fig. 10 are a clear represen-
tation of such behaviour, where the normally continuous region of

compressive stresses is affected by the presence of reinforcing
carbides. As a result of nonlinear material property mismatching
between the binder and the carbides the particle edges and
corners are seen to develop a high local tensile stress state.
This state is dependent on the relative location of the carbide in
relation to the indenting tip.

A simple ordered structure, here represented by the ideal
synthetic model, was reduced to two variables characterising an
elementary lattice (centered rectangular Bravais lattice in two
dimensions) and the carbides in it, namely the mean free path
(MFP) between the carbides and the carbide size. The elementary
primitive for the WC particles is an even rectangle. The effect of
the MFP and the carbide size, ranging from conventional micro
size to nano size, on near-carbide state of stress and strain is
presented in Figs. 11 and 12.

The type of deformation in the studied contact is dependent on
the MFP, and for a fixed carbide to binder fraction also on the
particle size. For conventional large carbides and larger MFP the
binder can deform quite freely and the strengthening caused by
the carbides is small. Clear evidence of shear in a two-dimensional
setting is seen. As the MFP decreases, the deformation is forced
laterally to the binder between the carbides and vertically the flow
of binder between the carbides is fairly weak. A two dimensional
state of deformation can meet an external imposed boundary
condition with smaller equivalent strains than a one dimensional
one, and as such, for a decreasing MFP the strain state exhibited by
the binder increases, when measured by the equivalent strain.

Similar effects are noted for decreasing carbide size when the
volumetric fraction of carbides and binder remains constant.
A distinct difference is the increased carbide-to-carbide interac-
tion, which acts to increase the binder strain state, and can be
stated to affect the transition towards a state of more confined one
dimensional like deformation. Such effects are also desirable since
they reflect the strengthening of the structure by the addition of
WC particles.

The mechanism of strengthening is well illustrated in Fig. 11
again as a function of MFP and carbide particle size. While the
state of deformation changes as a result of increasing particle-to-
particle interaction as a function of MFP and particle size, the
system is noted to experience higher carbide stresses. The stress
state increases also within the binder. For conventional particle
sizes it is seen that for a large MFP the stress state, and as such the

Fig. 9. Loading and sliding conditions in the studied thermal spray coated surface and microstructure and property parameters that influence on wear performance.
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strengthening caused by the carbides in a Dirichlet type boundary
value problem, is fairly non-existent. The carbide state hardly
differs from the state of the binder matrix material.

The decrease of MFP brings forth an increase in the near-
particle edge stress state, but stress gradients within the particles
themselves can still be observed. The decrease of particle size from
micro-size and to nano-size changes the way the particles are
stressed, i.e. their internal stress state. The decrease of MFP acts in
a similar manner with few exceptions explained below. The
decrease of particle size is seen to homogenise the intra-carbide
stress state, although for example at the micro-size range there are

Fig. 11. Simulations of first principal stresses under an indentation contact by the
ideal synthetic model for three particle sizes and three mean free paths. The image
dimensions are scaled to show the carbides at about equal size to better visualise
the stress fields.

Fig. 12. Simulations of material strains under an indentation contact by the ideal
synthetic model for three particle sizes and three mean free paths. The image
dimensions are scaled to show the carbides at about equal size to better visualise
the strain fields.

Fig. 13. (a) The distribution of first principal stress in an indentation contact
utilising the advanced synthetic model for the WC-CoCr coating. (b) Initiated cracks
in the laser cladded WC-NiCrBSi coating simulated by use of the advanced
synthetic model: crack initiation and propagation in the microstructure (left),
and details of the crack field shape (right).

Fig. 10. Simulation of first principal stresses in an indentation contact by the ideal synthetic model.
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still notable gradients within the particles, but the stress state is
increased from those in the conventional, several microns, size
range.

The nano-size range is demonstrated to yield an even more
uniform state of stress, and it is also seen that the state of stress
within the binder increases as a result of particle interaction,
which was in Fig. 12 seen as a transition in binder deformation.
The nano range of carbides displays the most uniform states, but
the binder is under a more stringent and confined stress–strain
state in comparison to the other studied cases.

For very small MFP:s and nano-size carbides, it is seen that the
system tends again towards a somewhat more uniform state of
stress when the intra carbide stress gradients appear to dissipate.
This suggests a slight change in the mechanism of strengthening,
the system appearing to behave almost as a layered composite
when the binder deformation is confined to a lateral direction and
the particles interact strongly with each other.

Thus, a decrease in the MFP and the particle size support a
greater strengthening effect, but simple minimisation is not
straightforward optimal for all applications, since it leads to an
elimination of mechanisms of deformation and can decrease the
degree of strengthening. This can lead to a decrease in fracture
properties of the structure, such as the fracture toughness.
Furthermore, the performance component is strongly affected by
the presence of pores and cracks, and a more lenient structure in
terms of stress–strain state exhibits less potential conditions for
void and crack growth, and the material toughness is as well lower
under such conditions.

A complete exploitation of the performance of single phases
and their interfaces by increasing the system strength does also
pose requirements for toughness of both the cohesion of the
microstructural elements and their interfaces, and these need to
be accounted for when considering the optimisation of a certain
structure and tailoring a coating.

6.2. Advanced synthetic model stress simulations in indentation

The advanced synthetic model yields results that are controlled
by the statistical properties of the microstructure, as presented in
Fig. 13 for the WC-CoCr and WC-NiCrBSi coatings. It is seen that
the structure does not contain the detailed features of the real
models, but on the other hand, the distinct effects of microstruc-
ture statistic are clearly visible.

In Fig. 13a results for indentation of WC-CoCr coating are
presented, illustrating the heterogeneous first principal stress
distribution as arising from the statistical properties related to
carbide size, location and orientation. The homogenisation effect
present in simple synthetic models is visible when comparing to
earlier findings of Section 6.1. The advanced synthetic model

emphasises the importance of local microstructural features such
as carbide size and mean-free path.

An analysis of indentation of the WC-NiCrBSi coating contain-
ing initiating and propagating defects is presented in Fig. 13b.
Idealised carbide morphology is utilised in a statistical setting with
respect to the spatial arrangement. Cracks initiate and propagate
following an XFEM treatment of the resulting displacement dis-
continuities. In Fig. 13b on the left the principal stress distribution
along with the defects is shown, and on the right level sets of
individual cracks are highlighted to display the individual cracks.
Cracks propagate following a fracture toughness based criterion
typically initiating at the stress concentrations present at carbide
to binder interfaces due to elastic and plastic mismatch in
mechanical properties. In the current indentation type loading
configuration, cracks propagate through the coating driven by the
tensile stresses present in the coating, especially since the fracture
criterion is simplified and based on mode I fracture toughness
neglecting any mixed-mode contributions.

6.3. Real model stress and strain simulations for WC-CoCr in
scratch test

The stress and strain fields are highly affected when the
computations include microstructural features compared to
macro-contact level calculations, as shown in Fig. 14. In the figure
the scratch test tip crosses from a macro scale homogeneous
domain to an embedded block of composite microstructure. In the
macro scale analysis the stress field is uniform and displays
common features identified to belong to a two body contact
simulation.

The real model analysis results differ in the sense that the local
structure of the WC-CoCr coating affects the stress distribution,
resulting in a response which does not compare with the macro
scale contact analysis, but gives a principally different result. The
coating structure of the real model is behaving as a statistical
sample of the actual microstructure, i.e. being a statistical volume
element.

As such the microstructure, not its average or homogenised
response, affects the outcome and performance at the scratch test
contact scale. In addition to the local nature of the stress field in
the real model, it is also noteworthy, although not necessarily
clearly evident, that the peak values, in terms of von Mises
stresses, are higher in the real model than the average stresses
in the macro scale model. This can be expected considering the
nature of material discontinuity in the composite structure.

Results obtained from using the real model for the WC-CoCr
coating are presented in Fig. 15 for first principal stresses.

The local micro scale nature of the results and the impact of the
composite structure are emphasised in the determination of how

Fig. 14. First principal stresses in a contact with a spherical diamond tip sliding on a thermal sprayWC-CoCr coated surface as calculated with macro dimensions (on the left)
and with microstructural features (on the right).
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a specific nano- or microstructure responds to an applied external
state of loading. Although the nano- and microstructure do play
havoc on the stress–strain fields if compared to macro scale
continuum analysis results, certain similarities can be identified,
if comparing for example to previous work reported by Holmberg
et al. [20,21] and Laukkanen et al. [23].

The material regions undergoing principally tensile and com-
pressive states of stress are still visible. The area immediately
beneath the scratch test tip and within the contacting region
experiences a compressive state, while the region trailing the
contact undergoes a tensile stress state. However, although the
macro scale state driving the material response towards these
principal states can easily be identified, the local response is also
affected by the nano- and microstructure topology, as shown in
Fig. 15.

6.4. Real model stress simulations for WC-NiCrBSi coating in scratch
test

The first principal stress state of a WC-NiCrBSi laser cladded
coating is presented in Fig. 16 by applying the developed real
model. The situation is quite different from the WC-CoCr thermal
spray coating in terms of microstructural features, since the size
scale of the WC particles is several orders larger than those in the
thermal spray coating and in their shape the spherical feature
dominates. The carbide size is comparable to the size of the tip
used in the actual contact, and the MFP of the microstructure is
similarly in a completely different scale, as shown in Fig. 16.

As shown in Fig. 16 the tip is in direct contact with only a
couple of WC particles, and the total particle count of the model

can be easily identified. The coating in this sense is comparable in
many respects to the simple synthetic model presented earlier.

The stress–strain state is greatly affected by the behaviour of
the binder, since at the scale of the microstructure the WC
particles are surrounded by it and locally the large MFP permits
the binder to deform with limited interference by the carbides.
The mismatch in the stress state between different phases is
smaller, and the distribution of stress is more homogeneous. The
particles experience tensile stress particularly if they are in direct
contact with the loading tip. Plastic flow occurs within the binder
with fair ease.

7. Model validation and wear testing

It is important in computational material modelling and
simulation to include empirical validation of the computational
results. This is the only way to assure that the model reflects the
reality. The validation is typically done step by step and on
different levels starting from very simple contacts and surface
interactions and continuing all the way to real component testing.

In this study we have chosen to validate the computational
results by the following empirical methods:

1) Deformability by indentation.
2) Crack behaviour by scratch test.
3) Abrasive wear in rubber wheel test.
4) Sliding wear and friction in pin-on-disk test.

A very simple first validation test for the material model was to
check if the model deforms in a similar way as a sample of the
material in an indentation test where an indenter was pressed
some micrometres into the surface. The elastic and plastic
response to loading was recorded and compared to computer
simulated results. Initiation of first cracks was recorded and
compared to locations of tensile stress peaks in the simulations.

The scratch test adds to the testing the tangential load on the
surface and is thus closer to the loading conditions in a tribological
sliding contact. In scratch test deformations were compared to
simulated deformations and the crack behaviour was clearly
demonstrated in the scratch groove by the development of the
cracking at increasing load. The crack pattern was compared to
stress and strain pattern from the simulations.

The validation of computational results by tribotesting with
continuous contacts producing accumulated wear products is
much more complex and not so straight forward. However, well
controlled tests like rubber wheel test for abrasive wear and

Fig. 16. First principal stresses in a laser cladded WC-NiCrBSi coating undergoing
scratch test loading. The strain maximum is �0.2. The primary mechanism of
deformation is NiCrBSi plasticity amidst the carbide structure. The tip is sliding
from the left to the right.

Fig. 15. First principal stresses in a thermal spray WC-CoCr coating undergoing scratch test surface loading. The stress maximum is �7.5 GPa. The stress distribution
highlights the mismatch between the WC particles and the CoCr binder properties, as well as local micro scale geometric features of the WC particles. The tip is sliding from
the left to the right.
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pin-on-disk test for sliding wear were very useful. They showed
qualitative and quantitative wear behaviour in these specific
contact conditions and trends in wear performance when chan-
ging influencing test and material parameters. This was compared
to simulated surface strength performance.

Indentation testing was done with a Rockwell C 200 μm radius
diamond tip for the material deformation validation shown in
Table 2. Tests were repeated 10 times for the coated samples and
5 times for the AISI 1018 sample. This was done due to concerns
regarding the relative mechanical heterogeneity of the coated
samples relative to the more homogeneous steel. The critical crack
initiation load was detected from the loading part of the load-
indentation depth curve as a jump where load does not increase,
but indentation depth seems to advance [49]. This load value
correlates to the moment where the major corner cracks are
initiated [50,51].

Scratch testing procedures were based on the European Standard
EN 1071-3. This is developed for the testing of thin ceramic coatings.
However, the methodology seems relevant to thick carbide coatings
too [4]. A linearly increasing, progressive normal load was applied
to the sample with a Rockwell C diamond tip. The minimum and
maximum normal forces applied in the tests were 0.10 N and 50 N,
respectively. The initial normal force was 0.03 N. The scratch length
was 5 mm and the scratch speed was 10 mm/min. The scratch tests
were performed in a laboratory air of 2271 1C temperature and
5075% relative humidity [4,52,53]. The scatter in the results for the
composite heterogeneous thermal spray and laser cladding coatings
is seen in the deviation values in Table 2. The mechanisms behind
this are in detail discussed in [56,57].

Rubber wheel sand abrasion tests were done according to ASTM
G65 standard, where samples were forced against a rubber wheel
in dry conditions with standard surface roughness at a static
normal force of 45 N. Silicon oxide particles with an average size of
250 mm and a mass flow of 235 g/min were used. The sliding

velocity was 1.86 m/s and test time was 30 min for all samples.
Tests were done twice for all samples and the average mass loss
during the tests was measured [54].

Pin-on-disk (PoD) testing was carried out according to standard
ASTM G99. The rotating samples had a sliding velocity of 0.1 m/s
against an alumina ball with a 10 mm diameter. A normal force of
10 N was applied. The sliding time was 2 h. However, the tests
with the steel sample disks were shorter as high wear was
obtained early on, whilst developing a stable coefficient of sliding
friction. Tests were repeated three times for all samples and the
wear rates were calculated accordingly [1,55].

