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Abstract

This paper addresses coating fracture in hard brittle coatings subjected to combined normal and tangential loads through a
finite element based methodology. The coating is modelled as an elastic layer perfectly bonded to an elastic substrate with a
pre-microcrack, assumed to initiate at the contact trailing edge due to high tensile stress. The predicted results are consistent
with previously published coating fracture results. The model predicts a significant effect of coating thickness on crack
propagation for coatings with large elastic mismatch and the final propagated crack profile is predicted to depend on friction
coefficient, coating fracture toughness and sliding displacement.
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1. Introduction

Coatings have been widely used in engineering applications such as the automotive, manufacturing and
aeroengine industries to increase the wear resistance of components and reduce friction on contact surfaces. With
low levels of friction, components will experience lower stress magnitudes resulting in increased operational life.
Increasing the wear resistance of coatings is often achieved through increased hardness which in turn reduces the
rate of abrasion in the wear process. This however comes at the expense of coating brittleness and associated
susceptibility to brittle-type fracture in practical applications [1].

In engineering applications, the ability of coatings to perform without catastrophic failure is a major concern.
The failure of coated substrates can be related to the failure of coating itself or to the deformation of the substrate.
Several different mechanisms of failure have been observed in hard-coated surfaces, such as through-thickness
cracking, delamination, spallation and coating buckling [2, 3]. It has been observed, however, that hard-coated
surfaces very often fail due to tensile fracture. Tensile fracture mainly occurs at the contact edge of a contact due
to the high tensile stresses experienced there [4, 5]. Strawbridge and Evans [6] schematically presented the
possible failure modes of coated substrates subjected to tensile stress as: (a) transverse cracking in the coating
only, (b) transverse cracking in the coating and the substrate, and (c) transverse cracking followed by
delamination. Shima et al. [7] have highlighted the role of the substrate in supporting load without unacceptable
levels of deformation (commonly termed the load supporting ability) and its dependence upon factors such as
substrate hardness and elastic modulus.

Contact stresses in layered contacts are reasonably well understood [8 - 10]. For a situation where the layer
thickness is large compared to the contact size, the substrate has little influence on the stress distribution and the
contact solution is well described by application of Hertz theory to the layer. The effect of surface roughness on
layered surfaces has also been studied by Cole and Sayles [11], based on the contact configuration of Gupta and
Walowit [10]. Work on modelling and simulation of a coated tribological contact with normal and tangential
loading has been reported by a number of researchers [5, 12 and 13]; it was shown that the stresses within the
layer varied with the level of elastic mismatch and with the coating thickness. Under normal and tangential
loading, for a relatively thin, stiff coating on a compliant substrate, the tensile stress at the trailing edge has been
shown to reduce with increasing coating thickness and vice versa for a compliant coating on a stiff substrate [12,
13].

Some previous work has addressed numerical analysis of brittle fracture under contact loading [14 - 16],
demonstrating a strong dependence of fracture load on the elastic mismatch of the coating and substrate under
normal and tangential loading. Holmberg et al. [5] modelled a 3-D scratch test of a TiN coated steel under elastic
and plastic deformation and compared it with test results; the first crack observed in the tests is associated with the
bending and tensile stresses at the top of the coating as it is slid against the indenter. Hills et al. [14] studied
horseshoe cracks appearing behind a spherical indenter sliding along the surface of a brittle material. A model for
transverse cracking observed during four-point bending of coated substrates was presented by Dalmas et al. [17],

obtained by use of the integral equation method. Bansal et al. [18] carried out finite element (FE) modelling of the
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fracture behaviour of HVOF sprayed WC-Co coatings in a four-point bending test, and described the effect of
coating thickness, residual stress, and coating modulus on the fracture response in bending.

