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Abstract Fretting damage on contacting surfaces intro-

duces major challenges in mechanical assemblies. Thermal

sprayed hardmetal coatings are extensively used for surface

modification in tribological applications under demanding

conditions and may also be subjected to fretting-inducing

loading. In the present work, the fretting behavior of High

Velocity Oxy-Fuel (HVOF) and High Velocity Air–Fuel

(HVAF) sprayed WC-10Co-4Cr coatings against quenched

and tempered (QT) steel was studied by using a single bolt

joint-type fretting experiment. This experimental approach

was selected to obtain realistic data on the fretting fatigue

performance of the contact pairs (both coating-to-steel and

coating-to-coating). Experimental results were completed

with continuum-scale linear elastic finite element method

(FEM) calculations.

Keywords finite-element method � fretting fatigue �
fretting wear � thermally sprayed coating � WC-10Co-4Cr

Introduction

Thermally sprayed hardmetal coatings provide an effective

means to improve the surface properties, such as wear and

corrosion resistance, of load carrying components and

structures in demanding loading conditions (Ref 1). Due to

their excellent properties against different wear mecha-

nisms under tribological conditions (Ref 2), they are used

in many applications subject to wear such as rollers in

paper machines (Ref 3, 4), landing gears (Ref 5, 6),

hydraulic cylinders (Ref 7, 8), pumps and valves (Ref 9),

hydro turbines (Ref 10), and many other wear parts (Ref

11). In addition to these, the use of thermally sprayed

hardmetal coatings also in fretting-inducing conditions has

become an interesting research topic. Fretting is a com-

monplace phenomenon in various load carrying interfaces

between components, such as in bolted joints, which are

subjected to cyclic loading (Ref 12). Fretting is caused by

micrometer-scale reciprocating movement between contact

surfaces under frictional load, which leads to wear and

fatigue crack nucleation on the contact surfaces, thus

reducing service life (Ref 13, 14). Since fretting damage

occurs between the contact surfaces inside the joint, the

early detection of the damage is challenging, which may

thus result in an unexpected and sometimes catastrophic

failure of the component. Therefore, it is of great impor-

tance that both experimental and theoretical research are

carried out to accurately predict fretting-induced surface

damage and fatigue in engineering materials including

thermally sprayed hardmetal coatings.

Due to the significance of fretting damage, several

mitigation methods and palliatives have been studied over

the years. Apart from design changes and the use of

lubricants, several surface modification methods and

coating techniques have been proposed as mitigation

methods (Ref 15, 16). Certain coatings can be used as

fretting palliatives; the effective mechanisms, however, are

versatile and case-specific ranging from self-lubricating or

strain-accommodating soft coatings to very hard coatings

and to coatings with high residual compressive stress (Ref

15, 16). There is also a wide range of other reasons to use

coatings in load carrying structures, such as for protection

against aggressive environment or wear (Ref 17).
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Therefore, a given coating might inadvertently be sub-

jected to fretting-inducing loading, the effects of which are

often unknown for coated components. Given the risks and

challenges related to fretting-induced damage, the behavior

of the used coatings should be understood sufficiently also

in this respect. In the case of hardmetal coatings, previous

works in the literature have focused on the wear (Ref 3-

10, 18-24), fatigue (Ref 5, 25-29) as well as fretting

behavior (Ref 30-36). However, as argued in the following

and demonstrated by the results of the current study, in

terms of fretting-induced fatigue failure of hardmetal

coated high-strength steels, the current body of knowledge

does not seem to be sufficient.

Kubiak et al. Ref 33 studied the fretting resistance of

WC-Co coatings against 30NiCrMo steel in sphere-to-

plane contact. They found that the wear resistance and

fretting fatigue strength are increased significantly by the

application of shot peening treatment and hardmetal coat-

ing compared to plain steel. The addition of the coating

was also observed to decrease the coefficient of friction

(COF) between the contact surfaces. Based on their study

Kubiak et al. Ref 33 concluded that the fretting fatigue

limit corresponds to a fatigue crack arrest condition in the

uncoated steel and to a nucleation threshold in the case of

the coating. Similar results were obtained by Okane et al.

Ref 34, who reported that WC-Co coating improves the

fretting fatigue strength of a high-strength steel by delaying

the onset of crack nucleation and slowing down crack

propagation. Furthermore, the tangential forces at the

contact were observed to be reduced by the coating espe-

cially at the early stages of cyclic loading and show a

gradual increase alongside with increasing surface damage.

Recently, Wang et al. Ref 35 studied fretting wear and

fatigue mechanisms of WC-Co hardmetal coatings in

contact with high-strength steel. They concluded that the

main wear mechanism for the coating is abrasive wear and

that the wear pits act as initiation sites for the fatigue

cracks, but the abrasive wear might also increase fretting

fatigue life by removing stress concentrations on the con-

tact. Based on these studies, it thus appears that the hard-

metal coating might improve the fretting fatigue

performance of the substrate. It should be noted, however,

that in the above-mentioned studies bulk cyclic loading

was introduced only on the coated side of the contact, and

the counterpart surface (pad, sphere) served only to intro-

duce the fretting damage. It is therefore not fully clear how

the introduction of a hardmetal coating on one or both of

the surfaces affects the overall fretting fatigue behavior of

the joint. This aspect will be one of the focus areas of the

current study.

An additional challenge in studying the fretting prop-

erties of thermally sprayed hardmetal coatings is that their

mechanical properties can be very different depending on

the method used to produce them. For example, comparing

the properties of High Velocity Oxy-Fuel (HVOF) and

High Velocity Air–Fuel (HVAF) coatings, typically HVAF

coatings have better mechanical properties such as hard-

ness, elastic modulus, and fracture toughness (Ref 22-24).

They also tend to have lower porosity than HVOF coatings

(Ref 23). These differences, which are related to the lower

flame temperature and higher particle velocities of the

HVAF process compared to the HVOF process, also seem

to lead to a better wear resistance of the coatings (Ref 22-

24). In particular, there are differences in the stress states of

the coatings between the HVAF and HVOF processes.

A WC-CoCr coating prepared by HVOF spraying almost

always develops a relatively high tensile stress state,

whereas the stress state developed in a HVAF coating can

vary from a mild tensile stress state to a high compressive

stress state (Ref 22). It has been shown that, particularly

against cavitation erosion, where coating wear requires

material removal through fatigue crack growth, a high

compressive stress state slows crack growth and reduces

coating wear (Ref 22). The residual stress state of a coating

can also be expected to play a role in its fretting fatigue

resistance.