Wear images of the thermal spray and laser cladded worn
surfaces as well as the worn surfaces of the alumina pin after pin-
on-disk testing are shown in Fig. 17a, b, d and e after 120 min
sliding, and of the steel disk worn surface and its corresponding
alumina ball counter surface in Fig. 17c and f after 41 min of
sliding. Summary of validation and tribotesting results are in
Table 2.

8. Discussion

8.1. Computational modelling approach

In this work we used the PSPP methodology for presenting
both the computational and experimental data systematically in
four categories: processing, structure, properties and performance.
This methodology supports the systematic data collection that the
computational modelling requires. The computational modelling
and simulations in this study covered the links from the coating
microstructure to the tribological performance while the link to
processing of the coating will be reported separately.

The collecting of relevant input data for the material model of
the thick coatings turned out to be not so easy. The processing data

Table 2
Results of the empirical validation, tribotesting and from numerical modelling (in italic).

Performance Symbol (unit) Reference
steel
AISI1018

Thermal spray
coating
WC-CoCr

Laser cladded
coating
WC-NiCrBSi

Indentation
1. Total deformation as
indentation depth at 3 N
—post load release

h (μm) 6.65 (70.83) 3.8a (70.25) 4.7a (70.18)

h (μm) 6.31 (70.88)
3.5b (70.20)

4.2a (70.16)3.0a (70.79)
2.9b (70.70)

2. Total deformation as indentation depth at 3 N from the model h (μm) NA 2.7 4.6
3. Crack initiation by indentation Load for crack initiation (N) NA 125a (76) c

4. Crack growth by indentation Indentation fracture toughness KCi 55 6.7a (70.57) 11 d

6.1b (70.55)
Scratch test
5. Crack initiation by μ-scratch testa LCA (N) 1.25 (70.22) 13 (72.9) 1 (71)

LCSC (N) – 20 (72.7) 25 (76)
LCD (N) e 7.38 (70.08) 30 (73.0) 50 (75)

6. Average tensile stress in scratch test from model ref load 10 N NA 0.8 (at 10 N) 0.2 (at 10 N)
s (GPa)/LCA NA 1.3 (at 13 N) 0.07 (at 1 N)
s (GPa)/LCSC NA 2.1 (at 20 N) 0.24 (at 25 N)
s (GPa)/LCDe NA 3.0 (at 30 N) 0.42 (at 50 N)

Rubber wheel abrasion test
7. Abrasive wear volume loss in rubber wheel test (mm3/min) 9.4 0.2 4.2
Pin-on-disk test
8. Sliding wear rate in PoD for Al2O3 pin (ball) and disk Kpin (10–6 mm3/N m) 0.3 3.2 1.2

Kdisk (10–6 mm3/N m) 250 o0.02 o0.02
9. Friction in PoD vs Al2O3 pin (ball) μ (�) 0.48 0.75 0.41

a Measured from the surface.
b Measured from cross-section.
c No suitable method available due to the large carbides and small mean free path that does not give enough surface for measurements.
d Literature value.
e LCA is load at which the first angular cracks become visible; LCSC is the load at which the first semi-circular cracks in the grove become visible; LCD is the load at which

the first delamination as removal of material flakes from the surface becomes visible.
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and the structural data was fairly straight forward to measure with
state-of-art techniques. In some cases, when we lacked suitable
measuring methods, we needed to rely on data from the literature.
The large size of the carbide particles in the matrix caused
problems with the generation of reliable data from the perfor-
mance tests (Table 2), especially for the laser cladded coatings.

However, this approach made it easier to overview the whole
and very large set of measured or extracted input material data to
the model, as well as the simulated performance data and the
experimental data for the validation. There is a clear need to
further develop and at some stage to standardise the PSPP
methodological structure and also to develop some of the mea-
surement techniques needed for generating microstructural data
for composite materials that are relevant for their tribological
evaluation.

8.2. The model development and simulations

The methodology developed for synthetic models which can
capture the statistical and morphological features of the coating
microstructures is novel. The adopted approach is general, i.e. the

possibilities for controlling and tailoring the structures are numer-
ous and primarily limited only by the available and obtainable
statistical information about the microstructures in question.
Numerous directly microstructure founded real models have been
derived, and their use in this sense has become a commonplace
routine. The combination of both synthetic and real models
enables one to better understand the dependencies and causal
relations between microstructural features and stress–strain fields,
as well as the role of different micromechanisms responsible for
material properties and component performance.

The synthetic models can, for the most part, be treated with
common free meshing algorithms. Some of the more complex
meshing scenarios involving stochastic procedures in the generation
of the microstructure can only be tackled by routines applicable to
actual real microstructural models. In the cases available solutions
for generating meshes for real microstructural input were adapted,
refined and further developed for the coatings under study. This
was done particularly to address mesh phase boundary feature
preservation issues in the thermal spray coatings.

Steps were taken towards simulating the behaviour of the coat-
ings also in a performance limiting manner, focusing particularly on

Fig. 17. Images of worn surfaces from pin-on-disk testing of the (a) thermal spray WC-CoCr coating, (b) the laser cladded WC-NiCrBSi coating, (c) the steel surface, and from
the ceramic Al2O3 pin countersurfaces (d), (e) and (f), respectively. The arrows show the sliding directions of the counter surfaces.
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effects of defects. Application of homogenisation methods to extract
macroscale properties is often adequate, but performance limiting
micromechanisms can be approached only if the actual mechanisms
themself are modelled in the component setting of interest. The use
of state-of-the-art finite element techniques, XFEM in particular,
appears quite capable in being able to handle the numerics of the
fracture mechanical problem in a case where the phase distributions
are quite challenging.

8.3. Model validation by empirical testing

The direct validation of the models was done by comparing
material behaviour in indentation and scratch testing. These contact
conditions with an inert and rigid diamond tip are simplified to
such a degree that a direct quantitative comparison was possible.
The level of computational modelling is not yet advanced enough to
allow direct quantitative validation in the more complex abrasive
rubber wheel and sliding pin-on-disk test conditions. These two
methods are included to show the link to real tribological accumu-
lated wear contacts by more general qualitative evaluation of the
tribological behaviour.

The empirical data from the laboratory testing is shown in
Table 2. Deformability data from indentation and cracking infor-
mation in scratch testing extracted from the numerical simulations
is also shown for comparison. In addition to the two studied thick
composite coatings is similar data shown for a steel surface as a
well-known reference material.

In indentation with 3 N load on the laser cladded coating was
the plastic indentation depth 4.7 μm while it was 4.6 μm as
calculated from the model and shows very good agreement
(1 and 2 in Table 2). For the thermal spray coating were the
similar values 3.5–3.8 μm and 2.7 μm, respectively, and show a fair
agreement. The reason for the lower level of agreement may be
due to the more complex and oriented structure in thermal
sprayed coatings which is seen from the lower post load release
values. The softness of the steel surface is reflected by the higher
6.65 μm indentation depth value.

Indentation test was also used for observing the cracking
behaviour and both the crack initiation loads as well as the
fracture toughness indicating the crack growth are of interest.
Crack initiation load and fracture toughness was measured for the
thermal spray coating but no value of the crack initiation load for
the laser cladded coating could be obtained (3 and 4 in Table 2).
The reason is that there was not enough free surface to enable
accurate measurements with the used technique due to the large
carbides and the small mean free path. The higher fracture
toughness of the reference steel is observed.

The scratch test was used to compare how the critical loads for
initiation of the studied three cracking patterns correlate with the
calculated average tensile stresses at the same locations on the
surface (5 and 6 in Table 2). The first angular and circular cracks
and delamination occur at 13, 20 and 30 N load for the thermal
spray coating and the calculated average stresses at the same
locations would be 1.3, 2.1 and 3.0 GPa. This shows that a tensile
stress of above 1.3 GPa is needed at the surface at the groove edge
to form the first cracks but more than 2.1 GPa is needed at the
surface in the bottom of the groove. The reason is that the circular
cracks are generated in the bottom of the groove where the
concave geometry hinders crack generation while the angular
cracks and delamination occurs at the convex groove edge where
the geometry and its local curvature due to deformation promotes
crack generation.

The laser cladded coating (5 and 6 in Table 2) showed a very
early first angular crack at 1 N load with calculated maximum
average tensile stress value at that location of only 0.07 GPa. A load
of 50 N was on the other hand needed for the generation of the

first delamination. The generated average tensile stress at the
same reference load of 10 N and at the same location was more
than four times higher for the thermal spray coating.

The empirical crack initiation load data from scratch test and
the calculated average tensile stresses from the model based
computational simulations are compared in Fig. 18. The crack
initiation load values correspond to four different cracking types.
The values both for thermal spray and laser cladded coatings
follow almost a straight line indicating a very good correlation
between the model simulations and the experimental results. The
lines also show how the thermal spray coating generate much
higher tensile stresses at the same surface loading compared to
the laser cladded coating. Surface cracking is on the other hand
appearing earlier at higher loads for the thermal spray coating.

The results from the rubber wheel tests show, as expected, a
very good wear resistance of the thermal spray coating (7 in
Table 2), a fair wear resistance of the laser cladded coating and the
poorest wear resistance of the reference steel surface.

On the other hand, in the pin-on-disk dry sliding conditions
(8 and 9 in Table 2) the thermal spray coating showed a very high
coefficient of friction, μ¼0.75, and high wear of the alumina ball
counter surface while the laser cladded and reference steel
surfaces had a lower coefficient of friction, μ¼0.41–0.48, and did
not cause so much wear to the alumina ball counter surface. The
wear rate of both composite coatings was very low, below the
measurement limit of the instrument, while it was very high for
the steel surface.

The high friction and wear in the thermal spray coating vs the
ceramic Al2O3 pin is explained by a very severe contact situation
with a hard pin sliding and scratching against hard and sharp
small carbide particles in the metallic matrix. The contact situation
is less severe for the laser cladded coating sliding vs the ceramic
pin since in this case particles form larger and smoother circular
areas on the sliding surface, which easier can carry the load and
offer lower shear. Some material transfer on the coated surface
was observed. With the steel surface sliding in the same condi-
tions against the ceramic pin was steel material transfer to the
ceramic pin surface observed and after some sliding cycles the
contact was actually steel sliding against a steel layer on the ball.
This is also reflected by the friction and wear values.

A comparison of the wear test results with the results of the
indentation experiments shows a mild correlation with hardness,
or the plastic deformability of the surface in question. The fracture
toughness of the reference steel was superior to that of the coated

Fig. 18. Calculated average tensile stresses from model based simulations as a
function of crack initiation load for four different crack types (see point 6 in Table 2)
from empirical scratch testing. Data is shown for the thermal spray (TS) and the
laser cladded (LC) coatings.
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surfaces, and does not directly correlate or has an inverse relation-
ship with the wear rates. A comparison of the wear results with
the scratch test results similarly suggests that the tribologically
beneficial properties of the thermal spray coating result from a
high fraction of high modulus reinforcement particles, which
results in extremely high local peak tensile stresses identified to
correspond with the scratch test critical loads.

A feature in tribological problems which frequently is neglected
in modelling efforts is the effect of surface roughness on the
results. Also in our current work the surfaces have been assumed
to be ideally smooth. Justification for this idealisation in the
current work arises from observations made about the dominating
role of the local WC phase distribution. The local microstructural
features influence the stress–strain fields far more than the overall
contact mechanics and geometry of the problem. As such, it is
reasonable to argue that surface roughness values of the order
measured in the current work have far smaller influence on the
overall coating behaviour than its microstructure. However, it
must be noted that with respect to performance related measures
surface roughness will in many cases most likely play a case
specific role and needs to be addressed in future works. This
concern particularly defect initiation related coating performance.

The model validation methods applied showed good correla-
tion between the numerical simulation results and the indentation
tests with regard to loading response of the surfaces. The corre-
sponding correlation showed fair agreement in scratch testing. For
pin-on-disk and rubber wheel abrasion test there was a qualita-
tively explainable material behaviour supported by the quantita-
tive results.

8.4. Simulated surface stresses, deformations and strains on macro
and micro scale

The prime purpose of the numerical modelling was to bridge
the gap between macroscopic findings and results obtained by
applying the various synthetic and image based modelling tech-
niques. The experimental findings of Section 7 were linked to
numerical results of Sections 6.3 and 6.4, which provide the most
accurate description of material behaviour by the use of the image
based models. The discussion below is based on a detailed analysis
of the complete set of computational stress and strain simulations
carried out in comparison with the results from the empirical
testing.

The behaviour of the reference steel, although not computa-
tionally evaluated, is considered to result from properties common
to such materials, i.e. the mechanisms of plastic deformation
during a sliding contact process, which is fundamentally different
from the wear processes that caused the deterioration of the
coated surfaces. The reference steel is assumed to have been subject
to local plastic deformation during the various wear related experi-
ments, and as a result of this, to the initiation of surface failure.

8.4.1. Laser cladded coatings
The assessment of the behaviour of the laser cladded coating,

and findings discussed above on the basis of the real model based
results, suggests that the large spherical tungsten carbide particles,
which are scarce in density, dominate the behaviour of the coating
by leading to a partially exposed binder. The abrasive wear resis-
tance is actually somewhat poor, especially in comparison with the
thermal spray coating, and of the same order as that of the reference
steel, while the sliding wear performance is similar to that of the
thermal spray coating.

The results that represent the abrasion resistance of the laser
cladded coating are apparent in the real model analysis results,
and indicate that the tendency for plastic deformation in the

binder is a significant wear resistance issue, which is related to the
exposed binder. The binder may locally directly be affected by the
wear process, and the binder is worn while the WC particles to
great extent remain intact, and hence the probable mechanism for
their removal is the loss of the binder support.