Since the majority of highly wear resistant coatings used in engineering applications (such as thermally
sprayed coatings, e.g. [18]) are typically brittle in nature and susceptible to failure by tensile fracture, it is
important to study the fracture behaviour of thick brittle coatings subjected to contact loading to assist in the
process of coating design and selection. This paper presents an FE-based fast fracture crack growth simulation
methodology for a coated substrate subjected to combined normal and tangential contact loading. The effects of
elastic mismatch between the coating and substrate and the effects of coating thickness and contact friction on the

fracture behaviour have been investigated.

2. FE model
2.1. Model description

Fig. la shows a schematic sectional view of the experimental configuration simulated (based on an
experimental configuration commonly utilised at the University of Nottingham), which is a half cylinder-on-flat
contact [19], while Fig. 1b is a two-dimensional schematic of the coating-substrate pair with an initial micro-
crack. The corresponding 2D FE model is shown in Fig. 2. The general purpose, non-linear, commercial code
ABAQUS (Version 6.8-1) is used throughout. The cylinder is modelled as a half circle with a radius of 6 mm and
the flat is a rectangular shape of 12 x 6 mm in dimension. The coating is modelled as a perfectly adhered, single
layer of thickness, t.. The width of coating modelled is approximately twice that of the contact width, as shown
schematically in Fig. 1la; comparative FE studies have established that the contact (surface and sub-surface)
variable results in the coating regions are unaffected by this simplification [19]. This reduces the computational
time of the simulations, particularly when combined with optimised mesh design.

Plane strain and linear quadrilateral elements were used. In order to improve the stress resolution with
reasonable computational time, the mesh size was gradually refined towards the contact regions, as shown in Fig.
2b. In the coating region, the element size is equal to 20 um at the coating edges and 1 um at the crack seam. The
transition from a coarse mesh (away from the contact regions) to a sufficiently refined mesh (in the contact
regions) is achieved via the mesh control algorithm within ABAQUS. A mesh sensitivity study has been carried
out on the effect of element size in the coating region on predicted crack length and shape. The element size is
varied from 20 um to 5 um in the coating region (E. = 100 GPa, E; =200 GPa, t, =500 um, P = 500 N/mm, 6= 0.5
mm, = 0.3, K. = 126 MPa.mm¥?). The additional mesh refinement gives a negligible effect on predicted crack
shape and length, but increases computational time from 4 hours to 60 hours.

Coulomb friction was employed, based on the Lagrange multiplier contact algorithm to ensure an exact

sticking condition when the shear stress is less than the critical shear stress, according to Coulomb friction. A
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range of coefficient of friction (COF) values between 0.3 and 0.7 are investigated for the contact surface; this
range is typical for sliding contacts when one or both surfaces consist of a thermally sprayed coating [20 - 22].
The contact loading is simulated by applying a normal load, P, of 500 N/mm at a point on the top of the cylinder
(Fig. 1a), based on previous experimental testing, e.g. see [19]. Unidirectional, tangential loading is applied
incrementally via a tangential displacement, 6, of 0.1 mm at the same point (see Fig. 1a). Linear constraint
equations were employed on the cylindrical top surface of the cylinder to ensure uniform horizontal and vertical
displacement of nodes on the top surface. The bottom of flat (substrate) part is constrained in the x and y
directions to prevent rigid body motion.

Attention is focussed in this paper on the regimes of linear elastic response of the materials. Two values of
Young’s modulus for the substrate, Es, of 115 GPa and 200 GPa, are considered, to represent, respectively, the
contrasting elastic properties of the widely-used lightweight alloy Ti-6Al-4V and high strength steels; in both
cases, Poisson’s ratio values of 0.3 are employed. These types of materials are commonly used for high
performance contact applications where fretting and wear are important design considerations [23, 24]. The
coating modulus, E. values studied were 100 GPa and 200 GPa, as typical of thermally sprayed coating, e.g. see
[25]. A value of 0.2 was assumed for Poisson’s ratio of the coating [17]. Elastic mismatch of the coating is
represented via the Dundur’s first parameter, « for elastic moduli mismatch, and second parameter, £ which
includes the Poisson’s ratio difference in addition to the elastic moduli [26]. The parameters are given by the

