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Abstract: 14 

The numerical study of the fatigue behaviour of steel and light alloy substrates when coated 15 

with thin hard coatings is limited. This paper aims to investigate the fatigue failure mechanism 16 

of the coating system by observing the initiation and propagation of cracks within the coating 17 

under the cyclic loading. The model coating system is composed of three layers: the TiN 18 

coating, a case-hardened diffusion zone and the H11 steel substrate. The cohesive elements 19 

were arranged evenly in the horizontal direction and vertically through the thickness of the 20 

coating layer in order to observe the crack initiation and propagation. The model coating system 21 

was indented by a spherical indenter of 300 µm radius. Both the coating and the substrate were 22 

characterised as being homogenous, with elastic properties followed by linearly-hardening 23 

plastic behaviour. The irreversible cohesive zone model, allowing for the local degradation of 24 

the material properties to be incorporated into the model, was employed to simulate the crack 25 

initiation and propagation under cyclic loading. It was observed that the crack was initiated at 26 

the edge of the contact area between the indenter and coated surface at early stage of loading 27 
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cycles, then progressed rapidly through the thickness of the coating layer. The deepest crack 1 

was found at 1.4 µm below the top surface. The study has demonstrated that the irreversible 2 

cohesive zone model can be used to track the evolution of crack propagation with cyclic loading, 3 

therefore has the capability to predict the loading bearing capacity of the coating system under 4 

contact fatigue loading conditions. 5 

 6 

Keywords: irreversible cohesive zone model, damage variable, cyclic loading 7 
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Research Highlights 1 

 Local changes of material properties are incorporated in the model. 2 

 Damage variable captures progressive degradation of material. 3 

 Crack propagation dynamics are correlated with increasing loading cycles. 4 

 Evolution of deteriorating material properties is tracked within the contact area. 5 

 The model predicts surface loading bearing capacity under fatigue conditions. 6 

 7 
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1. Introduction 1 

Hard physical vapour deposited (PVD) coatings are being increasingly used on relatively 2 

softer substrates to improve their performance in applications with harsh working 3 

environments such as in machining tools, dies and gears. In the aerospace and automobile 4 

industries there is also an increasing trend to protecting parts with high performance coatings 5 

that display improved tribological and anti-corrosion properties [1]. In cutting tools and dies 6 

for moulding, coatings are usually exposed to complex loading conditions and cracking or 7 

delaminating may occur at the interfaces between layers. Coating mechanical properties have 8 

been investigated by theoretical, numerical and experimental studies of the indentation test [2-9 

5].   10 

The influence of the coatings on the fatigue and the corrosion fatigue behaviour of 11 

mechanical components has been mainly investigated through experimental testing. For 12 

example, Puchi-Cabrera and co-workers investigated the rotating bending fatigue behavior of 13 

316L stainless steel coated with TiN coating. In comparison with uncoated steel, they found 14 

that the fatigue limit of the TiN coated material at 5×106 load cycles was increased by 22% [6]. 15 

In addition, significant increase of fatigue strength was observed in both the PVD CrN-coated 16 

stainless steel and H11 tool steel, by comparing with uncoated samples [7-8]. However, a 17 

significant reduction of fatigue life and fatigue limit was found for the Cr coating on quenched 18 

and tempered 4140 structure steel [9]. More recently, Beake, Liskiewicz and co-workers 19 

studied the role of coating mechanical properties on the fatigue resistance of two commercial 20 

hard carbon coatings on hardened tool steel through micro-impact testing [10].  They found 21 

that the harder carbon coating studied, with higher sp3/sp2 bonded C (Dymon-iC), was 22 

significantly less durable under fatigue loading than the softer carbon coating (Graphit-iC). 23 

Several studies reported that micro crack/wear damage occurred during the first few loading 24 

cycles [11-12].   25 
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Numerical analysis of fatigue behaviour of both steel and light alloy when coated with thin 1 

hard coating has been little studied so far due to (i) the limitation of the computation capability 2 

in term of the temporal evolution and mesh size, (ii) challenges of the complicated contact 3 

boundary conditions and (iii) evolution of the material properties with history of loading. To 4 

date, only a few studies have investigated fatigue damage for coated gears [13-14]. 5 

Indentation is used widely to quantify mechanical properties of coatings or thin films. 6 