The objective of the current study is to analyze the

effects of hardmetal coating on the fretting-induced wear

and fatigue in a realistic mechanical joint. For this, WC-

10Co-4Cr High Velocity Oxy-Fuel (HVOF) and High

Velocity Air–Fuel (HVAF) thermal sprayed hardmetal

coatings were deposited on a high-strength quenched and

tempered (QT) steel. Both coatings were prepared by

spraying and subsequent mechanical grinding to a thick-

ness of 250 lm and to the same surface roughness as the

steel counterpart (Ra 0.2 lm). These values were selected

to represent typical applications. Furthermore, the HVAF

coating was also prepared as a thin 90 lm layer and tested

in the as-sprayed condition. The purpose of this test series

was to test the idea of a straightforward-to-apply protection

on the interface. The contact pairs were studied by using

the single bolt joint experimental arrangement developed

by Juoksukangas et al. Ref 12. In this arrangement, the two

contacting test pieces are subjected to the same bulk cyclic

loading, which facilitates comprehensive analysis of the

fretting fatigue behavior of the joint. Furthermore, the use

of the bolt joint to generate the necessary contact condi-

tions for fretting reduces the possible effects of imperfec-

tions at the specimen edges and increases the effective

contact area, which is beneficial in the testing of coatings

both in terms of specimen preparation and representative-

ness of the results. The use of large contact area is further

supported by a recent report from Hintikka et al. Ref 37,

who demonstrated that adhesion spots, which are a key

mechanism in fretting damage, can in certain cases grow

larger (over 1 mm) than the contact area in typical fretting
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experiments. In order to obtain detailed data on the surface

damage mechanisms as well as fatigue crack nucleation

and propagation, a series of interrupted tests was carried

out in the current study followed by an extensive

microstructural characterization. The analysis was supple-

mented by continuum-scale linear elastic finite element

method (FEM) calculations, which were used to predict the

contact stresses and slip as well as the damage and crack

initiation locations by means of frictional work and maxi-

mum stresses at the interface. The results of this study

show that the effects of the hardmetal coating on the total

fretting performance of the joint are dependent on the

properties and behavior of the counterpart material.

Materials and Methods

Fretting Test Device

The fretting tests were carried out by using an in-house

developed flat-on-flat fretting test device in so-called bolt

joint configuration (Fig. 1). The test methodology was

originally developed by Juoksukangas et al. Ref 12 for

steel-to-steel contact and was modified in the current study

for coating-to-steel and coating-to-coating contacts. As

shown in Fig. 1, the test arrangement consists of two flat

test specimens which are held together by a single strain

gauge instrumented M8 bolt (with constant preload applied

with torque prior to the test and controlled continuously, as

explained below) and at one end by the main clamping.

The specimens are subjected to bulk cyclic bending loading

via eccentric mechanism connected to the opposite end

(referred to as the ‘‘free end’’ throughout this paper).

Fretting conditions at the contact interface between the

specimens are created by the combination of the imposed

bulk bending and the preload of the bolt; cyclic slip at the

interface takes place because the contacting surfaces have

always opposite signs of bending strain, whereas cyclic

shear stresses at the interface result from the interfacial

friction and the contact pressure created by the bolt pre-

load. It should be noted that the bolt itself is not carrying

any shear load due to the clearance between the bolt and

the hole. Furthermore, the test arrangement does not allow

for direct measurement of the contact stresses and slip.

Instead, as discussed later, FEM calculations are used to

determine the distribution of stresses and slip as well as the

frictional dissipation at the contact interface. In short, the

most severe fretting damage is expected to take place near

the axial centerline on the free end side of the bolt hole.

During the experiments, data are collected from several

sources: bolt preload (with strain gauges attached axially to

the bolt), specimen bending displacement (with laser sen-

sor) and specimen bending strain with four strain gauges

(two gauges on each specimen, as illustrated in Fig. 1a). As

in Ref 12, the data from the strain gauges are linearly

interpolated to obtain the nominal bulk stress at the center

of the bolt hole.

Fig. 1 Illustration of (a) the fretting test setup and (b) the FEM model

mesh (only half of the test setup is modeled due to symmetry) and

(c) schematic depiction of the coated specimens
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Materials and Test Specimens

A quenched and tempered steel EN 34CrNiMo6 obtained

from Ovako Metals Oy Ab was used both for the substrate

material of the coated specimens and for the plain steel

specimens. The chemical composition and mechanical

properties of the steel are shown in Tables 1 and 2,

respectively. WC-Co-Cr powders WOKA 3652 and

WOKA 3654 from Oerlikon Metco were used as feedstock

materials for the coatings. Chemical composition and

particle sizes of the powders are presented in Table 3. Both

the steel substrates and the plain steel specimens were

machined to a size of 250 mm 9 40 mm 9 10 mm from a

Ø45 mm round bar (Fig. 1c). The coatings were prepared

in-house by HVOF (DJ Hybrid from Oerlikon Metco,

Wohlen, Switzerland) and HVAF (M3 from Uniquecoat

Technologies LLC, Oilville, USA) methods; the main

spray parameters are given in Table 4. For HVAF, the

medium pressure parameters were chosen, which are

known (Ref 23) to produce a relatively dense coating and

good deposition efficiency (DE) when using this powder. It

should be noted that the HVAF M3 torch is pressure con-

trolled and the fuel/air ratio is not known. In addition, the

fuel/air control range is rather narrow and does not allow

for a large influence on the coating properties. Therefore, it

is common to vary the combustion chamber pressure level,

from which is known that higher pressure produces higher

gas flow velocity and thus higher particle velocity, and

lower pressure produces longer dwell time and thus better

melting and DE (Ref 23). In this work, a moderate pressure

level was chosen to achieve good DE with HVAF. For the

DJ Hybrid HVOF torch, the parameters recommended by

the manufacturer were selected. These parameters were

slightly over-stoichiometric (fuel-rich), which achieve the

highest possible particle temperature, which is needed to

produce a dense coating when using propane as a fuel gas.

Before the coating, the specimen surface was grit-blas-

ted by using corundum particles with size between 500 and

700 lm to improve adhesion. As explained in the Intro-

duction, the specimens were prepared with two different

nominal coating thicknesses: 90 lm (HVAF only) and

300 lm (both HVAF and HVOF). It should be noted that

only half of the specimen surface was coated in the axial

direction, i.e., an area of 125 mm 9 40 mm. The hardness

of the sprayed coatings was measured with EMCOTEST

hardness tester (EMCOTEST Prüfmaschinen GmbH,

Austria) with 0.3 kgf load. The thinner coatings were left

in the as-sprayed condition, whereas the thicker coatings

were ground similarly to the plain steel specimens to a

target thickness of 250 lm and roughness of Ra 0.2 lm
measured in the longitudinal direction.

The residual stress states in the coatings produced by

different coating methods were estimated using an

analytical model proposed by Tsui and Clyne Ref 38,

which allows the calculation of in-plane stresses within the

coating (and substrate) as a function of the distance from

the interface. The model superposes the deposition stage

quenching stresses (or peening stresses) caused by each

individual coating layer and the post-deposition CTE (co-

efficient of thermal expansion) mismatch stresses formed

during cooling of the sample from the deposition temper-

ature to ambient temperature. In the present work, post-

deposit CTE mismatch stresses were calculated using the

actual geometry of the fretting specimens and the average

temperature of the specimens during deposition. The tem-

perature of the substrate was monitored during spraying

using a Fluke Ti300 thermal imager (Everett, WA, USA).