following expression for a plane strain problem:
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where E and v are the elastic modulus and Poisson ratio respectively, with the subscripts s and c referring to the
substrate and coating respectively. Values of « range from - 1 to + 1, where a negative value corresponds to a
compliant coating bonded to a stiff substrate, and a positive value corresponds to a stiff coating on a compliant
substrate. Value of « close to zero corresponds to situations where the coating and the substrate have similar
compliance. The range of coating thickness studied, t., was from 100 to 200 um, again, typical of thermally
sprayed type coatings [25]. For simplicity, the residual stresses that normally occur in coatings due to the

deposition process are not modelled.
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Table 1 summarises the coating/substrate combinations investigated in the present work. The elastic
mismatch between the coating and the substrate is represented by the Dundur’s parameter, ¢, ranging from -0.356
to 0.245, the former value (« = -0.356) representing a compliant coating on stiff substrate and the latter value (=
0.245) representing a stiff coating on a compliant substrate. The intermediate « values of -0.027 and -0.096
represent cases of relatively small elastic mismatch between the coating and the substrate. The ratio of coating
thickness to contact semi-width (t/a;) for all coating thickness models ranged between 0.38 and 1.03. This
parameter is a measure of the influence of the coating on the overall contact stress distributions [8, 9]. The value
of maximum contact pressure, P« for each case is also presented in Table 1. For coatings with relatively small
elastic mismatch (« values of -0.027 and -0.096), the predicted P, value is close to the uncoated Hertzian value.
In general, for compliant coatings, increasing thickness reduces P, and increases contact semi width and vice
versa for stiff coatings.

Figs. 3a to 3d show the subsurface tangential stress distributions for each case modelled under normal load, P
and tangential displacement, & if no pre-crack exist. All the stresses values are taken at 2.5 um below the surface
i.e. at the centroidal point of the first mesh layer below the surface at the end of horizontal displacement stroke. It
can be seen that for the case of « values of -0.027 and -0.096 there is little changes in the maximum stress value
with the change of thickness (Figs. 3c and d). For the case of « = -0.356 the maximum stress value is increasing
with increasing thickness (Fig. 3b) and vice versa for the case of « = 0.245 (Fig. 3a).

Nodes on the coating of the cylindrical specimen were assigned as the master nodes and nodes on the coating
of the flat specimen were assigned as the slave nodes. Contact interaction between the cylinder and the flat was
defined using a finite sliding contact pair algorithm. The maximum allowable penetration depth (h-crit) between
the slave and master nodes during the iterative solution process was defined as 0.2 um. The minimum allowable
distance between the initial coordinates of adjacent nodes on the mating contact surfaces (ADJUST parameter)
was set to 0.002 um.

Mesh validation of the contact model was conducted by comparison with the Hertzian solution [8] for a
monolithic substrate. The FE model gave good agreement with the theoretical solution. The layered FE model was
validated against the analytical solution presented in previous work [4, 10] for a cylindrical indenter on a layered
substrate, for both contact pressure and interface stresses. To allow clear comparison between the published work
and the results predicted by the current modelling technique, different coating thicknesses of 16, 40, 80, and 200
um with E; = 400 GPa, v, = 0.25 and E;= 25 GPa, v, = 0.25 and a frictionless contact were modelled. The loading
was kept at 50 N/mm for all the cases resulting in contact semi-width to coating thickness ratios (aj/t;) of 6.25,
1.8, 0.5 and 0.16 for coating thickness of 16, 40, 80, and 200 um respectively; again within the range of solutions
presented in the literature [4, 10]. Fig. 4a illustrates the pressure profiles for different contact semi-width to
coating thickness ratios showing that the distributions deviate significantly from Hertzian behaviour for a
significant elastic mismatch between the layer and the substrate as the layer thickness becomes relatively small
compared to the contact semi-width, similar to the behaviour shown in the work of Gupta and Walowit [10]. For