For sliding wear conditions, the situation is somewhat differ-
ent. The numerical analyses indicate that the reinforcement
particles, albeit being large in size, and the soft binder that is
greatly exposed, are more than capable to reinforce the surface by
improving its load carrying capacity. In an optimal setting between
the two sliding surfaces, the coated surface responds to the
contact pressure though the carbides that carry the load in an
elastic manner, and the stress state remains at a sufficiently low
level not to transmit significant plastic deformation to the more
compliant binder material. This can be expected for macro scale
contacts. In real contacts with asperities and actual surface rough-
ness, the material loading response can be assumed to occur
mainly locally on micro scale in an average sense. The counter
surface is able to reach the deforming regions of the coating, either
directly or through greater contact pressures via the interface to
carbides. This initiates the wear process by binder failure and
carbide–binder interface failure (Fig. 17b and e).

The possibility of direct particle failure cannot be excluded, as
this was observed especially in the scratch tests, in conditions
favourable to particle crushing due to the steep loading gradient
and the high final load level. For moderate loading, a significant
contributing load-carrying mechanism is one where the WC parti-
cles face the contact stresses and this is comparable to friction
results in pin-on-disk testing. In sliding contact against an alumina
ball the laser cladded coating exhibited a lower coefficient of friction
than the thermal spray coating, and this suggests a microstructural
influence arising from the spherical carbides. Thus, as long as the
wear conditions are favourable and the contact pressures are
controlled with respect to carbide fraction and density, the laser
cladded coating can perform with satisfaction.

8.4.2. Thermal spray coating
The thermal spray coating is fundamentally different in its

layout in comparison to the laser cladded coating. In terms of real
model results the thermal spray coating can be considered an
extreme of decreasing the mean-free-path and increasing the
particle fraction. The surface design of the coating relies on a high
carbide fraction and the purpose of the substrate, as suggested by
numerical real model analyses, is from a mechanical performance
standpoint to offer mechanisms for deformation. As a result, the
structure of the coating is resistant against both abrasive and sliding
wear since the volume of WC reinforcement particles is able to
endure very high stress states without significant failure (Fig. 17a
and d).

It is likely that local micro scale forms of failure, such as interface
decohesion or initial cracks or pores, are made milder to some
extent by the ductile binder. In terms of the ability of the binder to
deform and strain harden, the local binder strains are the sole
mechanism of deformation present in this kind of coating structure.
Due to the heterogeneity of the thermal spray coating structure, no
clear cracking mechanism or path is available, but rather the local
micro scale conditions are dominating. This behaviour is strongly
influenced by the statistical properties of the composite structure.

The particle-to-binder effective elastic modulus has been
tailored by experience to correlate with the composite structure in
the first place. The risks with such a structure lie in how it tolerates
defects. If local high stresses are present, any defect with even a
minute size can become critical and lead to the initiation of a
microscopic crack. This is indicated by the fairly low fracture tough-
ness measured for the thermal spray coating, which is, however,
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a very expected value. Thus, one of the features of an optimal coating
is a defect distribution, with regard to size and shape, which is in
compliance with the distribution of material within the microstruc-
ture. Defects in microstructural hot-spots, such as throats between
particles, singular like carbide shapes, areas with imperfect mixing
from a phase fraction standpoint etc., need to be avoided. Otherwise,
the coating toughness is affected, resulting either in carbide fracture
or deformation concentration within a local region of the binder.

The control of the interface properties, as well as the control of
the secondary phases, is of great importance. The higher the WC
particle fraction is, the less tolerance there is for internal defects
on any scale. The design of a coating needs to weigh in the
requirements, preferably on a component case basis, set to its
microstructure, whether for example a lower modulus structure
with larger MFP:s, and greater tolerance for defects, is acceptable,
or whether extreme resistance to abrasion is required with small
MFP:s and a high carbide fraction.

Thermal spray coatings seem to exhibit optimal microstruc-
tures that are case specific against a certain form of failure or wear
process. An optimal system needs to retain its ability to deform as
influenced by the binder fraction, structural morphologies and
brittle phases, but it also need to withstand the relevant failure
mechanisms, which in terms of wear resistance largely depends on
the WC particles. The optimal microstructure is depending on the
dimensional scale and the actual application. Going to any extreme
e.g. in particle size distribution is not a solution to yield a multi-
purpose coating. The thermal spray coating is sensitive to any local
variation in the WC properties or to the introduction of secondary
structures, since the extremely high local stresses increase the
probability of initiating cracks on the microstructural size scale.

9. Conclusions

In this study we use a PSPP based approach for wear resistance
evaluation based on computational modelling and simulation and
on empirical validation. The developed software according to this
methodology is named VTT ProperTune™. The method is used for
evaluation of the wear resistance and for improved understanding
of the macro and micro scale surface fracture and deformation
mechanisms of thermal spray WC-CoCr and laser cladded WC-
NiCrBSi composite coatings, with AISI 1018 steel as a reference
material. We conclude the following:

1) The PSPP structure turned out to be a logical and good
systematic frame for computational modeling based wear
studies over multi-scale levels from macro to micro and nano
level.

2) Three material models were developed for composite thick
coatings: (i) an ideal synthetic defect-free material model, (ii)
an advanced synthetic material model containing defects, and
(iii) a real image-based material model.

3) The ideal synthetic material model was useful for the under-
standing of the generic material behaviour under loading, and
for the identification of critical and dominating parameters in
relation to wear and parameter interactions.

4) The image-based real finite element model was useful for the
investigation of specific material structures, both on macro
and micro level, and the model gave very precise quantitative
information about deformations, stresses and strains in real
materials at specific loading conditions.

5) In composite coatings, the tensile stresses are driven by
similar features of nano- and microstructure as observed on
macro scale. High local curvature, notches, abnormally large
particles, thin ligament or throat-like structures of a specific
material phase, clusters of inter-linked carbides or high local

fraction of a specific material phase have a great impact on the
resulting stress state.

6) The composite coatings studied showed about 2 to 50 times
lower wear in abrasive conditions and more than four orders
of magnitude lower wear rate in sliding conditions than that
of the reference steel. The thermal spray WC-CoCr coating is
fundamentally different in its layout in comparison with the
laser cladded WC-NiCrBSi coating. In the laser cladded coat-
ing, the mismatch in the stress state between different phases
is smaller, and the distribution of stress is more homogenous
than it is in the thermal spray coating.

7) With regard to short mean free path and high hard particle
fraction, the thermal spray coating can be considered as an
extreme microstructure. The coating system is resistant
towards both abrasive and sliding wear since the amount of
tungsten carbide reinforced particles enables the composite
coating to accommodate very high stresses without significant
failure. The influence of defects, such as interface decohesion
or initial cracks or pores, is mitigated by the ability of the
ductile binder to deform and strain harden. Due to the
heterogeneity of the structure, no clear macro scale failure
mechanism or fracture path occurs, but rather the micro scale
microstructural conditions are dominating.

8) With very small mean free path and small submicron-size
carbides, the coating system tends towards a more uniform
state of stress as the intra carbide stress gradients seem to
dissipate. In the studied case of a mean free path of 0.4 μm
and grain size of 0.3 μm was optimal with regard to surface
strength.

9) Based on this analysis can the following general recommen-
dations for composite coating design for wear resistant
applications be formulated:
a. For abrasive wear conditions with high contact pressures is

a thermal spray microstructure, like in the current study,
beneficial since it gives high strength and can withstand
high local surface scratching without failure. However, the
counter surface may be prone to wear especially at larger
grain size.

b. For sliding wear conditions at lower contact pressures is a
laser cladded microstructure, like in the current study,
beneficial since the spherical hard particles can carry the
load, give low friction and do not cause wear of the
countersurface. A thermal spray coating with small carbide
size may also give good tribological performance.

10) The applied model validation methods showed a good corre-
lation between the numerical simulation results and the
empirical results when comparing the indentation depth of
the surfaces. The correlation was in fair agreement when
comparing the numerical simulation results with the crack
initiation in scratch testing. There was a qualitatively logically
explainable material behaviour supported by the quantitative
results from the rubber wheel and pin-on-disk tests.

The study showed that computational material modelling and
wear simulation brings additional value to the empirical testing, in
the form of better and deeper understanding of the basic material
and contact mechanisms and the parameter interactions in rela-
tion to the wear resistance of surfaces in tribological contacts. This
forms a platform for further systematic surface design and
performance optimisation.
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The wear resistance of components can be changed remarkably by surface coatings. New processing methods
offer many possibilities to tailor the wear resistance of surfaces to match design criteria. Computational model-
ling and simulation is a systematic approach to optimise the wear performance. Modelling of physical surface
phenomena can be carried out on all spatial scale levels, from sub-atomic one to macrolevel and for the various
stages inmaterial development, frommaterial processing to structures, properties and performance. The interac-
tions between the coating matrix, the reinforced particles, degraded material phases and defects like pores,
cracks and voids are of crucial importance for the wear performance of composite coatings. This has been
modelled by synthetic artificial models to find general design rules and by real image based models to find out
the wear behaviour of specific coatings. The effect of particle size, morphology, clusters, mean free path and po-
rositywas simulated for thermal sprayWC–CoCr coatings. Fourmain very typicalmechanisms for crack initiation
resulting in surface failure have been identified: brittle carbide fracture, ductile binder cracking, interface failure,
and cracking from pre-existing porosities and defects. Themost important coating properties having a crucial ef-
fect on coatingwear resistance are defects in the coating structure as they can create detrimental stress peaks and
high strain levels, particle clustering ismost critical for the durability of the structure, the elasticity of the particle
is of great importance as well as matrix hardness and particle morphology.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

About one fifth of all the energy produced worldwide is used to over-
come friction. This equals to 100 million terajoule annually and results in
7000 million tonnes CO2 emissions. Transportation represents almost

one third of all the energy used globally and 208000 million litres of
fuelwas used in 2009 to overcome friction only in passenger cars, accord-
ing to recent calculations [1–3].

The importance of wear is equally great but no detailed information
of its global impact is available. However, a general understanding is
that the impact ofwear in termsof energy losses, environmental impact,
component lifetime and economic costs could well be of the same level
as that of friction. Taking advantage of the new tribological technology
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for friction reduction in passenger cars can lead to the reduction of fuel
consumption by 18% in the short term (5 to 10 years) which would
correspond to fuel savings of 117000 million litres annually [1]. One
of the key actions identified that can be used for friction reduction is
the extensive use of advanced surface coatings.

Wear, aswell as friction, is takingplace at the top surface of products,
components and tools. The wear resistance requirements are focused
especially on the surface properties. Advanced surface engineering of-
fers many possibilities to change the properties of surfaces to become
more wear resistant by surface treatments, deposition of thin layers or
processing of thick surface coatings.

There has been an extensive research for the development of wear
resistant, low friction thin coatings that are only few micrometres
thick and are deposited by vacuum techniques such as physical vapour
deposition (PVD) and chemical vapour deposition (CVD). It has been
possible to reduce friction to reach a coefficient of friction as low as
0.005 and below, and to increase the wear life in various conditions by
10 to 100 times, by applying very thin, hard, ceramic, carbon-based
coatings and soft, metallic layers and their combinations [4,5].

Thin coatings may be vulnerable especially in high load and at high
temperature conditions due to both material and structural limitations
originating from their tiny thickness. The use of thick composite coat-
ings is another solution to tailor surface properties of the component.
Typical processing methods for thick coatings are thermal spraying,
laser cladding, and weld hardfacing. These methods offer a flexible
route to produce unique composite-structured, rather thick wear resis-
tant coatings, in a typical thickness range from 150 μm to 3 mm, on a
substrate material selected according to other criteria, like price, extent
of alloying elements and other additives, mechanical strength and low
weight [6–10,64–66].

Computationalmodelling and simulation ofmodifications in amate-
rial due to surface loading, and calculations of stress and strain in loaded
contacts is a research area that is rapidly evolving today. Modelling and
simulation of a tribocontact helps to understand the mechanisms that
result in surface cracking, wear particle formation and continuous
wear. The numerical simulations can be carried out on several spatial
scale levels, from nanosize tomacrosize, by using software representing
the material structure from atomic and even sub-atomic to continuum
macro and component level [11–15].

Thinfilms, like the PVD and CVD deposits, can often bemodelled as a
surface layer system, in which both film and substrate materials are
considered as homogenous and in which the interaction between the
coating and the substratematerial, aswell as the geometrical character-
istics, are crucial for the wear behaviour [4,16].

Composite coatings, like the thermal spray coatings, need to be
modelled in terms of their complex composite microstructure, includ-
ing grains, pores, cracks and various phases in the matrix, in order to
achieve representative stress and deformation simulations that corre-
late with the real situations in component operation. Composite surface
structures of materials such as cast iron, WC–Ni alloys, metal matrix
composites and PVD nano-composites have been modelled mainly
with the two-dimensional (2D) finite element method (FEM) and
with analytical models [17–21]. Microstructural models are more pre-
cise representations of the material microstructure and they have
been developed based on three-dimensional (3D) FEM modelling for
e.g. polycrystalline, SiC–Al alloy and Ti-6Al-4V alloy surfaces [22–25].

Microstructural models developed for representing real materials
have been generated by numerical techniques based on image analysis
of cross section images obtained by scanning electron microscopy
(SEM) or light optical microscopy [13,26,27]. A 3D microstructural
representation can be generated in a similar way, by taking microscopy
images of several layers below the surface [28].

Themodelling of thewear process, inwhich thematerial is detached
from the contact surfaces and interacts in the dynamic triboprocess
between the twomoving surfaces, needs other kinds of modelling tech-
niques, such as the movable cellular automata (MCA) methods used by
Österle et al. [29]. Additionally finite elements can be applied by consid-
ering cracking mechanisms like in the work by Mohd Tobi et al. [30]
when applied to thick coatings, or by considering material abrasion,
like in the work by Anwar et al. [31]. Discrete methods overall provide
several advantages for the modelling of material failure and removal
processes, as has been demonstrated in the peridynamics approach by
Seleson et al. [32].