Temperatures during spraying ranged from 160 �C, which
was the temperature at the start of each new pass, to

220-235 �C, higher when spraying with HVAF. Average

substrate temperature used for calculations was 185 �C for

HVOF and 195 �C for HVAF. CTE of 12 9 10-6 K-1 was

used for the steel substrate and 5.2 9 10-6 K-1 (Ref 39)

for the WC-CoCr coatings. To calculate the stresses gen-

erated in the coating during the deposition stage, infor-

mation on the quenching (or alternatively the peening)

stresses generated in each layer was required. Here,

deposition stage stresses were determined using the itera-

tion process by Tsui and Clyne Ref 40. In this process, the

deposition stage stress used in the model is estimated by

matching the calculated curvature of the coating with

experimental data measured during the deposition process.

The experimental curvature data for both HVOF and

HVAF coatings were determined using a special measuring

device (ReliaCoat Technologies, East Setauket, NY, USA),

which measures the change in curvature of a

228.6 mm 9 25.4 mm 9 2.5 mm flat bar sample in situ

during the spraying process (Ref 41). In addition to the

original sources, the use of the procedure is described in

more detail in references Ref 22 and Ref 42.

Test Procedure

Table 5 lists the different contact configurations studied in

this work. In order to facilitate straightforward comparison,

identical test parameters were used for all the tests: bolt

preload of 25 kN, nominal bulk bending stress amplitude of

180 MPa at the center of the bolt hole, and bulk loading

Table 1 Chemical composition in wt.% of the substrate steel (EN

34CrNiMo6) according to manufacturer’s data

C Si Mn P S Cr Ni Mo V Cu

0.35 0.28 0.71 0.008 0.03 1.37 1.35 0.17 0.01 0.21
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frequency of 20 Hz. These parameters were selected based

on an earlier work (Ref 12), which indicated fatigue life-

time of * 1-2 million cycles for steel-to-steel contact. The

contact pressure generated by the main clamping was

100 MPa, i.e., sufficiently high so that the clamping could

be considered rigid. The test series involved tests run until

failure and interrupted tests run up to 1000, 10,000, or

100,000 cycles. Specimen failure was detected based on

the strain gauge readings; when the fatigue crack propa-

gated across the thickness of one of the specimen halves,

the stiffness of the specimen changed, which was seen as

changes in the corresponding strain amplitudes. All the

tests were performed without any lubrication between the

carefully pre-cleaned contact surfaces. After the fretting

tests, the specimens were cleaned with ethanol in an

ultrasonic cleaner and the contact surfaces were inspected

with optical and scanning electron microscopes (SEM).

Crack initiation and propagation were studied using cross-

sectional samples prepared from the most severely dam-

aged regions of the specimens. For this, specimens were

cut parallel to the axial direction, mounted in epoxy resin

and polished prior to the SEM inspection, in which both

secondary electron (SE) and backscattered electron (BSE)

imaging modes were used.

Finite Element Method Simulations

of the Experiments

As noted above, implicit FEM simulations running on

Dassault Systems SIMULIA Abaqus/Standard R2017x

were used to calculate the distributions of stress and slip at

the contact interface between the specimens. For this, the

methodology developed by Juoksukangas et al. Ref 12 was

adopted. In short, the simulation model (Fig. 1b) involved

the main components of the experimental setup, i.e., the

two specimens, the bolt and the spacers, as well as the two

pads of the main clamping. Due to symmetry, only half of

the setup was modeled. The specimens were modeled using

C3D8I continuum elements with a nominal element size of

1 mm at the contact region of interest. Similarly to the

earlier study by Juoksukangas et al. Ref 12, the contact

between the specimens was modeled with a master-slave

surface-to-surface algorithm, which used penalty contact

with elastic slip of 0.05 lm and a Coulomb friction model

for the tangential direction and an Augmented Lagrange

‘‘Hard contact’’ formulation for the normal direction. The

COF between the specimen surfaces has a notable effect on

the fretting behavior, especially on the location of the most

severe fretting damage (Ref 12), which, as discussed later

in the Results section, is used to deduce the value of COF

in the studied cases by comparing the simulation predic-

tions (distribution of frictional work on the surface) with

experimental observations of the fretting surface damage.

The same type of contact formulation was used also for

other parts of the setup with a constant COF 0.6. The steel

material was modeled with a linear elastic material model

Table 2 Mechanical properties of the substrate steel (EN 34CrNiMo6) according to manufacturer’s data

Yield strength Rp 0.2, MPa Tensile strength, MPa Elongation A5, % Reduction of area, %

990 1090 14 58

Table 3 Nominal particle sizes and chemical composition (in wt.%) of the feedstock powders according to manufacturer’s data

Powder Method Particle size, lm W Co Cr C Iron(max)

Metco WOKA 3652 HVOF 15-45 Bal. 10.28 4.05 5.3 0.05

Metco WOKA 3654 HVAF 10-30 Bal. 10.25 3.82 5.4 0.04

Table 4 Spray parameters of the HVOF and HVAF deposition

processes

HVOF HVAF

Propane pressure, bar/psi 6.4 106

Propane 2 pressure, psi … 105

Propane flow, L min-1 70 …
Oxygen flow, L min-1 238 …
Oxygen pressure, bar 10.3 …
Air pressure, bar/psi 7 108

Air flow, L min-1 375 …
Carrier gas, L min-1 20 60

Stand of distance, mm 220 300

F/O ratio 0.22 …
Total flow, L min-1 683 …
Powder feed rate, g min-1 40 100

Robot speed, mm s-1 950 950

Thickness/Pass, lm 15 14
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using Young’s modulus and Poisson’s ratio of 206 GPa

and 0.28, respectively. In the current study, the coating was

introduced to the simulation model as an additional layer of

elements with corresponding thickness (90 lm and 250

lm). Similarly to the steel substrate, linear elastic model

with Young’s modulus of 300 GPa (Ref 2, 22, 23, 43) and

Poisson’s ratio of 0.3 was used for the coating elements.

Damage and failure effects (including interfacial failure) as

well as residual stresses were excluded from the model.

This simplification was considered justified since the main

purpose of the simulations was to obtain continuum level

estimates for the contact parameters (stress and slip) to

support the analysis of the experimental data.