example, for a layer with a;/t; value of 0.5 (t; = 80 um) and y/a; value of 0.8, the model predicted a p/p, value of
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0.6 which matches the corresponding value from [4, 10] to within 10%. As the layer thickness becomes relatively
small compared to the contact semi-width, as for the case of aj/t; = 6.25 (t, = 16 um), there is a pressure peak of
p/p, ~ 0.95 at a horizontal position of y/a; ~ 0.85 and a reduction of pressure to p/p, ~ 0.87 at a horizontal position
of y/a; ~ 0.65. The same trend, in terms of location of pressure peak, and approximately the same peak pressure
values are predicted by Gupta and Walowit [4, 10] for the case of ai/t, = 6. The stress distributions, taken at the
centroidal points of the FE elements (a distance of 2 um from the interface) for the case of a coating thickness of
40 um (ai/t, = 1.8), are shown in Fig. 4b; the FE model results are similar to the contact solutions presented in the
literature [4, 10, 19].

2.2. Crack growth model

A crack growth model for unstable crack growth in the coating has been developed, based on linear elastic
fracture mechanics (LEFM) analysis of the crack tip. The model has been developed using the Python
programming language to automatically update the crack geometry to account for unstable crack growth under a
quasi-static conditions, based on the FE-predicted evolution of the crack tip stress intensity factor.

An a priori crack of length c is inserted into the surface of the coated flat specimen at the trailing edge of the
contact, the selection of location being made in light of the high tensile stress in this position as it slides [5, 14 and
15], as shown schematically in Fig. 1b. The initial crack is modelled as an embedded line called a ‘seam’ in
ABAQUS. A seam defines an edge or face in the model that is originally closed but can open during an analysis.
Overlapping duplicate nodes are placed along a seam when the mesh is generated. These coincident nodes are free
to move apart as the seam separates. The crack faces are assumed not to come in contact with each other and
therefore crack face friction is not modelled here. In this work, a seam is modelled from the surface inwards
perpendicular to the free surface. The corresponding length of the seam is equivalent to the pre-existing
microcrack of 10 um. This corresponds to a crack to contact semi width ratio, c/a;, of approximately 0.05. This
value is sufficient to give the highest stress intensity factor in the system for the crack located at the contact edge
[14, 15]. The crack tip is defined at a node located at the end of the crack seam. A sweep plane strain quadrilateral
mesh is used for the contour integral analysis. A series of five rings of quadrilateral elements are assigned along
the crack seam, centred on the crack tip, as shown in Fig. 5a, and the radial dimension of the elements along the
seam is reduced closer to the crack tip to provide accurate crack tip resolution of displacements, strains and
stresses for the contour integral analysis. The meshes are also refined around the crack path to increase accuracy
(Figs. 5b and 2b).

The criterion for unstable crack propagation is that of the stress intensity factor (SIF) exceeding the fracture
toughness K, >Kc [15, 16] as implemented within the ABAQUS/Python code interaction. The fracture toughness
of the coating ranges from 80 to 100 MPa.mm"? (2.53 to 3.16 MPa.m"?), these values being typical for thermally
sprayed coatings, e.g. see [25]. For the initial crack, the crack propagation direction is set to be parallel to the
crack seam and inwards from the surface. The subsequent crack propagation direction, i.e., the angle at which a

pre-existing crack will propagate, @ is determined by the contour integral analysis of stress intensity factor around
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the crack tip by ABAQUS based on the criterion of the mode 11 stress intensity factor being equal to zero (K, =
0). This can be justified in light of the work of Oliveira and Bower [16] in their study of fracture and delamination
of thin coatings under contact loading where they demonstrated that K, has little effect on the final mixed-mode
fracture path. Furthermore, it is shown by Cotterell and Rice [27] and stated in ABAQUS theory manual [28] that
the crack propagation for zero K;, (K;; = 0) has little different on other crack propagation direction criterion such
as maximum tangential stress criterion and maximum energy release rate criterion. This angle at which a pre-
existing crack will propagate is measured counter-clockwise from the initially defined crack extension direction. It
is important to note that during the application of tangential displacement, the amount of displacement is applied
incrementally, thus in some cases the crack will propagates even when the tangential load is less than sliding force
HP.