Both 2D and 3D microstructure modelling and simulation methods
have been demonstrated for characterising the mechanical properties
of alumina, metallic FeCrBSi and TiC/Cu coatings with pores and cracks
[28,33,34]. Based on empirical experience, it is known that size, shape
and spatial arrangement and orientation of pores and cracks have a
strong influence on the material properties of composite thermal
spray coatings [7,10]. Since the pores can improve material flexibility
and stop crack growth, the porosity is not always detrimental. Other
microstructural material parameters that need to be optimised in a
composite coating for a favourable tribological surface behaviour, in
addition to the pore-related parameters, are the size, shape, density
and spacing of the grains, the interfacial bond strength and the binder
mechanical properties [19,21,24].

The purpose of this work is to present a review, mainly based on
our own work and experience. The goal of the review is to show how
modern microstructural computational modelling and simulation tech-
niques have been developed for better understanding of composite ma-
terial behaviour under sliding loading conditions and for investigating
the effect of the main coating properties on wear resistance. The devel-
oped models concern thick composite coatings, they are here adopted
for thermal sprayWC–CoCr coatings and optimal design of the coatings
is aimed.

2. Surface coatings for wear protection

The wear resistance of a surface can be modified by changing the
surfacematerial or the surface topography. The surfacematerial proper-
ties can be changed by thermal or chemical surface treatment and by
depositing or processing a newmaterialwith newproperties on the sur-
face. The new surface layer may be a homogenous single component
layer, a multilayer structure with different properties in each layer, a
gradient structure with gradually changing material properties or a
composite layer typically including a matrix of one material, elements
like particles of some other material, phases with changed or degraded
properties of the included materials, and defects of various kinds, as
shown in Fig. 1.

T1:1 Symbols

T1:2 C bearing load capacity
T1:3 E modulus of elasticity
T1:4 H hardness of softer material
T1:5 Kc fracture toughness
T1:6 K constant
T1:7 L applied load
T1:8 L′ equivalent bearing load
T1:9 L10 lifetime
T1:10 M particle mass
T1:11 N number of asperities in contact
T1:12 p′ bearing load-life exponent
T1:13 S sliding distance
T1:14 V wear volume
T1:15 V velocity
T1:16 α asperity shape factor
T1:17 β material cut probability factor
T1:18

2 K. Holmberg et al. / Surface & Coatings Technology 247 (2014) 1–13



The creation of a composite coating structure is an elegant way to
optimise the wear property to match completely the surface loading
conditions so that the resulting stress peaks in the surface material are
as low as possible and thus easier for the surfacematerial to adapt with-
out destruction. Composite coatings have been developed successfully
for many applications but mainly using trial and error approach. In the
following sections we will focus on how the wear mechanisms of com-
posite coatings can be better understood by advanced computational
modelling and simulation techniques and how the influencing parame-
ters can be investigated and optimised with regard to wear resistance.

3. Wear prediction by equations and wear maps

The challenge to control and predict wear has been approached in
three ways: by developing analytical or semi-analytical equations, by
wear mapping and by computational numerical methods. The task to
formulate wear equations and wear models has turned out to be not
so easy. This is a very challenging task because of the complexity of
the wear process. Still today we don't have any universally valid wear
equation.

The large variety of different approaches to solve this problem has
been shown by Meng and Ludema [35]. They found that up to 1994
there had been published more than 300 wear models and 182 of
them were formulated as wear equations including more than 100
different variables and constants. This shows the large number of possi-
ble influencing variables on wear in different contact conditions.

The wear equations presented have been valid in some limited con-
tact conditions but they all lack generality. The wear equations can be
divided into three groups: 1) empirical equations formulated based on
experimental data; 2) contact mechanics based equations assuming

some simple contact condition relationships; and 3) material failure
equations based on observations of the worn surfaces.

Some of the most commonly used and most generic wear equations
related to the most common wear mechanisms and developed mainly
for metallic surfaces are listed in Table 1. Their derivation is contact-
mechanics based and can be found in textbooks [36,37]. In real contact
conditions the prevailing wear mechanisms are very often a combina-
tion of the simplified contact mechanics based wear mechanisms
analysed below [14].

The validity regime of wear equations have been shown by wear
maps, or wear-mechanism maps [44–52]. In a wear map the regimes
are shown as a function of two variables along the two coordinate
axes. This is of course a simplified and approximate way to present
wearmechanism regimes, because in a 2Dwearmap only two variables
are included and all the other are kept constant. If, however, the two
variables are those which have a dominating influence on wear in the
defined contact conditions, the wear map gives a good indication of
how the wear mechanisms change and where the more uncontrolled
transition regimes between differentwearmechanisms can be expected
to appear.

Wearmaps are useful as they enable implications of wear on chang-
es in design, material and operating parameters to be assessed and
allow sensible correlation to bemade between laboratory-based exper-
imental investigations and observations in the field [53].

Contact mechanics based wear equations can be further developed
by analytical approaches but this route is slow due to the complexity
of the contact conditions and the numerous variables involved. On the
other hand, numerical methods like the computational modelling and
simulation contact mechanics based approach to wear prediction is a
new and very promising route.

4. Computational modelling of wear

The computational modelling approach allows consideration of
several influencing variables at the same time and offers tools for sys-
tematic optimal coating design. It includes computational representa-
tions of the materials involved and of the contact conditions that are
the origin for the wear process. They can be modelled very accurately
and quantified into equations by new computational techniques [14].

A typical computational wearmodel shows how thematerial close to
the surface responds to the loading conditions. This response can be elas-
tic, plastic or fracture resulting in the formation of wear debris. The basic
mechanisms for material detachment from the surface are related to
stretching the topmaterial due to adhesion to the countersurface, defor-
mation by a hard countersurface or fatigue failure due to repeated load-
ing, as shown in Fig. 2. These basic mechanisms of material detachment
are basically the same as those resulting in the friction force.

Tribocorrosion is frequently listed as one basic wearmechanism but
in this context it is on purpose not included here. The reason is that
chemical reactions taking place on the top surface certainly have a con-
siderable influence on wear but their role is to cause deterioration or
improvement of the material properties on the top surface. After that
the detachment of material is actually caused by some of the three
basic wear mechanisms shown in Fig. 2.

The wear performance of a surface is depending on the contact and
loading conditions and on the material properties, which are deter-
mined by the material structure, which again reflects the processing
method and conditions, as shown in Fig. 3. This approach has been
called the PSPP (processing–structure–properties–performance) ap-
proach to material design [11,15].

For a complete understanding and controlling of thewear behaviour
of a surfacewewould need to cover thewhole PSPP chain and know the
influence of processing on structure, of structure on properties and of
properties on the wear performance and manage to model them by
computational techniques. This is very challenging and in most cases
beyond the state-of-art. In previousworkswe have used FEMmodelling

Fig. 1. Typical coating structures are a) single component coatings, b) multilayer coatings,
c) gradient coatings, and d) composite coatings.

Table 1
Examples of basic wear equations.

Wear mechanism Equation Reference

Adhesive wear V = (k · L · s) / H Holm [38]
Archard [39]

Abrasive wear, plastic
deformation

V = (α · β · L · s) / H Hutchings [36]a

Bhushan [37]a

Abrasive wear, brittle
fracture

V = [k · n · (E / H) · L9/8] /
Kc
1/2 · H5/8

Evans and Marshall
[40]

Fatigue wear, rolling
contacts

L10 = k · (C / L′)p′ Zaretsky [41,42]
Ioannides et al. [43]

Impact wear, erosion V = (k · m · v2) / (2 · H) Hutchings [36]a

Bhushan [37]a

a Source where equation derivation can be found.
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for simulation of the interactions between surface properties and wear
performance of thin TiN and DLC coated surfaces that could be treated
as homogenous material domains [16,54–60]. Composite coatings like
thick thermal spray coatings have a complex microstructure that
strongly influence the wear behaviour. For an accurate wear modelling
of composites it is important to model the interactions from structure
over properties to performance.

Computational modelling techniques and tools for modelling the
material on various length and time scale levels all from sub-atomic
level to macroscale have been developed, as shown in Fig. 4. They
include both discrete methods, such as first principle methods and
molecular dynamics, and continuous methods, such as crystal plasticity
and fracture mechanics based finite element methods.

Two different approachesmay be usedwhen developing themateri-
al models. One is to develop ideal synthetic models to find general de-
sign rules and the other to develop real image based models to find
out the wear behaviour of some specific surface or coating. Examples
of ideal synthetic and real image-based material models are shown in
Fig. 5.

The ideal synthetic models are based on a mathematical description
of the actual microstructure. They comprise the evaluation and quanti-
fication of microstructural features and their distributions such as rein-
forcement particle size, shape and density and further utilising the
determined properties via statistical and stochastic means. Often this
includes for example tessellation approaches, meaning tiling of a
plane or volume using geometric shapes and controlling the degree of

filling of overlap and gaps, in either two or three dimensions, in order
to derive simplified aggregate-type of models, or mesoscopic sub-
models for component-and-characterisation-type solutions.

Syntheticmodels are based on either polygonal or voxel/pixel repre-
sentations of the phase geometry, or a combination of both. The most
common synthetic approach is to apply various tessellation techniques
for the generation of the grain geometry, as it is typically applied for
materials like polycrystals. Synthetic aggregate generation methodolo-
gies based on Voronoi tessellation have been presented by e.g. Fritzen
et al. [61] and Quey et al. [25] for analyses involving primarily metallic
materials.

Real image based models are based on a segmentation of nano- and
microstructural features directly on the basis of, for example, electron
microscopy imaging. The scanning electron microscopy images are
post-processed and the phase distribution is extracted for discretisation
for the finite element solution. For building of the numerical finite ele-
ment model, various approaches are available. They are either directly
based on voxel/pixel based meshing or on the extraction of isosurfaces
by way-approaches such as the marching cubes method presented by
Wang [49]. The resulting surfaces and volumes are treated as geometry
entities in a FEM analysis and are identical to synthetic mesoscopic
models.

A representative pixel-based meshing strategy for segmented struc-
tures was presented in the OOF2 finite element analysis of microstruc-
tures [62], where a penalty approach was used in an adaptive manner
to end in a representable mesh of different phase regions. Voxel based

Fig. 2. Adhesive, abrasive and fatigue wear mechanisms.

Fig. 3. In the PSPP approach to material design, the processing parameters are linked to material structures, the structures are linked to properties and the properties to material
performance.
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approaches rely, for example, on the application of marching cubes like
methods, in the work by Chawla et al. [23] on SiC composites, where a
serial sectioning approach combined with a marching cubes algorithm
was used for the extraction of the geometry of a 3D multiphase
microstructure.

5. Wear models of composite coatings

Several different physical and chemical mechanisms are involved in
a tribological contactwhen one surface is sliding over another andmany
of them can be separately modelled. Fig. 6 shows some of the phenom-
ena where different modelling techniques have been applied: mecha-
nisms of friction and wear at nanoscale, substrate structural changes
at nano- andmicroscales, coating composite structure at nano- and mi-
croscales, nano-microstructures of interfaces, transition and gradient
layers and their interfaces, effects of micro- andmacroscale topography
and surface texture, tribochemistry and lubrication, component scale
wear and wear during component lifetime.

A traditionalmacroscale finite element analysis gives a general over-
all representation of thematerial response to loading, as shown in Fig. 7
on the upper countersurface image and on the lower surface left side
image. However, for composite materials the microstructural features
are crucial and the stress distribution as well as the stress levels, the
strain and deformations can differ considerably from the macroscale

figure, as shown by the microscale stress distribution in Fig. 7 on the
lower surface right hand image.

When composite thermal spray coatings are used in practical appli-
cations, the loaded contact is typically on amacroscale with dimensions
expressed in millimetres, while the composite material structure has a
matrix including hard particles, pores, voids and cracks of micrometre
scale dimensions. The relevant dimensional scales, on which these
wear phenomena was studied in our work presented below, were on
a macroscale for the entire counter body and on micro- and nanoscales
for the composite coating structure.

6. Stress and strain simulations of thermal spray WC–CoCr coatings

In line with the approach described above we have developed a
computational modelling based material design methodology and a
portfolio of software modules that can be integrated to solve specific
problems called VTT ProperTune™. The integrated software package
is composed of in-house developed modules, modules developed
by others and available free on the web, and interfaces to commercial
software platforms, such as Abaqus. The VTT ProperTune™ has been ap-
plied to study thewear behaviour of composite thermal sprayWC–CoCr
and laser cladded WC–NiCrBSi coatings.

Three different finite element models were developed and adopted
for the study of composite structured coatings. They are an ideal

Fig. 4.Material modelling techniques on various length and time scales from sub-atomic scale to engineering macroscale.

Fig. 5. Ideal synthetic (a) and real image based (b) coating models developed for a composite material microstructure.
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synthetic defect-free material model, an advanced synthetic material
model containing defects, and a real image based material model. We
used three different models because they each gave a set of results
that was complementary to the others.

The synthetic material models were used for improved understand-
ing of the generic material behaviour under loading, and for the
identification of critical and dominating parameters in relation to
wear. The ideal synthetic defect-free model was used to investigate ge-
neric material parameters as they appear in ideal structures as a base-
line, while the advanced synthetic model was used to investigate the
effects and interactions related to defects and pores in the material.
The real image based model gave a detailed and accurate insight in
the material behaviour of the specific coating structures investigated,
both onmicro- andmacroscales, and themodel gave very precise infor-
mation about deformations, stresses and strains as they appear in these
materials under specific loading.