The boundary conditions of the simulations were set so

that the main features of the experimental setup could be

modeled with relative simplicity. The bolt was tied to the

spacers, which themselves were in contact with the speci-

men surfaces based on the contact formulation described

above. The bolt preload was applied directly using the

‘‘bolt load’’ feature of Abaqus. The lower end of the main

clamping was fixed, whereas a clamping pressure of 100

MPa was applied on the upper part of the main clamping

similarly to the experiments. Finally, bulk loading was

introduced by applying a displacement boundary condition

at the free end nodes of the two specimens. In the simu-

lations, three bulk loading cycles were run and the results

were post-processed and analyzed in terms of stresses in

the specimens and frictional work at the contact interface.

Results and Discussion

In the following, the main results and findings of the study

are presented and discussed. The presentation is started by

an analysis of the sprayed coatings, followed by a com-

parison between the fretting experiments and the contin-

uum simulation predictions, after which a detailed analysis

of the microscale phenomena occurring during fretting is

presented.

Coating Characteristics

The measured HV0.3 hardness of the coatings was

1180 ± 23 and 1113 ± 89 for the HVOF and HVAF

coatings, respectively. These values are quite typical for

this coating type (e.g. Ref 2, 8, 22, 23, 43, 44). The

microstructures of the coatings are shown in Fig. 2 at a

detailed level. The carbides in the coatings, which appear

light gray in Fig. 2, are about 1 lm in size. The difference

between the two spraying methods is highlighted by the

fact that, as a result of carbide dissolution during spraying,

the carbides in the HVOF coating are slightly rounded at

the edges and very small carbides are missing. In the

HVAF coating, in contrast, the carbides are sharp-edged

and sub-micron size carbides are also present. The disso-

lution of tungsten and carbon into the matrix is known to

make the matrix more brittle, and since it is greater in the

HVOF coating, it is expected that the behavior of the

HVOF coating is more brittle compared to the HVAF

coating.

The through thickness stresses in the samples according

to Tsui and Clyne’s analytical model Ref 38, 40 are shown

in Fig. 3. The HVAF method generates a compressive

stress of about 300 MPa in the coating, while the HVOF

method generates a tensile stress on the surface of the

coating, which becomes a compressive stress as it moves

toward the substrate. The difference is logical considering

the flame temperature, which is much lower in the HVAF

process compared to HVOF process. Due to the melting

degree of the powder particles in the HVAF process, during

the deposition stage, the peening effects, which generate

compressive stresses, are stronger, whereas in the HVOF

process the dominant stresses are quenching stresses,

which are always tensile stresses (Ref 22). When the

coating cools down after the coating phase, the relatively

large CTE difference between the coating and the substrate

shifts the stress state of both coatings toward net com-

pressive stress.

Table 5 Contact configurations of the experimental study

Surface 1 Surface 2 Loading cycles

HVAF coating, thickness 90 lm,

as-sprayed (Ra 3.3 lm)

Steel, ground Ra0.2 lm 1000, 10,000, 100,000, up to failure (1.33 9 106)

HVAF coating, thickness 250 lm,

ground Ra 0.2 lm
Steel, ground Ra 0.2 lm 1000, 10,000, up to failure (1.71 9 106)

HVOF coating, thickness 250 lm,

ground Ra 0.2 lm
Steel, ground Ra 0.2 lm 1000, 10,000, up to failure (1.86 9 106)

HVAF coating, thickness 250 lm,

ground Ra 0.2 lm
HVAF coating, thickness 250 lm, ground Ra 0.2 lm 10,000, up to failure (1.03 9 106)

The last column indicates the tests carried out (interrupted tests and tests up to failure)
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Macroscopic Damage and Fatigue Life

As noted earlier, after the fretting tests, the contact surfaces

of the specimen halves were carefully examined using

optical and scanning electron microscopes. After this cross-

sectional samples were prepared and examined. The anal-

ysis of the fretting damage mechanisms was based on

qualitative assessment of the optical and SEM images. In

the following, the main findings of the characterization are

discussed alongside with the numerical simulation results.

Figure. 4 presents examples of the evolution of the fretting

damage in (thin) coating-to-steel contact and (thick) coat-

ing-to-coating contact. Here, it is emphasized that each

presented cycle number involves a new specimen pair; that

is, once the test was interrupted and the two specimens

were separated from each other, the same pair was not

reloaded. As illustrated in Fig. 4(a), similar fretting scar

developed on the coating and steel contact surfaces.

Notable amount of reddish-brown wear debris consisting

mainly of steel particles was formed during the fretting

process. In addition, detached carbides and coating frag-

ments were observed on the contact surfaces in the wear

debris layer. A similar phenomenon was observed in all

coating-to-steel contact pairs. As shown in Fig. 4(a), the

fretting damage in both specimen surfaces increased as the

number of loading cycles increased, but some degree of

fretting damage was already observed after 1000 cycles.

Furthermore, the amount of adhesive wear and material

transfer between the specimen surfaces increased signifi-

cantly between 10,000 and 100,000 cycles. In the coating-

to-coating case, in Fig. 4(b), in contrast, indications of

adhesive wear in terms of cold welds were less frequent

and the color of the wear debris changed from reddish-

brown to black. In addition, the location of the most severe

damage region moved somewhat closer to the bolt hole

compared to the coating-to-steel cases. However, in both

cases the final fracture of one of the specimen halves took

place within the most damaged region. The cracking

behavior is discussed in more detail later in conjunction

with the simulation results.

Fig. 2 High-resolution SEM (backscatter electron) micrographs of the HVOF and HVAF sprayed coatings

Fig. 3 In plane stresses at different depths according to the Tsui and Clyne analytical model: (a) full specimen thickness and (b) zoom-in of

(a) near the coating/substrate-interface
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In general, the location of the main fretting scar on the

contact surface was similar to the earlier study on steel-to-

steel contact (Ref 12), according to which the frictional

dissipation at the interface can be used to numerically

predict the intensity of the fretting damage. The use of the

frictional work as damage indicator is also supported by the

work by Leidich et al. Ref 45, who used the accumulated

friction energy in the prediction of fretting wear damage in

flat annular contacts involving different coatings (DLC,

solid film lubricant) against QT steel. In addition, more

sophisticated damage analyses, such as the strain energy

density-based methods used recently by Zeng et al. Ref 36,

require a number of calibration parameters, which were not

available in the current study. Therefore, frictional dissi-

pation at the contact interface was used as the main

numerical damage indicator in the current study. It should,

however, be noted that the used approach gives only an

indication of the location of the most severe damage but

does not predict the amount of damage nor the specimen

lifetime. Furthermore, as discussed later in more detail, the

simulations provide only continuum estimates of the field

variables, such as stress, and hence cannot be used to

predict localized phenomena, such as adhesion spots. On

the other hand, the used simulation approach can be con-

sidered typical in engineering design, and therefore, it is

valuable to compare its predictions with the experiments.

As noted above, the main simulation parameter affecting

the distribution of the frictional dissipation is the coeffi-

cient of friction; the effects of coating thickness and the

type of contact (coating-to-steel versus coating-to-coating)

were found to be small in the used simulation approach.