Cracking of coatings in the coated tool steel sample is one of the common failure-forms 7 

observed during the indentation tests. Under the pressure of an indenter, cracks may initiate 8 

from the coating surface or from the coating side of the interface, and they may grow into 9 

through-thickness cracks [15-17]. The delamination may occur at the interface due to 10 

dissimilarity of the material properties between the coating and substrate [18-19].  11 

Cohesive-zone modelling has been proved to be an efficient approach to simulate fracture 12 

of multi-layered coatings and delamination of interfaces under monotonic loading [20, 21]. 13 

With the concept of cohesive law, cracks within coatings and delamination between 14 

coating/substrate interface can be viewed as a phenomenon where gradual material separation 15 

behaviour occurs across the two virtual adjacent surfaces (cohesive zone). This separation 16 

follows a softening constitutive equation, which represents the progressive degradation of 17 

material strength through a relationship between cohesive traction and material separation 18 

across crack surfaces. To date, the cohesive constitutive equation described above has only 19 

been employed to investigate the crack formation and propagation under monotonic loading. 20 

Under cyclic loading conditions, the response of the model coating system to the loading 21 

history is expected to be determined by the damage evolution equation [22-23]. Nguyen et al. 22 

revealed that crack subjected to constant-amplitude cyclic loading, and obeying a cohesive law 23 

with elastic unloading, tends to shakedown, i.e., after a small number of cycles, material, 24 

including the cohesive zone, undergoes elastic deformation leading to the crack arrest [22]. 25 
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Nguyen developed the irreversible cohesive constitutive equation, by incorporating the damage 1 

variable, D, which allows for the energy dissipation resulted from frictional interaction of 2 

asperities along the cohesive surfaces and crystallographic slip to be taken into account. This 3 

model, considering the unloading-reloading hysteresis, may avoid the possibility of shakedown 4 

and attendant spurious crack arrest [23]. Based on damage mechanics theory, Roe and 5 

Siegmund developed the cyclic cohesive zone model by incorporating the damage evolution 6 

equation into a monotonic cohesive zone model, enabling the degradation of material properties 7 

with cyclic loading to be investigated [24]. To date, the fatigue behaviour of the coated surface 8 

system investigated by means of cohesive zone model has not been reported.   9 

To enhance the substrate performance and provide better load support to the coating layers, 10 

a tool may be heat treated prior to coating application. Plasma-nitriding, for example, is often 11 

used to treat cutting- or forming-tools [25]. As a result of this, a hardened layer is produced, 12 

called a "hardened case", forming a typical “three-layer” coating-substrate system.  13 

Computational modelling of coating damage has mainly focused on non-case-hardened 14 

substrates [13]. In this current study, the effect of plastic deformation of the hardened case on 15 

the performance of coating layer will be investigated. The irreversible cohesive zone model, 16 

which incorporates energy dissipation during unloading-reloading process, will be used to 17 

investigate the initiation and propagation of cracks under cyclic loading. The following 18 

Methods section describes the details of the cohesive law under monotonic and cyclic loading.  19 

 20 

2. Methods 21 

2.1 Cohesive law 22 

2.1.1 The cohesive zone model with non-mechanism dissipation  23 

Fundamentally, the cohesive traction can be derived from an interfacial potential, or the free 24 

energy density potential [23], 𝜑 25 

Crack propagation of a thin hard coating under cyclic loading: Irreversible cohesive zone model



   
 

7 
 

 1 

𝑇 =
𝜕𝜑

𝜕𝛿
              (1)  2 

 3 

where, 𝑇 and  𝛿 represent the cohesive traction and displacement/separation across the two 4 

adjacent virtual surfaces, respectively. A variety of potential forms, including exponential, 5 

polynomial and linear forms, have been adopted in previous studies.  Fig. 1(a) shows a bilinear 6 

traction-separation model that assumes an initially linear-elastic behaviour, followed by the 7 

initiation and evolution of damage. The elastic behaviour is determined by the linear 8 

relationship between the nominal stresses and the nominal strains across interface. The default 9 

value of the original constitutive thickness is set to 1.0 if the traction-separation response is 10 

specified, which ensures that the nominal strain is equal to the separation. The area integrated 11 

over the traction separation curve provides a measure of the work of separation to create the 12 

two surfaces of a developing crack, therefore this value can be considered to be equivalent to 13 

the critical energy-release rate, 𝜑. The bilinear traction-separation law can be written as follows: 14 