The ideal synthetic model is based onMonte Carlo random sampling
of deterministic particle shape, distribution, aspect ratio and orientation
features followedby an added statistical sampling step of particle geom-
etry, spatial arrangement and overlap control to increase the degree of
microstructural realism as seen necessary. The advanced synthetic
model adds further features such as elliptic splat and substrate tessella-
tion, strong discontinuities, smooth defects, such as pores and notches,
and finally provides the ability to introduce interface features, such as
secondary phases or defects. The real image based modelling approach
generates microstructure segmentation from a SEM image from which
finite element discretisation is carried out for the model phase

interfaces. The degrees-of-freedom count for the models were typically
in the range of 100 k to 1 M for the ideal synthetic model, 100 k to 4 M
for the advanced syntheticmodel and 1 to 10M for the real image based
model. The developed software structure, the characteristics of the coat-
ings, the experimental validationmethods used aswell as simulation re-
sults are in detail reported in Holmberg et al. [15].

Real image-based finite element software was used to study the de-
formations and the stress and strain distributions on microstructural
level, the effects of carbide size, morphology, clusters, mean free path
for a specific WC–CoCr coating and its cracking behaviour. In addition
ideal synthetic finite element based software was used for investigating
the influence of matrix elasticity and plasticity, the combined effect of
particle size and mean free path as well as the effect of pores in the
structure.

The detailed structure of a thermal sprayWC–CoCr coated steel sam-
ple was determined by several SEM images from various regions in the
coating. A typical and representative SEM image was chosen for segmen-
tation of phases and defects, as shown in Fig. 8. The FEM meshing was
done by a purpose build image based tool for the microstructure to gen-
erate the material model and a proprietary tool for the macroscopic ge-
ometries, explained in detail in [15]. The modelled material sample was
loaded according to indentation test geometry and conditions, and the
stress and strain distributions were simulated, as shown in Fig. 8.

A detailed study of the local stress distribution on microstructural
level visualises how the stress peaks load the composite structure in dif-
ferent ways, as shown in Fig. 9. The quantitative colour scale goes from
high tension, represented by red, over green and yellow to high

Fig. 6.Variousmodelling techniques havebeenused tomodel some of the complex contact anddeformationmechanisms onnano-,micro- andmacroscales in a tribological sliding contact.

Fig. 7.Macro- (left hand side image) and microscales (right hand side image) equivalent stresses in a composite thermal sprayWC–CoCr coating under the contact of a spherical sliding
rigid diamond tip simulated by macrolevel and microstructural computational FEM and XFEMmodels.
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compression, represented by blue. We can observe effects of particle
size, particle corners, ligament between particles, merged particles,
notches and spatially and constitutively heterogeneous plasticity
regions.

The detailed location of the simulated microstructural features were
compared with the SEM image details, as shown in Fig. 10. Observed
effects are:

a) how local carbide morphology is causing stress concentrations,
b) how a cluster of interacting carbides induce deformation during

indentation,
c) how locally large mean free path and small carbide fraction result in

localisation of deformation,
d) how interaction of a large and a small carbide result in stress concen-

tration, and

e) how a large carbide strengthens the system locally and results in
locally concentrated strains.

The effect of carbide size was investigated more in detail. Fig. 11
shows the real structure from SEM images, the stress distribution and
the deformations for three carbide sizes. The conventional carbide size
had an average particle diagonal of 3 μm, for the microscale carbide it
was 1 μm and for the submicron carbide it was 0.3 μm. The model
now allowed us to calculate the failure probability (Pf) in these loading
conditions as a function of homogenised particle phase first principal
stress for three different carbide particle sizes, as shown in Fig. 12.

The probability of failure was calculated by utilising the local seg-
mented carbide size distribution and a carbide fracturemodel presented
byWallin et al. [67], whichhas been implemented as a fracturemechan-
ical toughness evaluation software module by Wallin and Laukkanen

Fig. 8. The steps from SEM image microstructure over segmentation and meshing to simulation of local stresses and strain contours in a thermal spray WC–CoCr coating.

Fig. 9.Detailed image of the local stress distribution onmicrostructural level of theWC–CoCr thermal spray coating showing stress peaks caused by variousmicrostructural features. In the
colour scale red represents tension and blue represents compression.
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[68]. The fracture model is based on a notion that carbide fracture is
dependent on its size distribution and particle fracture probability, by
assuming a Griffith like description of the initiator as well as its failure
criterion. The density of the failure criterion is plotted in Fig. 11 to dis-
play the propensity of local carbides to initiate fracture, and in Fig. 12

a spatially homogenised representation is provided across the entire
microstructural region in the models to display the propensity of the
microstructures as a whole to initiate defects.

The results are obtained by applying a computational homogenisa-
tion procedure on identical material volumes for the results presented

Fig. 10. Close-up of carbide size, morphology, clustering and mean free path effects in theWC–CoCr coating. The sub-images a)–e) show as comparison details from SEM images and the
simulated stresses and strain in that same location.

Fig. 11. The effect of particle size distribution is shown by images of microstructure, contours of the applied carbide failure criterion and local plastic strain for a) conventional size carbide
particles (3 μm), b) for microscale carbide particles (1 μm), and for c) submicron size carbide particles (0.3 μm).
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in Fig. 11. By applying a defect initiation criterion on the findings [63],
cumulative failure probability of the material volume can be computed
and is presented in Fig. 12. The result is a performance measure for
durability of the thermal spray coating under indentation type loading,
permitting a quantitative comparison between the feasibility of using
such specific microstructures.

The results indicate that in the type of studied tribological contact
problem the smallest grain sizewas not themost favoured asmight be in-
tuitively expected, but rather the micron scale carbide size scale coating
displayed the most resistance to defect initiation. The causal relation for
such a response can be seen in Fig. 11. The submicron carbide size coat-
ings are spatially more clustered than the micron ones with respect to
the extending stress–strain field arising from the contact via indentation.

This results locally in stronger carbide to carbide interactions in-
creasing their stress state, and also, because of the mismatch between
carbides and the binder promotes the formation of regions in the binder
with locally high concentrated strain states due to the somewhat het-
erogeneous distribution of binder in the microstructure. This can be
seen as an indication how certain microstructures are beneficial

towards e.g. specific contact conditions, and that the existence of a sin-
gle universally suitablemicrostructure is questionable, and case specific
microstructural design and tailoring can yield improved properties.

The effect of porosity in the composite structurewas investigated by
using the ideal synthetic finite element model, as shown in Fig. 13. The
first principal stress and equivalent plastic strain distributions show
that there was very limited effect on the nominal mechanical response
with 0.1% porosity density (f) in the structure, there appears some
local stress and strain concentrations with 1% porosity density in the
structure and with 5% porosity density in the structure a dominating
stress–strain response can be observed on microstructural scale.

A composite material structure like the thermal spray WC–CoCr
coating here investigated is very complex and the various mechanisms
influencing on material response to loading is also a very complex
system. Based on the observations in this study we have summarised
the effects observed for the main influencing material parameters in
Table 2. The trends are somewhat simplified and do not take into ac-
count all possible interacting mechanisms visible in the computational
analyses, but provide a basis of linkingmicrostructural features tomate-
rial properties in thermal spray coatings on a general level. The basis for
drafting Table 2 are approximately one hundred synthetic and image
based numerical models on alike thermal spray coatings as presented
in the current work.

Table 2 shows that defects in the coating structure are of the highest
importance as they can create detrimental stress peaks and high strain
levels. Secondly, the particle clustering is most critical for the durability
of the structure. Thirdly, the elasticity of the particle is of great impor-
tance, and fourthly, both the matrix hardness as well as particle mor-
phology are important to be considered. Fifthly, particle size and mean
free path need to be considered. Thus, the primary emphasis is on de-
fects and local microstructural features, and only secondarily on general
coating microstructural properties such as particle size.

7. Failure process and optimal coating design

The wear process originates from local conditions in the material
where the stress peaks caused by the loading conditions gets higher
than the local strength of the material. A crack is formed and if the

Fig. 12. The probability of failure as a function of mean particle first principal stress
(in MPa) for three different carbide size distributions.

Fig. 13. The effect of coating porosity on local first principal stress and strain concentrations for three porosity levelswas simulated by the ideal syntheticmodel for a typical thermal spray
WC–CoCr structure.
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overloaded local conditions continue the crack will grow continuously
and at some stagemove up to the surface. A further growth of the cracks
at the surface and below results in the formation of wear debris and
continuous wear. In a wear resistant material this process is inhibited
or limited to a level that is not disastrous for the function of the
component.

The early stage of the material failure process is shown in Fig. 14,
where crack initiation and subsequent crack growth are modelled and
tracked leading to cracking through the surface of the thermal spray
coating during a scratch test. The microstructure (a) of a thermal
spray WC–CoCr coating was modelled and the stress state in a 20 × 40
× 10 μmmaterial block for XFEM analysis is shown in image (b). The re-
gion was identified via a non-cracked body analysis. Initiation takes
place as a branched crack locally at the ends of a carbide with a throat
like morphology (local notch like geometry in the WC carbide) aided
by locally low carbide fraction (abundance of amorphous CoCr binder)
as observed in image (c).With increasing loading the crack tips grow to-
gether immediately and link (d), the crack arrests at the binder to car-
bide interface, and further surface scratching is required to unimpede
the arrested crack (e). Further propagation to adjacent carbides results
(f), and the crack follows a soft amorphous binder region (g). In images
(h) and (i) the crack propagates to adjacent carbide via a throat be-
tween two carbides and a small cluster is generated by nearby WC car-
bides. In images (j) and (k) we can see how the crack penetrates the
coating surface through a binder–carbide interface as the tensile stress
region from the moving scratch test tip approaches and the local
stress–strainfield of the crackmergeswith the stress–strainfield arising
from the moving tip.

We have identified four typical mechanisms for crack initiation
resulting in surface failure for the studied composite coatings from the
analysis carried out of a large amount of material cracking and surface
failure situations, as shown in Fig. 15. They are brittle carbide fracture,
ductile binder cracking, interface failure, and cracking from pre-
existing porosity and defects.

Based on these observations we conclude that an optimal composite
coating structure, like the thermal spray coatings studied, should have
the following features to result in proper wear resistance:

− Coating matrix elasticity and hardness: The most important feature
of the matrix is its hardness, interpreted such that it is able to
exhibit significant plastic deformation without unstable deformation
mechanisms. This feature needs to be tailored relative to properties of
reinforcing particles.

− Hardness of reinforcing particles: The simplest criterion is to maxi-
mise the hardness of reinforcing particles, but this is hardly optimal.
Firstly, too great of a mismatch between coatingmatrix will promote
local failuremodes. Secondly, this is hardly optimal but likely an over-
shoot in many applications as far as coating performance and costs
are concerned.

− Size distribution of particles: Particle size distribution is highly
linked to MFP, i.e. these needs to be in practise considered simul-
taneously. With respect to size distribution in order to obtain the
increase in strengthening by particle–particle interactions and
wear resistance, a size distribution clearly below the characteris-
tic spatial scales of the contact problem is adequate and necessary
[15].

Table 2
Effects of dominating coating properties onwear resistance. The “+” symbols represent the weight of each parameterwith regard tomaterial failure resulting in reducedwear resistance.

Effect on stresses Effect on strain Comment

Matrix elasticity + + Considering matrices able to deform
Matrix hardness ++++ +++++ Considering matrices able to deform
Particle elasticity +++++++ + Assuming particle elasticity greater than matrix
Particle hardness +++ ++ Assuming particle elasticity greater than matrix
Particle size +++ +++ In the investigated range
Particle morphology +++++ ++++ Imaging derived results based conclusion
Particle clustering ++++++ ++++++ Effect can be local
Mean free path ++++ ++++
Porosity* +++++ +++++ Effect can be local
Defects* ++++++++ +++++++ Effect can be local

*Defect = crack, porosity with very high aspect ratio.

Fig. 14. The development steps from crack initiation to crack growth and crack penetration of the surface shown in the first principal local stress field of a thermal sprayWC–CoCr coating
(the images a)–k) are explained in the text).
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− Morphology of particles: Well defined morphologies are recom-
mended, since the likeliness of fracture arising from complex
local morphologies promoting particle cracking is diminished.
The selection of a particle shape needs to be tied to the degree
of strength and wear resistance that is required, and also to the
failure behaviour of the matrix and particle system. If the individ-
ual fracture toughnesses and system fracture toughness are low,
“sharp” morphologies are to be even avoided, and also similarly,
if the desired impact to coating properties and performance is ob-
tained by using more lenient particles shaped such as rounded,
spherical and like geometries.

− Mean free path in the matrix: Optimal MFP is to be tailored case
specific to obtain the degree of strengthening andwear resistance
required for a particular application, and meet the requirements
of specific failure mechanisms under those conditions. The proper
selection of values is one where the size scale of the problem is
smaller than the characteristic length scale of the loading induc-
ing problem, but not an extreme value in order to avoid the crea-
tion of a defect sensitive microstructure, like extremely brittle
structures, and retain adequate mechanisms for deformation.

− Pores and defects: In principle pores, cracks, splat boundary de-
fects etc. are all to be minimised. However, in some scenarios
they may offer mechanisms of deformation if the affiliated behav-
iour does not result in defect initiation, propagation or deforma-
tion localisation. In these cases they can be beneficial, and such
mechanisms require a certain degree of toughness from the indi-
vidual phases and interfaces in order to yield a positive outcome.

In search of an optimal coating both with respect to performance
and cost, these features are tailored in a modelling assisted manner by
utilising a processing–structure–properties–performance approach,
which provides the state-of-the-art manner of seeking the optimal
and appropriate case specific material solution.

8. Discussion

The computational microstructural modelling approach was used
to study wear resistance of composite coatings as complementary to
the empirical investigations. The combination of both synthetic and
real models enables one to better understand the dependencies and
causal relations between microstructural features and stress–strain

fields, as well as the role of different micromechanisms responsible
for material properties and component performance. So far we have
used this same methodology for several industrial problems related to
erosive and abrasive wear of mining, sliding wear in logistic equipment,
impact of elastomer coated surfaces, thin films in automotive compo-
nents etc.