Figure 5(a) shows examples of the simulated frictional

dissipation for different COF in the case of coating (250

lm)-to-steel contact (additional data, i.e., contact surface

pressure as well as shear stress and slip on the contact

surface are presented in Appendix). As can be seen in

Fig. 5(a), for a low value of COF (0.3) notable frictional

dissipation takes place on a wide area surrounding the bolt

hole, whereas with higher values of COF (0.6 and 0.8)

frictional work is concentrated on an area extending up to a

distance of * 10 mm from the hole edge toward the free

end. Comparison with experimental data (Fig. 4) indicates

that the main fretting scar location can be predicted well in

the coating-to-steel case with a high COF (* 0.8). This

estimated value of COF is in good agreement with previous

reports for hardmetal coating-to-steel contacts; Kubiak

et al. Ref 32, 33 reported a value of * 0.7, whereas

according to Okane et al. Ref 34 the COF is low (* 0.3) at

the start of loading but increases to 0.6-0.8 as the number

of cycles increases. In these previous studies, the coatings

were prepared with HVOF process, but the results of the

current study indicate similar behavior in HVAF coatings.

It is also noteworthy that the application of the hardmetal

coating on one of the contact surfaces seems to have a

small reducing effect on the COF compared to the steel-to-

steel case. This has been reported earlier (Ref 31-34) and

can also be deduced by comparing the current data to

earlier studies on the same steel alloy in uncoated state.

(Both Juoksukangas et al. Ref 12 and Hintikka et al. Ref 37

reported steady-state COF values between 0.8 and 1.0 for

the steel-to-steel contact.) In the coating-to-coating case

(Fig. 4b), in contrast, the fretting damage takes place closer

to the hole, which implies that the COF is somewhat lower.

Figure 5(b) presents the axial tensile stress field in the

coating at the moment of maximum bending displacement.

Due to the symmetric bulk loading, in general the

Fig. 4 Evolution of the fretting damage on the contacting specimen

surfaces, (a) from left to right, thin and rough HVAF (upper row)

against steel loaded until 1000, 10,000, 100,000, and 1.33 9 106

cycles (failure), (b) thick and ground HVAF coating-to-coating pair

loaded until 10,000 cycles and 1.03 9 106 cycles (failure). The scale

bar has a length of 10 mm and is the same for all images. The location

of the fracture in the steel specimen in (a) is marked by arrows. The

longitudinal specimen axis is vertical in the figures with free end

pointing toward the bottom of the page
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maximum tensile stresses correspond also to the cyclic

stress amplitude (i.e., local mean stresses are close to zero).

As can be seen, the simulation data indicate that high local

tensile stresses, up to * 300 MPa, appear within the

coating in the same region as the frictional dissipation on

the surface. Corresponding stress field is also formed in the

steel counterpart with generally lower stress level (maxi-

mum near 200 MPa) due to the difference in the Young’s

moduli between the coating and the steel. In the tests ran

until failure the locations of the final fracture were the

following (fracture location measured as the distance

between the fracture and the edge of the hole on the cen-

terline): in the thin and rough HVAF coating-to-steel

contact (Fig. 4a) 6.1 mm, in the thick and ground coating-

to-steel contact 9.7 mm (HVOF) and 5.1 mm (HVAF) , and

in the coating-to-coating contact (Fig. 4b) * 3 mm.

Comparison of this data with the simulations indicates that

the final fatigue fracture took place within the area asso-

ciated with major frictional dissipation and high axial stress

amplitude. The relatively high tensile loading might con-

tribute to the damage process of the (brittle) coating also in

the absence of fretting-induced surface damage. Based on

the experimental characterization, in general the coatings

did not crack outside the main fretting damage area.

However, in the coating-to-coating case some minor

cracking was observed in the test interrupted after 10,000

cycles in the vicinity of the specimen edges close to the

main fretting scar. The cracking tendency of the coatings in

the studied loading conditions is discussed later in more

detail.

A somewhat surprising observation is that in all tested

cases, the number of cycles until failure (Table 5) was in

the same order of magnitude as reported earlier for steel-to-

steel contact in similar loading conditions (Ref 12).

Fig. 5 Simulated field data for the 250 lm coating-to-steel contact

case, (a) calculated frictional work (per unit area) at the contact

interface (per cycle) and (b) axial stress in the coating at the moment

of maximum bending displacement. The rows correspond to interfa-

cial COF of (i) 0.3 (ii) 0.6, (iii) 0.8
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Therefore, the previously reported Ref 33, 34 increase in

fretting fatigue strength via application of the hardmetal

coating was not observed in the current study. This can be

related to at least two differences between the current work

and the previous reports. Firstly, in the previous studies

bulk fatigue loading was imposed only on the coated

counterpart of the contact, whereas in the current study

symmetric bulk loading was applied, which led to fatigue

failure of the uncoated side. Secondly, in the previous

studies the contact loading geometry (sphere/pad) was such

that the fretting loading was concentrated on a very small

section of the specimen surface, whereas in the current

study the effective fretting damage area was relatively

large. This increases the chance that a potentially weak

location of the coating microstructure is subjected to

detrimental loading. Furthermore, as discussed later in

detail, the large contact area promoted the development of

large adhesion spots (Ref 37), which are directly related to

specimen failure. It should, however, be noted that since

the current study focused on the analysis of the microscale

phenomena, the number of specimens run until failure is

modest and the present results on the total fatigue lifetime

should be considered only indicative.

Microscopic Surface Phenomena

Detailed inspection of the damaged surfaces revealed that

in all of the coating-to-steel cases adhesion contact spots

and cold weld regions were readily formed. This was

especially evident in the case of the thin as-sprayed (rough)

HVAF coating-to-steel pair, where adhesion spots were

also observed away from the most severely damaged area.

These asperity contacts led to sheared dents on the surface

of the steel specimen already after 1000 cycles. In general,

the amount of adhesive contacts increased with increasing

number of cycles and the location of the primary crack in

the steel specimen was strongly related to the adhesion

spots, as shown in Fig. 6(a). This finding is in correspon-

dence to the previous study by Nurmi et al. Ref 46 on the

same steel alloy in steel-to-steel fretting contact, in which

fatigue crack nucleation was related to localized accumu-

lation of plastic strain at the adhesion spots. As can be seen

in Fig. 6(a), the adhesion spots affect locally the direction

of the crack; in the coating-to-steel contacts, the primary

cracks leading to specimen failure were observed to follow

the edges of the most severe adhesion spots where the local

stresses are assumed to reach the highest values. Even

though this kind of a local phenomenon cannot be simu-

lated with the used continuum-scale FEM methodology,

the evidence of strong adhesion spots supports the view

that the coating-to-steel contact is associated with a high

coefficient of friction.