 15 

𝜑 = ∫ 𝑇(𝛿) ∙ 𝑑𝛿 =
1

2
𝑇𝑚𝑎𝑥

𝛿𝑐

0
𝛿𝑐       (2)  16 

 17 

where 𝑇  and  𝛿 represent the traction and the separation respectively, 𝑇𝑚𝑎𝑥 is the maximum 18 

traction and 𝛿𝑐 is the characteristic cohesive-zone length to which the separation reaches upon 19 

new crack surface generation.  A crack in the coating layer may be initiated when separation 20 

reaches a critical value of 𝛿0, at which point the traction achieves its maximum value, 𝑇𝑚𝑎𝑥. 21 

The response of a cohesive element is governed by either the area under the curve of the traction 22 

versus displacement, φ, or the characteristic cohesive-zone length, 𝛿𝑐, once the onset of a crack 23 

is encountered. 24 
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Due to the original constitutive thickness being specified as 1.0, which implies that the 1 

nominal strain is equal to the separation, and the interfacial elastic stiffness, K, representing 2 

the ratio of traction to separation, can be taken as same as the Elastic Modulus of the coating, 3 

300 GPa [Table 1]. A nominal-strain criterion, 𝛿0 , which is used to assess the initiation of 4 

cracking, was set as 𝛿0 = 1%. 5 

2.1.2 Cohesive Zone Model with unloading-reloading hysteresis  6 

Under fatigue loading, material properties of the coating are expected to deteriorate with 7 

increasing numbers of cycles, where the prevailing cohesive strength is related to the loading 8 

history. The damage variable, D, introduced by Roe and Siegmund [24], allows for the 9 

degradation of mechanical and material properties to be accommodated in the cohesive 10 

constitutive equation. The modified constitutive equation incorporating the damage variable, 11 

D, is given by equation (3) below, where K represents the cohesive zone stiffness. The 12 

irreversible cohesive zone model, which allows for the degradation of the material properties 13 

with the loading history, is illustrated in Fig. 1(b). 14 

 15 

𝑇 = 𝐾 (1 − 𝐷)𝛿          (3) 16 

2.1.3 Determination of the damage variable 17 

The damage variable, D, was defined as the effective surface density of microdefects in the 18 

interface [26]. The current value of damage variable is given by the ratio of the damaged cross-19 

sectional area to initial cross-sectional area. Under the conditions of cyclic loading, the damage 20 

variable, Dc, is introduced to modify the cohesive constitutive equations, which can capture the 21 

failure of the cohesive zone at subcritical loading. The damage variable, Dc, encompasses the 22 

well-known characteristics of typical damage evolution laws [26]: 23 
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(1) The damage should not occur until the accumulated or current separation is greater than 1 

a critical distance, 0 ; 2 

(2) The increment of damage is dependent on the increment of separation; 3 

(3) The endurance limit is based on the traction level, under which the cyclic loading can 4 

proceed without causing failure.  5 

The current value of the damage variable, Dc, is calculated by integration of the derivative 6 

of damage variable under cyclic loading, cD : 7 

 dtDD cc
           (4) 8 

where )( 0
max














 HC

T
tD f

c
c


       (5) 9 

where,   is the derivative of the separation, t  is the traction along the thickness direction, and10 

maxT
C f

f


 is coefficient ensuring the endurance limit for damage accumulation, where f  is 11 

the cohesive zone endurance limit.  12 

In this study, the majority of the parameters of cohesive zone model for cyclic loading are 13 

the same as those used in the cohesive zone model for monotonic loading [27] such as critical 14 

distance, 0 , is taken as 1% and the maximum traction, 𝑇𝑚𝑎𝑥, is 0.3 GPa which is calculated 15 

by critical distance multiplying by the stiffness of the coating, K,   𝑇𝑚𝑎𝑥 = 𝛿0 × 𝐾 .  The 16 

characteristic cohesive-zone length was taken as 5% [27].  Endurance limit for damage 17 

accumulation, 𝐶𝑓 = 0.25  as suggested by Roy and Siegmund [24]. 18 

The evolution of damage needs to encompass both monotonic and cyclic loading cases. In 19 

the FE package (Abaqus, 2019) that has been used for the modelling, the current value of the 20 
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damage variable under the monotonic loading, Dm, is calculated from the separation of opposite 1 

virtual surface. The formula for calculating Dm is 2 

)(
)(

0

0














c

c
mD   ( )10  mD      (6) 3 

where   is the separation of two virtual faces of cohesive element, 0  the criterion separation 4 

of initiation of the crack and c is the critical separation indicating the cohesive element is fully 5 

damaged. With two different damage mechanisms defined, the greater of two values will 6 

always be stored as the current damage: 7 

)max( , mc DDD            (7) 8 

The cohesive properties described above were written using Intel Fortran (Intel Fortran, 9 