The adoptedmethodology for synthetic models can describe the sta-
tistical and morphological features of the coating microstructures. The
approach is general, which means that the possibilities for controlling
and tailoring the structures are numerous and primarily limited only
by the available and obtainable statistical information about the micro-
structures in question. Numerous direct microstructure founded real
models have been derived, and their use in this sense has become a
commonplace routine.

The synthetic models can, for the most part, be treated with
common free meshing algorithms. Some of the more complex meshing
scenarios involving stochastic procedures in the generation of the
microstructure can only be tackled by routines applicable to actual
real microstructural models. Available solutions for generating meshes
for real microstructural input were adapted, refined and further devel-
oped for the coatings under study. This was done particularly to address
mesh phase boundary feature preservation issues in the thermal spray
coatings.

Some steps were taken towards simulation of the behaviour of the
coatings also in a performance limiting manner, focusing particularly
on effects of defects. Application of homogenisation methods to extract
macroscale properties is often adequate, but performance limiting
micromechanisms can be approached only if the actual mechanisms
themselves are modelled in the component of interest. The use of
state-of-the-art finite element techniques, XFEM in particular, appears
quite capable in being able to handle the numerics of the fracture me-
chanical problem in a case where the phase distributions are otherwise
quite challenging.

One important and often time consuming part of a modelling exer-
cise is to generate accurate input data to themodels. The detailedmate-
rial characterisation of the WC–CoCr coatings referred to in this article
has been reported elsewhere [15]. The collecting of relevant input
data for thematerialmodels turned out to be not so easy. The processing
data and the structural data is fairly straight forward to measure with
state-of-art techniques. In some cases, when there was a lack of suitable
measuring methods, we needed to rely on data from the literature.

Fig. 15. Typical failure mechanisms and their dominating failure parameters in tribologically loaded thermal spray coatings.
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Validation of the models is in all modelling studies of great
importance. The direct validation of themodels was done by comparing
material behaviour in indentation and scratch testing [15]. These con-
tact conditions with an inert and rigid diamond tip are simplified to
such a degree that a direct quantitative comparison is possible. The
level of computational modelling is not yet advanced enough to allow
direct quantitative validation in the more complex contact conditions,
such as in abrasive rubberwheel and sliding pin-on-disc test conditions.
However, these two methods were used to show the link to real tribo-
logical accumulated wear contacts.

The model validation methods applied showed good correlation be-
tween the numerical simulation results and the indentation tests with
regard to the loading response of the surfaces. The corresponding corre-
lation showed fair agreement in scratch testing. For pin-on-disc and
rubberwheel abrasion test conditions therewas a qualitatively explain-
able material behaviour supported by the quantitative results.

The modelled microstructure of the composite thermal spray
WC–CoCr coating seemed to represent the real coating structure very
well when using the real image based modelling tools. The simulated
local stress and strain patterns correlated very well with the SEM
image observations from the same locations. The big benefit with the
computational modelling is that the information from the observed
structure can now be complemented with quantitative information
about stress pattern, stress peaks and deformations. The model and
the simulations include a huge amount of new information and in this
article we have only managed to make some first conclusions. The gen-
erated material about the microstructural coating behaviour offers the
possibility for further analyses with regard to effects and interactions
of the involved parameters and more advanced numerical optimisation
of the structure and calculation of its wear resistance. This would form
the basis for the development of models for prediction of accumulated
wear and component lifetime.

The ideal synthetic model is interesting because of its general
nature. Here a first question is naturally what would really be the cor-
rect representation of a typical thermal spray WC–CoCr coating. This
study is limited in the sense that the statistical analysis of the structures
is based on a small number ofWC–CoCr samples thatwehave processed
in house and this material has then been complemented by our general
understanding of state-of-art WC–CoCr coatings reported in the litera-
ture. Thework shows that this approach is very powerful for generating
a deeper understanding of the basic mechanisms resulting in a good
wear resistance and for generating general design guidelines and design
rules. A systematic analysis of amuch larger samplematerialwould nat-
urally result in a more accurate representation of the typical thermal
spray WC–CoCr coating on global level.

Our conclusions in Section 6 about the four very typical mechanisms
for crack initiation (Fig. 15) resulting in failure and the dominating pa-
rameters arewell in agreementwith observations generally donebefore
linked to the basic characteristic of a complex composite structure, such
as thermally sprayed structure, with very complex phase structure and
special weak points typically causing the failure.

This modelling approach has also been applied to 2D and 3D micro-
structures of laser cladded WC–NiCrBSi and thermal sprayed Cr2O3

coatings. The former ones, including several carbide morphologies, are
with respect to carbide morphology and size far more ordered and the
feature size scale is of an order of magnitude greater than in the current
work, while the latter is a single phase material containing a pro-
nounced statistical distribution of pores and defects particularly at ther-
mal spray splat boundaries at a similar spatial resolution. The results
support and are in accordance with currently reported findings, and
agree with the proposition that the generic features of composite coat-
ings are captured and present in results provided in the current work.

Themodelling resulted in interesting new observations not reported
previously such as much deeper understanding of the role of each
failure mechanism and an interaction of them related each other.
Without the presented systematic modelling approach this level of

understanding of the basic phenomena causing the failures would
have been impossible to reach.

9. Conclusions

Computational microstructural modelling is a powerful tool as com-
plementary to empirical investigations aiming at better understanding
the wear process, optimisation of the wear resistance and tribological
design of composite coated surfaces.

Ideal synthetic material models are useful for the understanding of
the generic material behaviour under loading, and for the identification
of critical and dominating parameters in relation to wear. Real image-
based finite element models are useful for the investigation of specific
material structures, both on macro- and microlevel, and the model
gives very precise quantitative information about deformations, stresses
and strains in real materials at specific loading conditions.

Macroscale models give an overall image of the stresses of a surface
but for compositematerials, such as thermal spray coatings, microstruc-
tural modelling and simulation on micro- and nanoscales is needed to
get the full picture of material behaviour under loading, how cracks
are initiated and the process of crack growth all theway towear particle
formation and wear.

A software package named VTT ProperTune™ was used to study in
detail the effect of particle size, morphology, clusters, mean free path
and porosity of thermal spray WC–CoCr coatings.

Four main very typical mechanisms for crack initiation resulting in
surface failure and their dominating failure parameters were identified:

− brittle carbide fracture, with first principal stress as a dominating
failure parameter,

− ductile binder cracking, with equivalent plastic strain and strain en-
ergy as dominating failure parameters,

− interface failure, with the strain state as a dominating failure param-
eter, and

− cracking from pre-existing porosities and defects, with shear as a
dominating failure parameter.

The most important coating properties having a crucial effect on
coating wear resistance were identified:

− firstly, defects in the coating structure are of highest importance as
they can create detrimental stress peaks and high strain levels,

− secondly, the particle clustering is most critical for the durability of
the structure,

− thirdly, the elasticity of the particle is of great importance,
− fourthly, both matrix hardness as well as particle morphology are

important to be considered, and
− fifthly, particle size and mean free path need to be considered.
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a b s t r a c t

The effects of surface roughness and topographical orientation on surface stresses influencing wear have
been investigated for diamond like carbon (DLC) coated steel surfaces with three levels of surface
roughness in the range of 0.004–0.11 μm Ra values, and with topographical groove orientations of 0°, 45°
and 90°. A novel multiscale numerical finite element method (FEM) model was developed to integrate
the layered and microstructural material features with the grooved topography. Fractal geometry and a
surface voxelisation based approach were utilised to derive 3D surface topography. The surface texture
representation includes: fractal signatures, which are sets of fractal dimensions calculated at individual
scales in different directions, texture aspect ratio describing surface anisotropy, and texture direction
signatures calculated by the variance orientation transform (VOT) method. The simulations show details
of the main topographical orientation effects on local stresses affecting wear as they appear at a single
scratch test with a spherical diamond ball and in a self-mated sliding situation of two rough surfaces. The
45° sliding direction in relation to grooves resulted in a mixed state of surface loading in the scratch test
contact. In the complex state of stress-strain within the roughness peaks the overall tensile stress de-
creased, leading to greater surface resistance to cracking as compared to 0° and 90° directions. Model
based calculations showed that the surface structure was about four times more rigid in the direction of
grooves as compared to the more flexible behaviour in the perpendicular direction. This behaviour was
empirically confirmed. The numerical calculations of rough vs rough sliding surface include real surface
topographical features at various scales, material microstructural features down to nano-scale and to-
pographical-microstructural interaction features. This approximation is thus more comprehensive than
the classical approach. The real area of contact was 15–30% of the apparent contact area. The macro-
topography dominated the tendency for surface cracking and plastic deformation, which is influencing
on both wear and friction, while the micro-topographical features contributed to cracking and de-
formation by less than 40%.

& 2017 Elsevier B.V. All rights reserved.

1. Introduction

The impact of friction, wear and lubrication on society was for
the first time systematically analysed in the so-called Jost report
[1]. They reported that 515 million UK pounds could be saved by
implementing better tribological solutions in machines, engines
and mechanical systems. Today, fifty years later after the report's
publication, the impact of friction and wear is of equal or even

higher importance. This can be concluded from recent studies on
impact of friction on energy consumption, emissions and eco-
nomical losses worldwide [2–5]. The studies estimate that one
fifth of all energy consumed today is used to overcome friction
while the impact of wear can be assumed to be less but of the
same order of magnitude.

Over the last fifty years, wear has been studied intensively and
the main wear mechanisms have been identified and described
[6,7]. However, the influence of surface roughness and topography
was for long not much considered in tribological studies and has
only more recently received more attention. Our understanding of
how surface roughness affects wear is based mainly on observations
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gathered from tribological experiments. When one or both mating
surfaces are coated, the effect of surface roughness on wear is even
more complex [8]. The surface topography of both surfaces in
contact has often a crucial influence on both friction and wear in
dry and lubricated tribological contacts.

In wear studies, surface topography is typically characterized
by standard 2D roughness parameters such as Ra and Rq values.
These parameters tend to work well with isotropic surfaces but
they are not able to provide full information about surface aniso-
tropy and roughness at different scales of measurement [6,9].
This limitation of standard parameters is crucial since most real
engineering surfaces are anisotropic and multi-scale objects.
To address these problems new techniques have been developed
[10–13] and alternative topography parameters and both statistical
and deterministic approaches has been analysed and suggested
[23,24].

The influence of surface roundness in tribological contacts was
early recognised and modelled by simple analytical models by
Greenwood and Williamson [25] and Halling [26,27]. The devel-
opment of sophisticated topographical measurement techniques
and analysis methods has made it possible to approach the surface
roughness influence on friction and wear in detail both experi-
mentally and by modelling [28–30] on microscale and even on
nanoscale [31], and also including topographical orientational
effects [32–35]. The effect of substrate surface roughness on the
wear of DLC coated surfaces has been demonstrated [36,37]. Most
of the studies are investigating tribological contacts in dry condi-
tions but the importance of this topic in automotive and industrial
machinery applications have resulted in a growing interest to also
study lubricated contacts both as real rough surfaces and artifi-
cially patterned [30,32,35,38-40].

Advanced computational modelling and simulation of changes
in a material due to surface loading, and calculations of stress and
strain in loaded contacts are a research area that is rapidly evol-
ving today. Modelling and simulation of a tribocontact help to
understand the mechanisms that result in surface cracking, wear
particle formation and continuous wear. Numerical simulations
can be carried out on several spatial scale levels, from nano to
macro size, by using software representing the material structure
from atomic and even sub-atomic to continuum macro and com-
ponent level [14–17].

In a recent paper Holmberg et al. [18] carried out an extended
empirical study on the influence of roughness and surface topo-
graphical orientation effects on friction and wear in sliding dia-
mond-like carbon (DLC) and steel contacts. It has been concluded
that the topographical orientation had considerable effects on
both friction and wear in DLC vs DLC contacts while these effects
were minor and sometimes not even observable in steel vs steel
contacts. A higher surface strengthening effect for smooth DLC
surfaces was reported. Micro-cracking and micro-delamination on
asperity tips at low loads for rougher surfaces observed.

The present study is a continuation of the empirical Holmberg's
et al. [18] investigation. The same materials and characterisation
data of topographies and mechanical properties described in [18]
are used. The aim of the second part of this study is to build a
computational integrated material model including both multi-
scale topographical and subsurface microstructural features of the
materials and to study friction and wear behaviour by means of
numerical simulations.

2. Methodology

The methodology used in this study is based on the so-called
PSPP (process-structure-properties-performance) approach to
material investigation presented in details by Holmberg et al.

[16,17]. It includes a description of the materials and coating de-
position processing, detailed characterisation of microstructural
and micro-topographic scale of the samples and surfaces and tri-
bological experiments by three complementary techniques:
scratch testing, linear reciprocating pin-on-plate sliding and ro-
tational pin-on-disc testing, as previously reported in Holmberg
et al. [18]. In the present work we report the modelling part, which
is an integration of structural modelling carried out by finite ele-
ment methods and the multiscale surface topography character-
isation based on the variance orientation transform (VOT) method.

3. Materials and their mechanical properties

The samples used in this investigation are steel discs with three
different surface roughness, and coated with a DLC coating. The
steel samples were manufactured from bearing steel (AISI52100)
and heat treated to 6.3 GPa hardness. On the steel discs the coat-
ings were deposited by magnetron sputtering technique [18]. The
DLC coating had a multilayer structure, as shown in Fig. 1.

Three surface finishes for the disc substrates were produced by
polishing the ground discs with two polishing media of different
grades. The ground surface was considered as rough (R) surface
and the two polished surfaces as average (A) and smooth (S). The
three dimensional (3D) surface topography of the discs was
measured using a chromatic confocal surface profilometer.