The crack propagation is controlled using an assumed crack length increment, dc. A value of dc of 5 um is
found here to give a converged solution. The combined frictional contact and crack propagation simulation tool
operates as shown in the flowchart of Fig. 6. Starting with the initial crack length, and for every subsequent crack
length and shape, a frictional contact analysis, incorporating normal and tangential loading, is performed, to
evaluate the crack tip K, to evaluate whether or not the evolving crack should be extended by another increment.
As the displacement is applied incrementally, the crack tip K, is calculated and its corresponding plane, € is
recorded, based on the criterion of K;; = 0. ABAQUS will obtain a pair of K, and & values for every increment and
passes it to the Python code. Once the crack tip K, has exceeded the fracture toughness (K, >K,c) of the coating,
the corresponding plane, @ of the crack tip K, is taken as the crack propagation angle. This is continued until the
crack arrests, i.e. crack propagation ceases, either due to K; <Kc or proximity to the substrate-coating interface.
For K, >Kc, the Python program creates a new model by extending the crack seam for a length of dc at an angle 6,
corresponding to the crack propagation direction from the previous analysis. Fig. 5b shows representative crack
propagation from the analysis. The present code is not designed to deal with interface delamination and therefore
cracks can only propagate to within a small distance (5 pum, viz. contour integral mesh size) of the substrate-

coating interface.

3. Results

3.1. Effect of elastic mismatch and coating thickness

Figs. 7a, 7b and 7c show the predicted crack trajectories for different thickness of coating, across the range of
a values indicated in Table 1. Referring to Fig. 7a, for the thinnest coating, crack propagation was predicted for
three coating-substrate combinations, but only the stiff coating cases propagated close to the interface. Referring
to Fig. 7c, the thickest coating, only the steel substrate cases were predicted to give propagation and, in these

cases, propagation was only predicted to half coating thickness. The same is true for the intermediate coating
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thickness (Fig. 7b), but the stiffer coating in this case is predicted to propagate to a longer length. The stiffest
coating with largest mismatch (o = 0.245) was not predicted to give propagation for the thickest or intermediate
coating thickness cases. The stiffer coatings gave greater deviation of crack direction from perpendicular. These
results suggest that crack propagation in coatings with greater elastic mismatch is more sensitive to changes of

coating thickness.

3.2. Effect of coefficient of friction

Figs. 8 and 9 show the effect of COF on the predicted crack propagation for « values of 0.245 (stiff coating)
and -0.356 (compliant coating) for 100 and 200 pum thick coatings respectively. For the stiff 100 um coating (Fig.
8a), the COF is predicted to have a negligible effect on crack length and only a small effect on the crack direction,
causing it to grow closer to the direction perpendicular to the surface; for the compliant 100 um coating (Fig. 8b),
the increase in COF again has a negligible predicted effect on crack direction but is predicted to affect the length
significantly, with the crack length doubling as the COF increases from 0.3 to 0.5, leading to a through-thickness
coating crack. The predicted effect of changes in COF is similar for « values of -0.356 (compliant coating) for the
200 pm thick coating, with the higher COF value leading to through-thickness coating cracks for coating
compliant (Fig. 9b). For an a value of 0.245 (stiff coating) with 200 um thickness, the crack is not predicted to
propagate for a COF of 0.3; increasing the COF to 0.5 results in a through-thickness coating crack (Fig. 9a). These
results are consistent with the K, value of the crack increasing with increasing COF, due to higher trailing edge
tensile stresses for example.

Figs. 10a and 10b show the effect of COF on the subsurface (2.5 um below the surface) tangential stress
distributions for the case of « = 0.245 and « = -0.356 under normal load, P and tangential displacement, & with
no pre-crack exist. In general, the maximum stress value at the trailing edge of contact is increasing with
increasing COF. It also can be seen that the case of a = 0.245 (E.200/Ti-6Al-4V) is having slightly higher

maximum stress values compare to the case of « =-0.356 (E.100/steel) for COF 0f 0.5..