2019) by applying an in-house code, which allows the degradation of material properties to be 10 

incorporated into FE models by using Abaqus User Material (UMAT) Subroutine. 11 

 12 

2.2 Numerical Model 13 

Fig.2 represents the structure of a cylindrical multi-layered system indented by a spherical 14 

indenter [27]. In term of the geometrical features and loading conditions, the problem can be 15 

assumed as an axi-symmetric one, therefore, only one half of this model is needed to simulate 16 

three dimensional (3D) problem. The model coating system is composed of three layers: the 17 

TiN coating, the diffusion zone or hardened case, and the H11 steel substrate.  The model 18 

system was indented by a spherical indenter with 300 µm radius. Both the coating and the 19 

substrate were characterised as being homogenous, with elastic properties followed by linearly-20 

hardening plastic behaviour. The material properties of top layer of the substrate (the hardened 21 
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case or diffusion zone) were modified to enhance the load-bearing capacity of the 1 

coating/substrate system, to simulate the effect of plasma nitriding. The cross-sectional 2 

hardness of the hardened layer was converted into the corresponding yield strength using the 3 

Tabor factor of 3 [27]. The mathematical function of yield strength (σy) versus the depth of the 4 

hardened case in the form of polynomial function was obtained by the best-curve fitting 5 

technique as shown in Eq (8) 6 

𝑌 = ∑ 𝐶𝑛𝑋𝑛𝑁
0            (8) 7 

where, Y is yield strength, X is the depth of the hardened case, Cn coefficient, n the index 8 

of power and N indicates the items.  In this study, sixth power of polynomial function, where 9 

C0=3354, C1=52.8, C2=-3, C3=0.07, C4=− 0.0008, C5=4 × 10−6 , C6=−7 × 10−9,  was 10 

implemented into FE model as field variables to represent the variation of the yield strength 11 

along the depth of  hardened case [27]. All of the material properties were obtained through 12 

experimental testing [27]. The configuration of the coating system model and its material 13 

properties are summarised in Table 1.  14 

To observe how the crack was initiated and developed in the coating under cyclic loading, 15 

the central section of the coating layer was divided into a series of sub-blocks between each 16 

pair of which a cohesive-zone was assumed. To simplify the modelling procedure, cohesive 17 

elements were arranged evenly in the horizontal direction and vertically through the thickness 18 

of the coating layer (Fig.2). The interval between cohesive elements was determined by 19 

dividing the width of the central coating layer by the number of the cohesive element columns 20 

to be deployed. The cohesive element thickness was 0.01 µm and the interval of the cohesive 21 

zone depended on the density of cohesive zone and the width of model. The model is a 22 

parameterised model, edited with Abaqus keywords function, therefore, the meshing scheme 23 

is controlled by the parameters concerning the density of the elements and the dimensions of 24 
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the model. The element size of the central coating in x-direction, for example, can be prescribed 1 

by dividing the width of the central coating by the number of element in the same direction in 2 

this part [27]. At the same time, the coordinates and the number of corner nodes can also be 3 

determined by these parameters. 4 

A contact pair with a small amount of sliding (friction coefficient = 0.05) in the tangential 5 

direction was defined for the contact between indenter and the upper coating layer. As shown 6 

in Fig. 2, fixed-displacement constraints were applied along the bottom and the right side of 7 

the model. A cyclic movement of indenter at a given displacement amplitude of 2 µm was 8 

specified for the reference point of indenter, which generated 273 loading cycles with the 9 

amplitude at approximately 12 N. The first 5 cycles of loading-unloading are shown in Fig.3. 10 

 11 

Table 1. Material properties of coating and substrate studied [27] 12 
 13 

Layers  Properties Dimensions 

 
Elastic 

Modulus 
(GPa) 

Poisson’s 
Ratio, υ 

Yield 
Strength, 
σy (GPa) 

Tensile 
Strength, 
σc (GPa) 

Elongation Thickness 
(m) 

Width  
(m) 