It should be noted that cracks and material removal via

carbide detachment were observed in the coatings in all

studied cases. The surface damage on the coating is

exemplified in Fig. 6(b) for the case of thick and ground

HVOF coating against steel. This kind of fretting wear of

the hardmetal coating was reported also by Wang et al. Ref

35, and it indicates that in the present study the imposed

(total) loading was larger than the possible crack nucleation

threshold of the coating proposed earlier by Kubiak et al.

Ref 32, 33. In the current study, detached wear debris

entrapped between the contact surfaces was observed to

generate abrasive wear as the number of loading cycles

increased. In particular in the coating-to-coating case

abrasive wear seemed to be dominant, since the surfaces

were more pitted. Some adhesive cold welds, which also

affected the local direction of the cracks, were observed,

but not to the same extent as in the coating-to-steel cases.

Overall, the contact surfaces of the coating-to-coating

specimens loaded until failure were strongly abraded as

shown in Fig. 6(c).

The different contact cases (coating-to-steel versus

coating-to-coating) differed from each other also in terms

of the formation of a third body layer (TBL). The forma-

tion of a layer of wear debris to at least some degree was

observed on all of the contact surfaces of the coating-to-

steel cases. Particularly in the case of thin as-sprayed

(rough) HVAF coating against steel a thick third body layer

was observed on the coated specimen, as shown in

Fig. 6(d). In this case, the high surface roughness of the

coating leads to greater amount of wear debris originating

mainly from the steel surface, as the adhesive contacts

shear and deform during the fretting process. However,

EDS analysis made on the steel counterpart (data presented

in Appendix) revealed traces of tungsten on the surface

layer, which shows that damage and particle detachment on

the coating also contributes to the development of the

contact. The wear debris layer (third body layer) modifies

the contact conditions and can play a major role in fretting

wear behavior since it can affect the wear rate (Ref

35, 47, 48). In some cases, it has been reported that oxi-

dized TBL could act as a protective layer against fretting

damage on contact surfaces and reduce the wear rate (Ref

49, 50). However, in this study the TBL did not seem to

affect the fretting fatigue life, since the primary cracks in

the steel specimens nucleated due to the adhesive contacts.

Furthermore, in the coating-to-coating contact the
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dominant wear mechanism seems to be more abrasive in

nature, characterized by the wear product between surfaces

acting as a surface degradation agent.

Observations on the Specimen Cross-Sections

Based on the characterization of the cross-sectional sam-

ples, cracks were mainly initiated at the contact surface and

propagated toward the inside of the specimen perpendicu-

larly to the slip direction, i.e., in mode I with respect to the

bulk bending stress. In addition, some subsurface cracks

were formed in the case of thick HVOF coating against

steel. Furthermore, the adhesion between the coatings and

the steel substrate was good, since interface damage such

as delamination was not observed. The implications of this

finding are discussed later in Sect. ‘‘Summary’’.

The cracks were concentrated at the areas of the most

severe fretting damage, and in the specimens loaded until

failure the major cracks were formed in the corresponding

(mirroring) locations of the contacting specimen surfaces.

Thus, it cannot be excluded that the formation of a crack on

one surface induced a stress concentration on the other

surface and led to crack nucleation on that side too. It is

noteworthy that in the case of thick coatings against steel,

cracks were found in the coatings already after 1000 cycles

despite the fact that the final failure took place in the steel

counterparts. After 1000 cycles the crack length was about

50 lm in both thick coatings, while after 10,000 cycles the

average crack length remained in the same range, and the

maximum crack depth was less than half of the coating

thickness in both thick coatings. In contrast, in the steel

counterpart in contact with the thick HVOF coating cracks

were observed only after 10,000 cycles, while in the steel

counterpart in contact with the thick HVAF coating cracks

were not found in the interrupted tests, i.e., crack formation

seemed to require more than 10,000 cycles. In the case of

Fig. 6 (a) Adhesion spot and primary crack in a steel specimen

against thick and ground HVOF coating (specimen pair loaded until

failure), (b) material removal and cracks in a thick and ground HVOF

coating against steel (specimen pair loaded until failure), (c) surface

degradation of thick and ground HVAF coating in coating-to-coating

contact (specimen pair loaded until failure), and (d) third body layer

on the thin and rough HVAF coating against steel specimen

(specimen pair loaded until failure). The slip direction is marked by

the arrows
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thin and as-sprayed (rough) HVAF coating against steel,

surface inspection after 10,000 cycles revealed microme-

ter-scale crack-like surface traces on the steel surface and

material detachment on the coating surface in the vicinity

of adhesion spots. However, cracks were not observed in

the cross-sectional samples taken from either side in the

interrupted tests, i.e., crack formation required more than

100,000 cycles. Overall, in the coatings the cracks seemed

to initiate earlier than in the steel counterparts but the

propagation until failure was delayed compared to the

steel. The apparently slower crack propagation rate in the

coated side is in accordance with previous studies (Ref

33, 34). The crack growth in the coatings in this case may

also be retarded by the fact that, due to the low CTE of the

coating material, both coatings are eventually under com-

pressive stress in the vicinity of the substrate, as shown in

Fig. 3. However, the large difference in the magnitude of

the residual compressive stress between the coatings

(* 300 MPa in HVAF versus * 30 MPa in HVOF) seems

to have almost no effect on the depth of cracks in the

coatings.

In all the coating-to-steel specimens loaded until failure,

the steel counterparts fractured completely, whereas the

coated specimens remained whole. However, in the case of

thin HVAF coating against steel, a crack in the coating had

propagated to the substrate steel, as shown in Fig. 7(a). It is

therefore evident that in this case failure of the coated

specimen side was also a likely possibility. In the case of

thick coatings against steel, relatively large cracks were

observed, but in all cases the cracks were stopped latest at

the interface of the coating and the substrate steel, as

exemplified in Fig. 7(b).

In the coating-to-steel cases, the cracks observed in the

coatings were initiated at the highest points of the surface

structure, i.e., at the locations of adhesive contact with the

steel counterpart. In the steel specimens, in addition to the

Fig. 7 (a) Primary crack (marked with dotted arrow) propagated from

the coating to the base material in the case of thin and rough HVAF

coating against steel (specimen pair loaded until failure), (b) crack tip

(marked with dotted arrows) in thick and ground HVAF coating

against steel (specimen pair loaded until failure), (c) cracks in steel

specimen against thick and ground HVOF coating (specimen pair

loaded until failure), and (d) cracks in the thick and ground HVAF

coating in the case of coating-to-coating contact (specimen pair

loaded until 10,000 cycles). The slip direction is marked by the

arrows
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primary fracture, notable number of shorter cracks were

formed, as shown in Fig. 7(c) for a steel specimen against

thick and ground HVOF. In the coating-to-coating speci-

men pair loaded until failure, in addition to the primary

fracture, several secondary cracks had propagated from the

coating to the substrate steel. Compared to the case of

coating-to-steel contact, the cracks in the coating-to-coat-

ing case were strongly opened, and fragments had detached

from the surface at the crack nucleation spots. Already

after 10,000 cycles, the coated surfaces were heavily

cracked, and the cracks had grown to a depth of about 50

micrometers, as illustrated in Fig. 7(d). Wang et al. Ref 35

proposed in their study that in suitable loading conditions

abrasive wear could slow down the formation of fretting

fatigue cracks by wearing out the microcracks. It appears

that in the current study this mechanism was not significant

enough to affect the total lifetime, since especially in

coating-to-coating cases, strong abrasive wear and the

formation of detrimental fatigue cracks took place simul-

taneously. The crack growth in the coatings appears to be

driven by their relatively high defect density and brittle-

ness, which promotes both abrasive wear and fatigue crack

propagation.