3.3. Effect of coating fracture toughness

The effect of the coating fracture toughness, K¢, on the steady state propagated crack profile is shown in Fig.
11 for a compliant (« = -0.356) 200 um thick coating. The predicted crack profiles vary in a complex manner with
increasing K¢ value; as the toughness increases, the final crack length decreases, but the final path of the crack
also deviates towards the contact. In general the overall effect of fracture toughness within the range considered is

not significant.

3.4. The evolution of K; stress intensity
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In order to further understand the interaction between the contact conditions and fracture mechanics for
coated specimens, the effect of applied tangential displacement (stroke) on the mode | SIF, K; of the final
propagated crack (viz. on the resulting final cracks shown in Fig. 7) is predicted. The results are plotted in Fig. 12
for the analyses of Table 1.

Fig. 12a shows in greater detail the predicted effect of tangential displacement on the evolution of K, for a
stiff coating (a = 0.245). It is clear that coating thickness has a more significant effect than for less mismatched
coatings, viz. Figs. 12c and 12d. Crack propagation is only predicted for the thin coating in Fig. 12a. These
results, along with those of Fig. 7, indicate that for a stiff coating, increased coating thickness is beneficial to
cracking resistance.

The results of Fig. 12b, (also consistent with the results of Fig. 7), suggest, that for a compliant coating (« = -
0.356), increasing thickness will increase the final crack length, albeit only to half coating depth. This is due to the
higher K, value reached at the end of horizontal displacement stroke. However, as shown in Fig. 9, increasing
COF can lead to through-thickness cracking even for the same amount of applied displacement.

Figs. 12c and 12d show the predicted effect of coating thickness on SIF-displacement response for low
mismatch coatings (« = -0.096 and « = -0.027). In both cases, coating thickness is predicted to have a negligible
effect on the response. The system with « = -0.027, which is the system with the highest degree of matched
stiffness, generally exhibits lower SIF values than all other coatings considered here. However, with increasing
tangential displacement to 100 um, the critical SIF value is reached so that propagation does occur for all coating

thickness values.

4. Discussion

The results presented in the present work are in accord with previous stress analyses of layered (uncracked)
contact under normal and tangential loading [12, 13, 19], which showed that the tensile stress at the trailing edge
of the contact (and the associated brittle fracture of the coating) decreases with increasing thickness for a stiff
coating on a complaint substrate (i.e. « > 0) and vice versa for a compliant coating on stiff substrate (i.e. «<0). It
is also shown that for small elastic coating-substrate mismatches, the stress is less sensitive to coating thickness.

With regard to the results presented here, it is predicted that the initial microcrack does not propagate with
increasing thickness for an « value of 0.245 (Fig. 7a), while for the « value of -0.356, the propagated crack
increases in length with increasing thickness (Fig. 7). For an « value of -0.027 (small elastic mismatch), the final
crack length is relatively insensitive to coating thickness. This is consistent with the predicted tangential stress
distributions as shown in Fig. 3. For a compliant coating, as the coating thickness increases, the maximum
tangential stress at the trailing edge increases, thus the tendency for crack propagation increases (Fig. 3b).
Furthermore, it is also shown that for a case of high elastic mismatch, the tangential stress predicted is more

sensitive to the change of coating thickness (Figs. 3a and 3b). For example, for the case of « = 0.245, the cracks
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only propagate for a 100 um thick coating (Table 1 and Fig. 7a), due to the reduction of tangential stress with
increasing thickness (Fig. 3a). However, for the case of o = -0.356, the crack length increases with increasing
thickness (Table 1 and Figs. 7), consistent with the predicted tangential stress distribution (Fig. 3b). This evidence
can be further seen from the plot of stress intensity factor evolution with increasing displacement (for the final
propagated crack) as shown in Fig. 12a and 12b for « values of 0.245 and -0.356. The effect on stress intensity
factor for each case with the changes of thickness (Fig. 12) is also consistent with the predicted tangential stress
distribution (Fig. 3).