Coating 
(TiN) 300 0.3 4.2 4.4 0.273 2 

- 

Hardened 
layer 210 0.3 

Function 
(Eq (8)) 

- - 
180 

- 

Substrate 
(H11 steel) 

210 0.3 1.6 1.9 0.09  - 

 14 

3. Results 15 

3.1 The loading-unloading pattern  16 

The reaction force from the indenter reached a maximum of 12 N when the indenter reached 17 

an indentation depth of 2 µm. Increasing contact pressure during loading resulted in sink-in 18 
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around the contact with permanent deformation occurring in the substrate. Fig.3 shows that the 1 

reaction force was zero when the indenter was displaced by approximately 0.9 µm during the 2 

unloading-reloading process. The two vertical lines indicate the range of zero loading force 3 

due to the separation of the indenter and coated surface. 4 

The correlation of the loading force and displacement of indenter for all the loading cycles 5 

is shown in Fig.4a. In the first cycle the loading and unloading curves are clearly separated 6 

(Fig.4b), while in the following cycles the loading path is nearly identical with unloading 7 

path. The large hysteresis area formed in the first cycle indicated that the energy dissipation 8 

due to the plastic deformation of substrate is mainly occurring in the first cycle. The 9 

relationship of the loading force and displacement of indenter for the 2nd, 10th and 23rd cycle, 10 

shown in Fig.4c, indicated clearly that the stiffness for the multi-layered surface system 11 

during loading is not degraded from the 2nd loading cycle.  12 

3.2 Initiation and development of plastic deformation in the substrate 13 

3.2.1 Plastic deformation during the first cycle 14 

Fig.5 shows the plastic initiation and development during the first loading cycle. As the 15 

indenter penetrated to the depth of 0.2 µm, plastic deformation occurred at the centre point of 16 

the hardened case immediately underneath the coating layer (Fig.5a). With the increasing depth 17 

of the indenter, the reaction force of the indenter and contact area between the indenter and 18 

surface of the coating increased. This resulted in a rapidly enlarged area of the plastic 19 

deformation in both longitudinally and radial directions (Fig.5b & c). The maximum plastic 20 

deformation increased by approximately 20 times when the indenter moved from 0.2 µm to the 21 

deepest point of penetration at 2 µm (Fig.5c). There was no further plastic deformation during 22 

the unloading process (Fig.5d). 23 

 24 
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3.2.2 Plastic deformation developing through further unloading-reloading cycles 1 

Plastic deformation mainly occurred during the first cycle, with its development over the 2 

rest of the loading cycles being barely visible. The plastic deformation that occurred at the 1st, 3 

2nd, 63rd, 103rd, 203rd and 273rd cycles is shown in Fig.6 (a-e), respectively. The maximum 4 

plastic deformation slightly increased over the cycles. For example, the equivalent plastic 5 

strain, defined as PEEQ in Abaqus, was 0.0327 at 1st cycle and 0.0395 at 273rd cycle, 6 

respectively. The region of the PEEQ in the hardened case remained unchanged. It is noticed 7 

that the plastic deformation was initiated in the coating layer at the 63rd cycle with its region 8 

gradually enlarged with the increase of the numbers of cycles (highlighted with circles in Fig.6 9 

c,d,e,f).  10 

 11 

3.3 Development of the damage variable with loading cycles 12 

The coating properties degraded with increasing loading cycles, ultimately resulting in the 13 

fatigue damage of the coating. The degradation of the material properties were simulated using 14 

the irreversible cohesive law described in the section 2. Fig. 7 shows the damage variable 15 

accumulation over the cycles at the different locations through the thickness of the coating 16 

layer. In the top surface of the coating, damage initiated in the first cycle and developed rapidly 17 

over the cycles, reaching the maximum value at the 6th cycle and resulting in the initiation of 18 

the crack at the surface of coating. Damage of coating material properties developed 19 

longitudinally into the depth of coating along the direction of the thickness with the increase 20 

number of the loading cycles. At the depth of 0.5 µm and 1 µm under the coating surface, 21 

damage reached the critical value at 9th and 13th cycle, respectively. In this study, the deepest 22 

crack observed was at a depth of 1.4 µm below the surface. At penetration depths >1.4 µm, the 23 

damage variable developed with cycling loading but did not reach the critical value to induce 24 
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cracking. For example, at 1.6 µm the damage initiated at 23rd cycle and increased to 0.8 at 1 