Summary

In the following, a short summary of the fretting behavior

of contacts involving WC-Co-Cr hardmetal coatings is

presented with emphasis on the technological implications

of the observations. Table 6 summarizes the surface dam-

age and fatigue mechanisms of the two main contact cases

studied in this work, coating-to-steel and coating-to-coat-

ing, and compares them to the steel-to-steel reference case

taken from the literature (Ref 12, 37, 46). As discussed

above, the application of the coating on one or both of the

contact surfaces had little influence on the total fatigue

lifetime of the studied bolt joint. This observation is

somewhat in contrast with previous reports (Ref 33, 34),

according to which the application of the hardmetal coating

should increase the fretting resistance of the steel surface.

However, in the previous studies fatigue-inducing bulk

loading was imposed only on the coated side of the joint

and not on the counterpart. Thus, in the current study,

where symmetric loading was applied, the results of the

coating-to-steel case can be readily explained by the failure

of the uncoated side, where crack nucleation took place

similarly to the steel-to-steel case at adhesion spots formed

on the contact surface. It is, however, noteworthy that

notable damage, such as surface cracking and carbide

detachment, was observed also in the coatings. In fact,

deep (* 50 lm) cracks were observed to form first in the

coatings, even though faster crack propagation in the

uncoated steel side did lead to final failure on that side.

Therefore, the hardmetal coating cannot be assumed to act

as a hard, slowly wearing, counterpart against the steel.

In the second studied case, coating-to-coating, surface

damage was dominated by abrasive wear with less indi-

cations of adhesion between the surfaces. Similarly to the

coating-to-steel case, relatively deep cracks formed early in

the coatings. It is known that in plain fatigue the applica-

tion of a hardmetal coating can reduce the fatigue limit of a

high-strength steel (e.g. Ref 5, 28). It thus appears that in

the studied joint the rapid crack formation in the coating

led to a situation, where the coating was acting more to

reduce fatigue endurance of the underlying substrate via

propagation of cracks from the coating to the substrate than

to provide protection against surface damage. A necessary

condition for this mechanism is that the adhesion between

the substrate and the coating is high enough so that

delamination does not occur when the crack in the coating

reaches the interface (Ref 25).

As noted above, coating delamination was not observed

in the current experiments. This finding is in line with

Table 6 Summary of the damage mechanisms in different contact pairs

Contact case Main surface damage mechanism Main fatigue mechanism

Steel-to-steel Adhesive wear Crack nucleation at adhesion spots

Coating-to-steel Adhesive wear on both surfaces Crack nucleation at adhesion spots on both surfaces; early nucleation in

the coating, but faster propagation and final failure on the steel side

Coating-to-coating Mainly abrasive, some adhesive Crack nucleation at the abraded surface of the coating, propagation to

substrate steel

The steel-to-steel case is deduced based on previous literature reports Ref 12, 37, 46
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previous literature reports, according to which the occur-

rence of the coating delamination is case-specific. For

example, in the case of cylindrical WC-CoCr-coated

(HVOF) steel specimens subjected to rotating bending

fatigue, Vackel and Sampath Ref 25 reported that no

delamination of the coating took place expect for the final

fracture site, where it was related to notable substrate

deformation. Barbera-Sosa et al. Ref 28 reported that under

axial cyclic loading of a 50% WC-10Co-4Cr/50% Col-

monoy 88 (HVOF) coating deposited on QT steel (SAE

4340), fatigue cracks in the coating could cause delami-

nation at the interface, when defects, such as embedded

alumina particles from the grit blasting, were present. Gui

et al. Ref 51 studied the effect of coating thickness on the

transverse cracking and delamination (spallation) during

axial bending in the case of WC-10Co-4Cr (HVOF) coat-

ing on an ultra-high-strength 300 M steel. They noted that

as the coating thickness was increased from 80 to 275 lm,

the transverse cracking tendency of the coating decreased,

whereas the tendency toward delamination increased. This

was explained in terms of transverse cracking and delam-

ination acting as complementary mechanisms to accom-

modate the imposed deformation in the coating. A similar

approach was used to explain delamination during axial

fatigue tests (Ref 51).

Based on static measurements, Agüero et al. Ref 5

reported that the adhesive strength of a WC-Co-Cr (HVOF)

coating on a 4340 low alloy steel is above 89 MPa. (The

exact value could not be determined as delamination did

not take place in their bending test.) According to the FEM

analysis carried out in the current study, the maximum

shear stress on the fretting contact surface is * 80 MPa,

i.e., below the adhesive strength reported in Ref 5. Even

though continuum-scale FEM analysis might be too coarse

to estimate the local stress state at the coating/substrate-

interface, the results are in agreement with experimental

evidence. Thus, it can be concluded that coating delami-

nation did not take place in the studied fretting loading

conditions.

Finally, it is useful to briefly consider the obtained

results from the viewpoint of the coating fracture tough-

ness. Based on the work by Schulze and Erdogan Ref 52,

for this coating-substrate system, where the elastic moduli

differ relatively little from each other, the mode I stress

intensity factor for the coating cracks can be estimated by

the well-known solution for single edge crack:

KI � fr0
ffiffiffiffiffiffi

pa
p

, where r0 and a are the applied stress and

crack length, respectively. The constant f obtains values

between 1.12 and 1.25 for crack lengths 0… 80% of the

coating thickness, when the ratio of the coating to substrate

shear modulus is 0.6 (Ref 52). Thus, based on the FEM

prediction of 300 MPa external tensile loading, for the

* 50 to * 100 lm long coating cracks, which appeared

already between 1000 and 10,000 cycles in the thick

coatings, the stress intensity factor is between * 4 and

* 7 MPam1/2. These values are of the same magnitude as

the typically reported fracture toughness values for this

type of coating (Ref 2, 8, 22, 23, 43, 44). On the other

hand, the stress intensity factor of a crack decreases

rapidly, when multiple cracks are formed periodically close

to each other (e.g., if the crack spacing is twice the crack

length, the stress intensity factor is reduced by * 50%

compared to the case of a single crack (Ref 52)). Multiple

cracks forming close to each other were indeed observed in

the current study (e.g., Fig. 6(b) and 7d)). Furthermore,

especially in the coating-to-steel contact case adhesive

contact spots formed between the surfaces. The applied

FEM methodology does not allow for the calculation of

local stresses in the adhesive spots, but it can be assumed

that the continuum value (300 MPa) represents a lower-

bound estimate. Hence, it is plausible that the early for-

mation of coating cracks, which coincides with the for-

mation of adhesive junctions, acts to relieve the high local

stresses in the coating. That is, the local deformation and

stress gradients near the vicinity of the adhesion spots are

accommodated by localized cracking in the (relatively)

brittle coating and by local plastic deformation in the steel

counterpart. Under bulk cyclic loading the once formed

cracks in the coating open and close cyclically, but their

maximum length remains relatively constant. In contrast,

on the steel side localized cyclic plastic deformation leads

to the nucleation and growth of the fatigue crack which

causes macroscopic failure. This would at least qualita-

tively explain the observation that the early cracking in the

coating is followed by final failure on the uncoated side.

However, this analysis does not lead to quantitative pre-

dictions of the specimen lifetime in different contact cases.

Similarly, the observation, that the coating residual stress

state (HVOF versus HVAF) does not considerably affect

the cracking behavior, is not explained by this approach.

Thus, further analysis, which is beyond the scope of the

current work, is needed on the topic.

Conclusions

This study focused on the effects of thermal sprayed WC-

10Co-4Cr hardmetal coating on the fretting behavior of a

bolt joint. The substrate material as well as the counterpart

material was quenching and tempering steel 34CrNiMo6.

The coatings were deposited by HVOF and HVAF methods

using WC-Co-Cr powder. Coating-to-steel and coating-to-
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coating contact conditions were studied with a cantilever

beam type test setup, which imposed the same bulk cyclic

loading on both contacting parts. Both interrupted tests and

tests until failure were carried out. After the tests, the

failure mechanisms were analyzed by characterization of

surface damage and cross-section samples using optical

and scanning electron microscopy. Continuum-scale linear

elastic finite element method calculations were used to

predict the location of fretting damage in terms of frictional

work and axial stresses using different values of the coef-

ficient of friction (COF).

The following conclusions were made:

1. The applied test methodology was found feasible for

the fretting tests of coated materials. Due to the

symmetric loading, fatigue failure will take place on

the side (either coated or uncoated), which has lower

fretting fatigue endurance. Therefore, the used

approach is suitable for the evaluation of the total

fretting fatigue performance of a given contact pair.

2. In the studied bolt joint, the application of the

hardmetal coating does not seem to considerably affect

the total fatigue lifetime of the joint when compared to

steel-to-steel contact. Also, the coating deposition

method (HVOF versus HVAF) does not seem to have

an effect in the studied loading conditions.

3. In all fretting tests, some degree of fretting damage

took place in both counterparts and it increased with

increasing number of loading cycles

• In coating-to-steel contacts, the main surface

damage mechanism is adhesive wear:

notable amount of adhesive contact spots and cold

welds form on the damage area, material removal

takes place in both counterparts and a third body

layer forms on the surface.

• In coating-to-coating contact, abrasive wear is

dominant, which leads to severe surface degrada-

tion. This was related to the hard wear product that

promotes further wear of the surfaces. In addition,

some adhesive contact spots form also in this case.

4. In general, cracks were observed to form earlier in the

coatings than in the steel counterparts, but the cracks in

steel propagate faster to cause the final failure on that

side. As a result, the total fatigue lifetime of the joint

does not notably differ from the steel-to-steel case.

Secondary cracks were found in addition to the

primary crack both in the coatings and in the steel

counterpart.

5. In the coating-to-steel case, the main crack in the steel

counterpart was observed to follow locally the edges of

the adhesive contact spots, where the local stresses are

assumed to reach their highest values.

Based on the results of the current study, it is evident

that if a given coating is considered as a potential fretting

fatigue palliative in a mechanical joint, the fatigue behavior

of both counterpart surfaces should be carefully studied. In

many cases this calls for more experimental work, since

typically fretting fatigue is studied by applying bulk load-

ing on only one of the counterpart surfaces. In addition, in

the case of hardmetal coating-to-steel-contacts studied

here, further work should be focused on the formation

mechanisms of the local adhesion spots, which induce

localized cracking in both the coating and in the steel

counterpart and thus create potential nucleation sites for

macroscopic fatigue cracks.

Appendix

Figure 8 and 9 presents the simulated contact pressure as

well as shear stress and slip on the contact surface for the

different simulation cases depicted in Fig. 5 of the main

text.

Figure 10 and Table 7 present the results of the EDS

analyses of the tribologically transformed structure and

third body layer on the surface of a steel specimen tested

until failure against thin and rough HVAF coating.

Fig. 8 Simulated contact surface pressure at the start of cyclic

loading for the 250 lm coating-to-steel contact case presented in

Fig. 5 of the main text and in Fig. 9 (data common to all studied COF)
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Fig. 9 Additional simulation data for the 250 lm coating-to-steel contact case depicted in Fig. 5 of the main text, (a) shear stress amplitude and

(b) slip amplitude in the axial direction

Fig. 10 Surface of a steel specimen tested until failure against thin
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marked in Fig. 10
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detected in the measured spectra
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5. A. Agüero, F. Camón, J. Garcı́a de Blas, J.C. del Hoyo, R.

Muelas, A. Santaballa, S. Ulargui, and P. Vallés, HVOF-Depos-

ited WCCoCr as Replacement for Hard Cr in Landing Gear

Actuators, J. Therm. Spray Technol., 2011, 20, p 1292–1309.

https://doi.org/10.1007/s11666-011-9686-1
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pola, A. Lehtovaara, A. Mäntylä, J. Vaara, and T. Frondelius, The

Formation and Characterization of Fretting-Induced Degradation

Layers Using Quenched and Tempered Steel, Tribol. Int., 2019,
131, p 258–267. https://doi.org/10.1016/j.triboint.2018.09.012

47. B.D. Leonard, A. Ghosh, F. Sadeghi, S. Shinde, and M. Mittel-

bach, Third Body Modeling in Fretting Using the Combined

Finite-Discrete Element Method, Int. J. Solids Struct., 2014, 51,
p 1375–1389. https://doi.org/10.1016/j.ijsolstr.2013.12.036

48. A.M. Kirk, P.H. Shipway, W. Sun, and C.J. Bennett, The Effect

of Frequency on Both the Debris and the Development of the

Tribologically Transformed Structure During Fretting Wear of a

High Strength Steel, Wear, 2019, 426–427, p 694–703. https://

doi.org/10.1016/j.wear.2018.12.035

49. J. Hintikka, A. Lehtovaara, and A. Mäntylä, Third Particle
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