The individual coating layers were analysed by scanning elec-
tron microscopy (SEM) and their thickness was measured from the
focused ion beam (FIB) cross-section, as shown in Fig. 1, using a
dual beam SEM/FIB facility. The layer structure was practically
homogenous, i.e. virtually free from microstructural features, de-
fects, pores and the like on a sub-micron scale. Some randomly
distributed coating heterogeneity or impurity was observed on the
micro to macroscale. Indentation testing was performed both at
the macro and nano scales, in order to assess the plastic and elastic
behaviour of the coated system and its constituent components.
The most important mechanical properties used in the modelling
are shown in Table 1. The total coefficient of friction has been
measured to be in the range of 0.12 – 0.18 with 15 N load for these
surfaces. Based on these and previous measurements we estimate
that the adhesive component of the coefficient of friction, needed
for the model, was about 0.1 [18–20].

Fig. 1. Section of the smooth DLC coating showing from top the thicknesses of the
DLC, CrCx gradient, and Cr buffer layers and the substrate.
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4. Surface topography characterisation

The specifications of the directions used in topographical surface
characterisation correspond to the direction of grinding marks on the
discs, marked as 0°, 45° and 90°, as shown in Fig. 2. Range-images of
the surfaces scanned were obtained by encoding the 3D surface ele-
vation data obtained from the profilometer into 256 grey-scale ima-
ges. In these images, the brightest and the darkest pixels represent
the highest and the lowest elevation points on a surface, respectively.

The range-images of DLC-coated steel surfaces were char-
acterized by the VOT method. In this method, log-log data points
of variances of grey-scale differences between pixel distances are
divided into overlapping 5-data point subsets with a line fitted to
each subset. For each line the slope and the between-pixel dis-
tance corresponding to the central log–log data point are recorded.
The distance represents the length scale and the slope of the line is

a Hurst coefficient (H). Using the Hurst coefficient, a fractal di-
mension is calculated as FD¼3 - H. It should be noted that the FD
is a measure of surface roughness at the scale; as opposed to
traditional FDs that measure the roughness over more than an
order of magnitude in scale range. The Hurst coefficients were
calculated in different directions and at nine length scales [11].
Five surface parameters were calculated:

� Fractal signatures in 0° (FS0), 45° (FS45) and 90° (FS90) direc-
tions. These signatures are defined as sets of FDs calculated at
individual scales in the direction of 0°, 45° and 90° degrees to
the grinding marks on the steel discs, as shown in Fig. 2. The
range of scales is listed in Table 2.

� Texture aspect ratio signature (StrS). The parameter is defined
as the set of texture ratios of the minor axes to the major axes of
the ellipses. The StrS measures surface anisotropy at different
scales. For perfectly isotropic surfaces (i.e. surfaces exhibiting
the same FDs in all directions), StrS values are equal to one. For
anisotropic surfaces, they are less than one.

� Texture direction signature (StdS). This parameter is defined as
set of angles between the major axes of the ellipses fitted and
the vertical image axis. The axis corresponds to the directions of
grinding marks on surface (0° direction). The parameter in-
dicates a dominating surface direction (anisotropy direction).

Range images and values of the parameters FS0, FS45, FS90, StrS
and StdS obtained are found in Holmberg et al. [18]. The surface
topography data used in the modelling was obtained at four scales
by optical observations and by profilometer measurements. VOT
analysis was conducted at two different surface roughness ranges,
in between 360–840 μm (VOT1) and between 30–70 μm (VOT2),
as shown in Table 2. An example of the profile of the rough surface
obtained from profilometer measurements is shown in Fig. 3.

Table 1
Mechanical properties of the used samples.

Properties Symbol
(unit)

DLC coated
steel disc

Steel substrate,
AISI52100 (100Cr6)

Flat surface
Total coating thickness h (μm) 1.7670.04 –

Hardness (nano) H (GPa) 187 .3 –

Elastic modulus (nano) E (GPa) 205710 220
Poisson's ratio v (-) 0.202a 0.3a

Surface roughness
– smooth
– average
– rough

Ra (μm) 0.005 0.004
Ra (μm) 0.01 0.01
Ra (μm) 0.11 0.1

Surface topography VOT See table 4 in
[18]

See table 4 in [18]

Yield strength MPa – 2100
Tensile strength MPa – 2200
Tangent modulus (GPa) – 22.0
Spherical countersurface Diamond tip
Diameter μm 200
Roughness ideally

smooth
Hardness H (GPa) 80
Elastic modulus E (GPa) 1140
Poisson's ratio v (-) 0.07
Adhesive friction
coefficient

μ (-) 0.1

a From literature.

Fig. 2. (a) Example image of a steel disc and (b) its schematic illustration with marked locations of scratched and linear reciprocating tests, surface topography measurement
area and tests directions. Area for surface topography measurement was 10.72�10.72 mm2.

Table 2
Surface topography data obtained on four scales.

Scale Direction and length scales Data from

1 Groove directions: 0°, 45°, 90° Optical observations
2 1–10 mm Profilometer
3 100–1000 μm Fractal VOT1, 360–840 μm
4 10–100 μm Fractal VOT2, 30–70 μm
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5. Material and surface modelling

A digital FEM computer model of the samples was created.
In the model the topographical features on fractal scales from 30
to 840 μm and 3D profilometry data from 1 to 10 mm are linked to
the microstructural features on scales down to about one nano-
metre, as shown in Fig. 4.

The models of the three surface topographies studied, i.e. smooth,
average and rough, are shown in Fig. 5. The grooves direction is
visible in all three topographies. Note, that the original surface was
rough (Fig. 5c) while the average (Fig. 5b) and smooth (Fig. 5a) sur-
faces were generated by polishing the rough surface.

To produce computational models with various surface topo-
graphies, a software toolset implementing different means to
describe surface structure was developed and incorporated as a
module of the in-house multiscale modelling solution, VTT Prop-
erTune [21]. The primary functionalities are presented in Fig. 6. As
a first step, the form of topography data is provided to the solu-
tion. This data can be given as a measured surface topography, a
fractal surface or at its simplest solely as a Ra roughness value.
Thus, different means are applicable to describe and generate the
surface structure.

Firstly, a methodology utilising Fourier series and power
spectra was implemented to describe the surface topography and
the expression fitted to available experimental data. Secondly, a
methodology generating the surface via a random walk process
was used, i.e. the stochastic method utilising for example Ra values
or their distribution to produce a representative isotropic rough
surface. Thirdly, a fractal surface was included. Methods such as
midpoint displacement were used to generate isotropic and ani-
sotropic fractal surfaces of given roughness (i.e., fractal dimen-
sion). Fourthly, the surface was generated directly to match a
measured surface topography with a given resolution, overlaying
the experimentally obtained data on a computational model
surface.

Following the inclusion of surface topography which is typi-
cally carried out by introducing a polygonal mesh on top of the
features of interest, a 3D image is generated by voxelisation op-
erations. The 3D image can be further operated upon, i.e. the dif-
ferent means can be linked to tools of nano-microstructural
modelling, e.g. including the interactions of microstructure, coat-
ing defect structures. For example coating cracking and damage
can be investigated as steps of modelling cumulative wear.
Meshing of the 3D image generates the final computational grid,
which can subsequently be input and solved typically by a sepa-
rate finite element or particle methods solver.

In the current work the goal was to establish a consistent de-
scription of surface topography in order to make general ob-
servations on the correlation between surface character and its
stress-strain state under contact loading. As such, direct genera-
tion of a numerical model based on measured surface topography
was not considered, but rather, the topography was fitted to a
particular methodology of describing the surface profile. Since the
empirical work relied on a fractal description of the surface, this
was selected also for generating the surfaces in numerical models.

The multiscale fractal characterization of surface topographies
was employed for two scale description. First, an anisotropic
fractal surface that contains primary grooves was generated. This
can be considered a coarse description of the surface. Second, the
anisotropic description was imposed with the smallest length
scale measurement data to describe the isotropic fractal nature of
the surface. This can be viewed as a compromise since a resolution
is inherently build in the methodology, but on the other hand, it
makes best use of the available experimental data.

Selection of the scales depends on the desired outcome, i.e. the
characteristic length scales pertinent to the phenomena being
modelled; typically found through a sensitivity study. In the cur-
rent work, since the coating thickness scale features are of sig-
nificance, the highest available resolution in the fractal data was
used. Two different types of contacts were studied. The

Fig. 3. Example of the surface profile of the rough surface. Note that the ratio of the horizontal vs vertical length scale is 1:20.

Fig. 4. (a) The integrated topographical surface and microstructural material model, and (b) a close up image of the surface topography with FEMmesh. The dimension of the
modelled cube in (a) is 60 x 60�60 μm.
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experimental findings were matched with those of the anisotropic
two scale fractal surfaces against an ideally smooth surface. Also,
the surfaces with identical characteristics in rough on rough
contacts were modelled.

6. Sliding tribocontact stress simulations

6.1. Diamond ball sliding on flat surface with topographies

The scratch test contact was computer simulated for a rigid
diamond ball with perfectly smooth surface that slides with

increasing load over a DLC coated steel surface with various to-
pographies. Local topographical ridges in the contact zone create
regions of increased stresses and residual stresses behind the
contact, as shown in Fig. 7.

The patterns of the first principal stresses under the sliding ball
at a load of 12 N are shown in Figs. 8–10. When the ball moves in
the direction of the grooves (0°) over the smooth surface (Fig. 8a)
long and narrow regions of high tensile stresses up to about
1100 MPa and locally even greater values are observed in the
valleys. Even if the surface is smooth the surface machining leaves
characteristics grooves that were present before the polishing
process. Elongated regions under compressive stresses up to

Fig. 5. Topography and material models of the (a) smooth, (b) average, and (c) rough surfaces. The modelled cube dimension is approximately 100�100x100 μm. The
roughness profile is exaggerated by 10 fold for visualization purpose.

Fig. 6. The developed computational material model introduces topographical features in tribological multiscale models.

Fig. 7. A perfectly smooth and rigid diamond ball slides over the rough DLC coated steel surface creating regions of increased stresses in the contact zone and regions of
residual stresses behind the contact. (a) the equivalent stress contours and (b) the first principal stress contours.
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600 MPa are found on the slopes while the flat top regions of the
ridges are in an almost stress-free state. With increasing rough-
ness the stress field changes, as shown in Fig. 8b and c. With high
roughness the valleys are more in a stress-free state. The highest
tensile stresses are found in a plane section cutting the ridges
horizontally at about two thirds of their height while lower tensile

stresses are generated in the top regions of the ridges. This be-
haviour is believed to be due to the higher stiffness of the more
bulk like structure of the smooth surface. On the other hand
higher ridges result in more flexible contact areas that allow for
elastic and plastic deformations and thus decrease the stresses in
these areas. It must be noted that this behaviour is to some extend

Fig. 8. First principal stresses on the surface of (a) smooth, (b) average, and (c) rough topographies created when the sliding ball moves in the direction of the grooves at 0°
degrees orientation over the DLC coated steels surface. The ball moves in the direction indicated by the arrow. The cube dimensions are approximately 100�100 x 100 μm.
The roughness profile is magnified by 10 fold.

Fig. 9. First principal stresses in the surface with rough topography when the smooth diamond ball is sliding in (a) 0°, (b) 45°, and (c) 90° directions in relation to the
grooves over the DLC coated steels surface. The ball moves in the direction indicated by the arrow. The modelled cube dimensions are approximately 100�100x100 μm. The
roughness profile is magnified by 10 fold.
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limited to loads where failure and plastic deformation mechan-
isms are not yet truly prevalent, and as such, the very top of the
coated system is most active in carrying the load.

The surface stress patterns as the ball slides in the 0°, 45° and
90° directions in relation to the grooves with rough topographies
are shown in Fig. 9. In surfaces with rough topography and sliding
direction (Fig. 9a) along the grooves there are high tensile stress
peaks close to the middle height of the ridges, even up to
3000 MPa. The maximum tensile stress is about 750 MPa on the
top of the ridges while the valleys are in an almost stress-free
state. When sliding perpendicular to the grooves tensile stresses of
900 MPa are found on top of the ridges and of 700 MPa below the
ridges with a high compressive stress plane at half height of the
ridges, as shown in Fig. 9c. Greatest compression with respect to
the top of the ridges is within the material and near the transition
where the bending of the asperity tip takes place. Thus, at the top
surface of the coating at 0° and 90° sliding directions the tensile
stress state dominates.

It is interesting to observe that when the ball slides in 45° di-
rection with reference to the grooves, as shown in Fig. 9b, only a
small region of higher tensile stresses, up to 1600 MPa, is observed
at the slopes and the valleys are close to a stress-free state. There
are compressive stresses of about 450 MPa in the top region of the
ridges.

A closer view of the average roughness surface stress pattern,
when sliding in 0°, 45° and 90° directions, is shown in Fig. 10.
When sliding in the direction of the groove (Fig. 10a) there are
high tensile stresses of 1600 MPa in the valleys and also high
tensile stresses in the top region of the ridges of 900 MPa. When
sliding in the perpendicular direction in relation to the grooves
there are again high tensile stresses up to 900 MPa on the top of
the ridges and a second region of very high stresses is observed
both in the valleys, 2300 MPa, and also under the ridges with
values of 600 MPa. Right under upper high tensile stress region at
the top of the ridges there is a horizontal plane region with high
compressive stresses up to 1400 MPa. This stress pattern is ex-
plained by tilting of the surface roughness peaks during sliding.
The peaks exhibit both bending and tension. On the side of the
roughness peaks outside the region of contact both the tensile and
bending loads strain the surface, yielding a stress maxima.

It is again interesting to observe that when sliding in 45° di-
rection no large regions of high tensile stresses are observed. Half
way up the slopes there is now a horizontal plane section going
through the ridges of tensile stresses of 1240 MPa. Both above and

below there are regions of compressive stresses in the order of
570 MPa. This is explained by examining again the deformation
state resulting from the contact. At both 0° and 90° sliding direc-
tions the deformation state exhibited by the roughness peaks is
either aligned or perpendicular to the roughness peaks, resulting
in a tensile like loading state at the roughness peaks or at the flats
between the peaks. On the other hand, when the loading is at a
45° angle to the main axis of surface anisotropy, neither of these
states can be reached and a mixed state of surface loading and
stress results. As such, it can be argued that the complex state of
stress-strain within the roughness peaks decreases the overall
tensile stress state, which might indicate a propensity for greater
surface resistance to cracking.