about 60 cycles, remaining at this level until the end of the loading cycles. 2 

 3 

3.4 Crack initiation and propagation  4 

3.4.1  Crack propagation under cyclic loading 5 

The crack initiation and propagation over the loading cycles are shown in Fig.8.  Fig.8a 6 

shows the maximum principal stress (MPS) distribution in the first loading cycle when the 7 

indenter reached the maximum value of displacement, 2 µm.  The MPS occurs at the edge of 8 

contact area of the indenter. Negative values (blue area) of MPS occur at the central area of the 9 

hardened case, indicating compressive stress occurring in this area due to the contact pressure 10 

applied by the indenter. Fig.8b shows the MPS distribution during unloading process when 11 

indenter moved backward to 0.9 µm of the displacement, at which point the indenter was 12 

separated from the coated surface. The MPS is lower due to the elastic deformation recovered 13 

when the contact pressure of indenter is released. However, it is worth noting that the high 14 

value of the residual tensile stress still remained in the edge of contact region of indenter and 15 

coating. With increasing number of loading cycles, the material properties degraded with 16 

evolution of the damage variable. This eventually resulted in the virtual surface of the cohesive 17 

element separation, initiating the occurrence of the crack (Fig.6c). The crack propagated into 18 

the depth along the thickness of the coating until the deepest crack reached 1.4 µm. 19 

 20 

3.4.2 Crack behaviour during the loading and unloading process 21 

The first crack initiated during the 6th cycle and propagated to the depth of 1.4 µm through the 22 

coating thickness. The crack behaved differently during the loading and unloading process in 23 
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the following cycles. Fig.9 shows the crack behaviour at the last cycle.  It can be seen that the 1 

crack gap became smaller during the loading process when the indenter moves downward (left 2 

side in Fig.9). The crack is fully closed as the indenter reached the maximum displacement (2 3 

µm). During the unloading process, the contact pressure from the indenter is reduced, which 4 

released the compressive stress, then the crack opened again. The crack is fully opened as the 5 

indenter is completely separated from the coating surface. 6 

 7 

4. Discussion 8 

The fatigue and corrosion behaviour of mechanical components coated with thin hard 9 

coatings has attracted a significant interest in the field of machining tools and the other 10 

industries such as aerospace and automotive. The influence of the PVD thin hard coatings on 11 

the fatigue performance of coated components has been mainly investigated through 12 

experimental testing [28, 29]. Most of the numerical modelling studies for the mechanical and 13 

damage performance of coated components have mainly focused on the coating 14 

characterization [30], rather than the fatigue crack formation and propagation. The most 15 

popular approach to assess fatigue fracture cracking is the Paris Law [31]. In general, however, 16 

this approach can be viewed as a phenomenological model, i.e. a fitting scheme for 17 

experimental data [32]. Theoretical and numerical modelling for crack propagation and fatigue 18 

life of coated components is limited, though the subsurface crack initiation and propagation in 19 

a very high cycle fatigue regime have been studied [33]. Xu also employed the cyclic cohesive 20 

zone model, combined with extended finite element method, to simulate fatigue crack 21 

propagation under mixed loading conditions [34]. To the best of the authors’ knowledge, 22 

numerical study of crack formation and propagation for the coating under contact cyclic 23 

loading has not been widely reported. 24 
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 1 

4.1  Evaluation of the fatigue damage of the coated system using the irreversible 2 

cohesive law 3 

Roe and Siegmund [24], taking the monotonic cohesive zone model as a starting point, 4 

developed a cyclic cohesive zone model by introducing the damage evolution equation. This 5 

equation is based on a well-known continuum damage theory, proposed by Lemaitre and 6 

Chaboche in 1990 [35]. The key points of continuum damage law proposed by these authors 7 

can be summarized as: (1) damage initiates once the deformation measure meets a threshold 8 

criterion; (2) the damage rate is proportion to the deformation measured at the current load 9 

level; (3) the damage only accumulates beyond an endurance limit. The damage variable, Dc , 10 

described in Eq (4) and (5), meets all of the criteria of evolution damage law above. 11 

The cyclic irreversible cohesive zone model described above, is employed  in this study to 12 

simulate the crack formation and propagation of the thin hard coating under cycling loading. 13 