Gupta and Walowit [4] found that the maximum tangential stress for a relatively stiff coating reduces with
increase in coating thickness and that the stresses were a few magnitude higher than the applied stress for a stiff,
thin coating. Djabella and Arnell [12] however showed that increasing coating stiffness does not necessarily
increase trailing edge tangential stress in the coating for relatively stiff coatings. Depending on the COF and the
relative thickness of the coating to the contact semi-width, the maximum tangential stress may reduce with
increasing coating stiffness.

For the case of a stiff coating (o > 0), a region of tensile stress is predicted at the coating-substrate interface,
below the centre of contact, due to the effect of normal load. Similar behaviour has also been reported by [16]. For
the case of Ec200/Ti-6Al-4V (o = 0.245) the size of the tensile region at the coating-substrate interface increases
with increasing coating thickness. The value of the stress however is much lower than the (sliding) trailing edge
tensile stress experienced. The trailing edge value increases further with increasing COF.

Fig. 8a shows a small effect on final crack length and direction due to increasing COF from 0.3 to 0.5. This
case corresponds to a stiff, thin coating (o = 0.245 and 100 um thick). In this case, the high stress region is
concentrated within the coating and, although increasing COF will increase the stresses (Fig. 10), even for a COF
of 0.3, the crack propagates to the interface, i.e. K, > K,c. In contrast, for the compliant coating of Fig. 8b (o = -
0.356), the stresses are less concentrated in the coating and the crack does not propagate to the interface for COF
of 0.3; however, in this case, increasing the COF to 0.5 increases the stress levels and the degree of concentration
of stresses near the surface (in the coating), thus leading to propagation to the interface.

The deviation of the propagated crack away from the contact region for « > 0 is due to the high compressive
stress experience by the coating close to the interface. Since the coating is stiffer than the substrate, the coating
fulfils a load bearing role under normal load thus higher compressive stresses in this region are developed. Similar
results have been presented in earlier work [12, 29], which showed that the compressive stress at the
coating/substrate interface trailing edge is higher for stiffer coatings. With increasing COF, the tensile stress will
increase, thus reducing the crack deviation (Figs. 8 and 9). This behaviour has also been reported in earlier work
[12, 16].

The results of Fig. 11 for a compliant (¢ = -0.356) 200 um thick coating shows that the coating fracture
toughness, K¢, affects the final crack pattern of the coating. For a different K¢ value with the same COF and

thickness, crack propagation will occur at different points in the tangential loading cycle. This will directly alter

10
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the stresses around the crack tip and consequently lead to different predicted subsequent crack growth, including
direction (path).

Fig. 13 shows the result of an additional analysis for a 500 um thick compliant (« = -0.356) coating, with an
applied displacement of 0.5 mm and a fracture toughness of 126 MPa.mm"? (measured value for a WC-Co HVOF
thermally sprayed coating from [25]), for different assumed COF values of 0.3, 0.5 and 0.7. The propagated
cracks increase in length with increasing COF and for the highest COF of 0.7, the final predicted crack profile
grows under the contact, moving away from the coating/substrate interface. These COF trends are in excellent
agreement with those of earlier research [15, 16, 30], which has in turn been validated by experimental results.
This phenomenon is attributed to the large t./a; ratio (t/a; ~ 2) and the influence of the stiff substrate.