In the experimental part of this work we reported previously an
unusual cracking behaviour that appeared during scratch tests
when sliding with the diamond ball in 45° direction to the surface
grooving for both rough and average surfaces [18]. To the best of our
knowledge this has not been previously reported in the literature. A
normal angular cracking pattern appeared on the left hand side of
the grooving by the groove edge but no cracking at all was observed
on the right hand side all along the 8 mm scratch length, as illu-
strated in Fig. 11a. The developed computational model was used
for calculating the tensile stress fields on both sides of the scratch
groove and for the average roughness it showed high tensile stress
peaks of 3690 MPa on the left hand side while they were only
940 MPa on the right hand side, as shown in Fig. 11b. These values
correspond to the maximum of tensile stresses at local peaks of
surface roughness. On average, it can be stated that the ratio of
tensile stresses on the left hand side vs right hand side when
averaged over the size scale of the roughness peaks is close to zero
for the smooth surface, it is approximately 4 for the average
roughness and 4.4 for the roughest cases.

This can be explained as follows. When sliding along a surface
in 45° direction from the surface grooving with a counter surface,
such as the smooth diamond ball used as counter surface in a
scratch surface, such tensional stresses will occur on the ridges on
one side of the generated groove where the tensile pulling direc-
tion is in line with the grooving and about four times lower tensile
stresses occur when the pulling direction is perpendicular to the
grooving. The reason is that the surface structure is more rigid in
the direction of grooving and more flexible in the direction per-
pendicular to the grooving. The behaviour is expected to be de-
pendent on applied loading and material response as they influ-
ence the deformations of the surface topography.

Fig. 10. First principal stresses in the surface with average roughness when the smooth diamond ball is sliding in (a) 0°, (b) 45°, and (c) 90° directions in relation to the
grooves over the DLC coated steels surface. The ball moves in the direction indicated by the arrow. The modelled cube dimensions are approximately 100�100 x 100 μm. The
roughness profile is magnified by 10 fold.
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6.2. Rough on rough surface sliding

The contact between two rough DLC coated surfaces was cre-
ated by copying a rough anisotropic surface model and rotating it
twice by 180°, first so that it is turned up-side-down and then
once more in the horizontal plane and making it slide over the first
surface. The contact is shown in Fig. 12 where Fig. 12a illustrates
the local equivalent stress field while Fig. 12b illustrates the first
principal stresses generated as the upper surface moves from left
to right. Equivalent stresses provide an overall measure of stress
at the contact surface, while 1st principal stresses provide an in-
dication as to the compressive and tensile nature of surface
loading.

High tensile stress peaks up to 2000 MPa and above are ob-
served. This shows that the local stress state seems to be domi-
nated by local rough on rough asperity contacts. Due to the overall
smaller contact area, in addition to the sharp features of surface
topography, greater stress values are generated. These results are
in line with the classical concept of rough-on-rough surface con-
tacts originally introduced by Bowden and Tabor [22]. They
showed that the load is carried by a very small real area of contact
that is only a fraction of the apparent area of contact. Our calcu-
lations show that the real area of contact, which contributes to the
load carrying process, is only 15–30% of the apparent area of
contact, in the contacts studied.

The calculations conducted in this work including the integrated
multiscale material model are considered as more precise than
calculations carried out with the classical approach. The classical

analytical calculations consider the surface materials as homo-
genous. Our computational calculations include real topographical
surface characteristics on fractal scales, material microstructural
features down to nanometre scale and interactions of these features
in the stress and strain generation process. As such, classical ap-
proaches are only approximate and include the effects of materials
deformation behaviour and microstructure, only in an average
sense. Considering the characteristics of layered structures, e.g. the
anisotropic plasticity of the substrate microstructure, it can be ar-
gued that many of the local details critical for crack initiation and
subsequent evolution of wear can be properly captured only with a
numerical methodology, such as the one used in this work.

The stress pattern over the whole contact area is shown in
Fig. 13. A contact depicted in Fig. 12 is shown in the way that the
whole stress field in the contact area and also in sections at the
sample wall are visible, providing a contact surface scale view of
the stress state. Features that can be observed are the differences
between micro-scale contacts associated with isotropic fractal
roughness and the macro-scale anisotropic fractal features that are
affiliated with longer wavelength surface characteristics. With
respect to longer wavelengths, it seems that some parts of the
system are primarily under compression, while certain regions
predominantly exhibit tensile stresses. This is seen as an indication
of the effect of longer wavelengths of surface roughness, if the
topography is considered with respect to its different fractal
characteristics.

Locally, with respect to the tensile stress areas, the local iso-
tropic fractal characteristics including the peaks and valleys of the

Fig. 11. Schematic illustration of scratch test groove (a) showing how the angular cracks appearing only on the left hand side of the groove edge and (b) picture showing the
stress fields on the groove edges close to the first angular cracks.

Fig. 12. (a) Equivalent and (b) first principal stresses in the rough surface and in the microstructure below as one rough DLC coated steel surface slides over a similar surface.
The sliding direction is indicated by the arrow.
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surface topography are seen to play a crucial role especially with
respect to extreme values, such as maximum stresses. It can then
be argued that the role of both characteristics is significant in
realistic rough-on-rough contacts. The greater wavelengths influ-
ence the overall contact surface and contact area. However, with
respect to the coating characteristics and, e.g. cracking behaviour,
the local features are seen to have a clear influence on the stress
field, implying that the smaller scale morphology is ultimately
crucial with respect to engineering material properties and wear
resistance of the tribological system. Also the interactions leading
to surface failure can be quite intricately related to the scale size of
the coating thickness and as such are influenced by surface to-
pography, contact conditions, contact loading, friction and also the
material's microstructure.

When surface mean stresses are compared to local stresses and
fractal character of the surface is considered then we can gain an
overall estimate how surface stresses are influenced by the two
scale topographical features. The macro-topographical features
dominate the cracking and plastic deformation behaviour of the
surface, resulting in friction and wear, while the micro-topo-
graphical features contribute to surface cracking and deformation
with less than 40%, in the contacts and specific topographies
studied.

7. Discussion

7.1. Model development

Modelling of surface topographies and rough surface contacts
can be simplified if effective roughness models or 2D models are
used. The primary reason for this simplification is computational.
In current work a novel methodology for generating surface to-
pographical models is presented. The methodology allows for
importing the experimental or computer generated surface topo-
graphies and converting measured data to a numerical 3D model.
This approach can provide a high-resolution description of the
contact conditions and integrate the effects of surface topography
with coating and substrate properties. These features are critical
for a better understanding of tribological material systems and an

improvement of the systems performance. The methodology can
be expanded by including nano-microstructure and defect struc-
ture within the coating.

7.2. Comparison with empirical results and model validation

A strong correlation was found between the empirical and
computer simulation results obtained from the scratch test in
which the ball slides over the average rough or the rough surface
in the direction of 45° to the grooves. Specifically, the angular
crack pattern was identified on the left hand side of the scratch
groove (Fig. 11). The simulation showed (Fig. 11) that the tensile
stresses calculated on the left side are four times higher as com-
pared to those on the other side.

Another relevant comparison of the simulations conducted is
associated with the scratch test results previously reported in [18].
Correlation with the experimental results and the calculated stress
profiles was found as shown in Fig. 8.

For the sliding of the smooth diamond ball over the average
roughness surface (Fig. 10), the lowest stress levels were found
along 45° directions. This agrees with the highest critical load of
11.8 N measured during the experiments. The results indicated
that a high critical load value is needed to generate the first crack.
This is clear evidence of a good resistance to surface cracking and
wear. For the stress profiles shown in Figs. 8 and 9 we did not find
such correlation.

7.3. Influence of topographical orientation on friction and wear

Both the experimental modelling parts clearly demonstrate
that the topographical orientation of a surface directly affects
surface cracking and hence have a crucial influence on both fric-
tion and wear. Significant changes in the stress field were ob-
served when sliding over a grooved surface in 0°, 45° and 90°
directions. For the 45° direction this effect was the weakest. This
finding could be of practical importance, i.e. wear can be reduced
by rotating the grooves with respect to the sliding direction. Si-
milar effects on the topographical ploughing component of friction
and thus its an impact on friction are also expected.

Fig. 13. The stress pattern in the rough surfaces from the contact shown in Fig. 11. (a) Equivalent von Mises stress contours and (b) 1st principal stress contours. The
modelled cube dimensions are approximately 100�100x25 μm. The roughness profile is magnified by 10 fold.
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7.4. Surface parameters to indicate wear behaviour

Correlation between the surface topography and the modelling
results obtained would be of interest to those who design wear
resistant material systems and surfaces. The surface fractal sig-
natures, texture aspect and direction signatures had a strong in-
fluence on the macroscale contact response. The signatures were
found responsible for the observed experimental and computer
simulated orientation effect, including the overall stress state of the
rough surfaces. The results indicate that the texture parameters
have a fundamental influence on the macroscale contact response,
essentially providing a measure of the anisotropic character of the
topography. These measures were found to be responsible for the
observed experimental and modelled orientation effects, as well as
the overall stress state of the rough surface contacts investigated. As
such, much of the contribution to friction, with limited ploughing
and plastic deformation, and surface cracking can be linked to the
surface texture features (described by these parameters). It was
found that the fractal signatures were best correlated with the local
stress-strain state of the coated surface. The results indicate that
local features contribute to the top surface stress state in general by
less than 40%. This difference is considered significant in terms of
surface failure, especially due to the fact that the size scale of the
local stresses is in the of order of coating thickness. It can be argued
that due to this difference, local cracking and defect initiation are
dependent on the topography features, described by fractal sig-
natures. However, further propagation and development of ex-
tensive surface damage will depend upon the texture parameters
and mean fractal signature measured over larger range of scales.

8. Conclusions

A computational integrated topographical-microstructural 3D
model was developed to investigate the influence of surface
roughness and topography on friction and wear. The model con-
tains a full 3D multiscale representation of the surface topography,
which is derived using an anisotropic fractal model. The data re-
solution equal to the spatial scale of the coated system allowed for
an investigation of the system's property and a control of its per-
formance. The model was solved in a fully explicit manner, i.e. no
effective roughness or similar type model is employed.

Fractal and texture signatures were identified and used in the
modelling to give a better understanding of how the surface to-
pography correlates with the numerical modelling results. It was
found that the initiation of defects and wear correlates with the
signatures. In the material damage beyond crack fields, the ranges
of scales over which the signatures were calculated played an
important role.

The model was used in the simulation of the contact between
DLC coated steel samples that have three levels of surface rough-
ness in the range of 0.004–0.11 μm Ra. In the model, the topo-
graphical features on fractal scales from 30 to 840 μm and 3D
profilometry data from 1 to 10 mm are linked to the micro-
structural features on scales down to about one nanometre. The
topographical data on three scale levels, the groove directions
identified through optical observations, the roughness features on
macro level obtained from the profilometer measurements and on
micro and nanoscales obtained from the fractal VOT analysis were
used.

The scratch test simulation conducted for the rigid smooth ball
sliding over the DLC coated surfaces in the 0°, 45°, and 90° di-
rections with respect to the surface grooves showed that:

1. Sliding in the direction of grooves, results in high, more than
1100 MPa, tensile stress acting in the valleys of the smooth

surface while the valleys of the rough surface are more in a
stress free state, with compressive stresses of about 200 MPa.
Local peak stress values are the greatest at the surface's small
scale topographical features, and larger than, for example, in the
smooth larger spatial scale surface impressions.

2. When sliding over the surface with average roughness in 45°
direction to the surface grooves the tensile surface stresses
generated are much lower (1240 MPa) in a small region com-
pared with the higher tensile stresses (1600 MPa and 2300 MPa)
in large regions of the surface when sliding along the grooves or
perpendicular to it. A similar effect for the rough surface was
observed. This is explained by the deformation state resulting
from the contact. At both 0° and 90° directions of sliding the
deformation state exhibited by the roughness peaks are either
aligned or perpendicular to the roughness peaks, resulting in a
tensile like loading state either at the roughness peaks or at the
flats between the peaks. When the loading form sliding is at a
45° to the main axis of surface anisotropy, neither of these states
can be reached and a mixed state of surface loading and stress
results. The more complex state of stress-strain within the
roughness peaks decreases the overall tensile stress state and
indicates a greater surface resistance to cracking.

3. When sliding at 45° direction to the surface grooves against a
smooth counter surface, such as the diamond ball during the
scratch test, tensile stresses will occur at the groove ridges on
both sides. On one side of the groove, where the tensile pulling
direction is in line with the grooves, high tensile stresses of
about 3700 MPa appear while on the other side where the
pulling direction is perpendicular to the grooves much lower
stresses of only 950 MPa occurs. The reason is that the surface
structure is roughly four times more rigid in the direction of
grooves while it is more flexible in the direction perpendicular
to the grooves.
Simulations of a DLC coated rough surface sliding on a similar
DLC coated rough surface revealed the following observations:

4. In the contact between two rough DLC coated surfaces the total
real area of contact was only 15–30% of the apparent contact
area. This is in line with the classical theory of rough vs rough
sliding contacts. However, the calculation results found in this
work appear to be more comprehensive since they also include
real surface topographical features at different scales, material
microstructural features down to nanoscale and topographical-
microstructural interaction influencing on the real stress and
strain state.

5. The macro-topography in the studied rough DLC coated con-
tacts dominates the tendency for crack development and de-
formation that is influencing both wear and friction while the
micro-topographical features contribute to cracking and plastic
deformation by about 40%.

The integrated topographical-microstructural computational
model developed shows to be a good representation of the con-
tacts between real surfaces studied and it can be used for detailed
investigations of surface and material response to moving me-
chanical loading and subsequently to friction and wear.
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