The predicted dependency of K, on tangential displacement (distance of load from crack), as shown in Fig.
12, is controlled by a complex interaction between (i) stress distributions in the coating, (ii) the current position of
the crack tip and (iii) the current displacement. In some cases, the crack tip deflects towards the underside of the
contact and in other cases it deflects away from the underside of the contact. The variation of K; with distance
from load is consistent with that presented by Oliveira and Bower [16]

The current work assumes homogeneous fracture toughness throughout the coating thickness. However, it has
been reported [25, 31] that regions of lower fracture toughness might exist within the coating due to
microstructural inhomogeneities in thermally sprayed coatings (associated with their spalt-like build-up). It should
also be noted that the methodology presented is only applicable to materials susceptible to brittle, fast (unstable)

fracture behaviour, as opposed to situations where fatigue (stable) crack growth dominates [32].

5. Conclusions

The current work illustrates the effectiveness of FE analysis as a tool to simulate the fast fracture behaviour in
a layered substrate subjected to normal and tangential loading. A Python code for automated FE modelling of
crack propagation has been developed to predict the fast fracture of brittle coatings under normal and tangential
loading. This makes it possible to study the effects of various coating parameters in isolation. The present work
focussed on the effect of elastic mismatch, coating thickness, coefficient of friction and coating fracture toughness
on crack propagation. The predictions lead to the following conclusions:

e The propagation of cracks for coating-substrate systems with large elastic mismatch, i.e. large « values
(e.g. = 0.245, -0.356), is found to be sensitive to changes in coating thickness.

e The risk of crack propagation is increased (i) with increasing coating thickness for compliant coatings,
negative « values, (e.g. « =-0.356) and (ii) with decreasing coating thickness for stiff coatings, positive
values (e.g. a=0.245).

e The effect of changing coating thickness on the final propagated crack is less significant for a coating

which has similar stiffness to the substrate (e.g. « =-0.027, -0.096).
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e Reduction in the « value (making the system more matched) is predicted to reduce the crack deviation
away from the contact region.

e Increasing the contact coefficient of friction will increase the propagated crack length and reduce the
crack deviation (i.e. make cracks more perpendicular to the surface).

e The predicted crack profiles vary in a complex way with changes in the fracture toughness of the coating.

e The final crack profiles are predicted to deflect parallel to the interface towards the underside of the

contact for thick coatings (t./a; ~ 2) with large applied sliding displacement (d/a; = 2).
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Fig. 1. (a) Schematic view of the half cylinder-on-flat coated substrate model and (b) schematic view of the initial microcrack
within the coating on the flat specimen.
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Fig. 2. (a) Finite element full model mesh and (b) contact region mesh detail showing fine mesh around the crack profile.
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Fig. 3. FE predicted tangential stress distributions (taken at 2.5 pm below the surface) for the case of (a) = 0.245, (b) o= -
0.356, (c) =-0.096 and (d) = -0.027 for no pre-crack model at the end of contact sliding. (P =500 N/mm, §=0.1 mm, u=
0.3).
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(a)
Fig. 5. FE model results showing (a) the initial 10 um crack at the contact trailing edge, (b) the steady state profile of a crack
propagated from the initial 10 um flaw.
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Fig. 6. Flowchart illustrating coating crack growth algorithm implemented in Python code for FE-based fast fracture model in
ABAQUS.
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Table(s)

Table 1. FE-based fast fracture model crack propagation prediction (P = 500 N/mm, 5= 0.1 mm, z = 0.3, 100 MPa.mm*?).
Max
Q, Y3 Contact
Dundurs Dundurs | thickness | pressure, | thickness/contact Crack final crack
coating/substrate parameter | parameter (um) Pax (MPa) semi width propagate | depth (um)
Ec200/Ti-6Al-4V 0.245 0.036 100 1363 0.43 Yes 98
150 1411 0.68 No -
200 1476 0.93 No -
Ec100/Ti-6Al-4V -0.096 -0.076 100 1243 0.38 No -
150 1218 0.57 No -
200 1203 0.74 No -
Ec200/steel -0.027 -0.053 100 1665 0.51 Yes 88
150 1661 0.77 Yes 102
200 1660 1.03 Yes 93
Ec100/steel -0.356 -0.163 100 1453 0.43 Yes 50
150 1366 0.61 Yes 70
200 1316 0.80 Yes 89