The cyclic irreversible cohesive constitutive equation takes into account the energy dissipation 14 

resulting from frictional interaction of asperities along the cohesive surfaces and 15 

crystallographic slip, therefore, preventing from the possibility of shakedown and attendant 16 

spurious crack arrest [23]. By introducing the evolution of the damage variable, the irreversible 17 

cohesive law described in Fig.1 (b) allows for the localized mechanical and material properties 18 

dependent on the loading history to be incorporated into the FE model. The initiation and 19 

evolution of the damage related to the loading history at the various depths were clearly shown 20 

in Fig.7. At the edge of indented area, the damage was induced during the first cycle, and then 21 

progressed rapidly to the critical value with the increasing number of loading cycles, eventually 22 

initiating circumferential crack in the surface of coating. The circumferential cracks observed 23 

in the numerical study were comparable to the experimental observation in term of diameter of 24 
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circumferential cracks under the same loading conditions [27]. This study has demonstrated 1 

that the evolution of the local material damage to the contact fatigue loading history can be 2 

quantitatively evaluated. The cohesive element model, embedded within coated layer, allows 3 

for the crack initiation and propagation via the loading history to be observed. The results of 4 

this study have shown that the load bearing capacity of the coated system under the contact 5 

fatigue loading can be predicted using the irreversible cohesive law approach. 6 

4.2 Effect of the plastic deformation on the damage of thin coating 7 

In this study, the plastic deformation mainly occurred in the central part of the hardened 8 

case. With increasing penetration of the indenter, this region of plastic deformation expanded 9 

rapidly, accompanied by the magnitude of the equivalent plastic deformation increasing 10 

dramatically. The energy dissipation, caused by plastic deformation in the hardened case, 11 

mainly occurred in the first cycle, which is also reflected by the hysteresis area formed by the 12 

reaction force and displacement of indenter (shown in Fig.4). This observation is consistent 13 

with the observation of cyclic plastic deformation of the rolling contact under repeatedly 14 

contact loading observed by Hwang and co-workers [36]. They found that plastic deformation 15 

occurred only at first few cycles and became purely elastic in the subsequent cycles due to the 16 

existing residual stresses and material hardening.  In our study, the plastic deformation caused 17 

the material of hardened case flowing toward the outside of contact region, which resulted in 18 

the bending of the coating at the edge of the contact region. Similar to findings from Abdul-19 

Baqi and Gómez-Ovalle [2, 19], the significant increase of tensile stress (shown in Fig. 8a) due 20 

to coating bending was observed at the coating surface close to the contact edge. This high 21 

value of tensile stress initiated the localized material degradation, and eventually caused the 22 

damage of the coating. In the subsequent loading cycles no further plastic deformation 23 

developed in the hardened case. 24 

 25 
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4.3 Prediction of the load bearing capacity under the contact fatigue loading 1 

condition 2 

The previous studies demonstrated that the cohesive zone model can predict load bearing 3 

capacity of coated systems under the monatomic loading through tracking the initiation and 4 

propagation of cracks within the coating [14, 20, 21, 27]. In this study, the irreversible cohesive 5 

zone model, allowing for the crack initiation and propagation to be tracked under cyclic 6 

loading, has been used to predict the loading bearing capacity under the fatigue loading 7 

condition. The model used in this study has been validated by an experimental indentation test 8 

under monotonic loading.  It was found in both experimental and simulation study that the first 9 

crack was initiated at a higher load of 30 N when a 200 um spherical indenter is applied [27]. 10 

It was observed in this study at the lower load of 12 N that although damage was initiated 11 

during the first cycle, the first crack was observed during the 6th cycle. This difference indicates 12 

that the load bearing capacity predicted with the single loading is not sufficient to estimate the 13 

loading bearing capacity of the coated product under the fatigue loading condition. The loading 14 

conditions in this study (2 µm displacement/12 N) were carefully selected in order to observe 15 

the evolution of crack initiation and propagation. With the model used in this study, it was 16 

observed that there is no crack occurring if displacement from indenter is less than certain level, 17 

e.g 1.8 µm. In contrast, cracking can occur during the early stage of the first loading cycle if 18 

the loading from the indenter is too large. With the loading level selected in this study, the 19 

crack initiation and propagation under cyclic loading was clearly observed. This study has 20 

demonstrated the potential of the irreversible cohesive zone model as a tool to predict the 21 

loading bearing capacity of coated systems under contact fatigue loading conditions. 22 

 23 
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4.4 Experimental evidence for coating fatigue behaviour under cyclic loading 1 

conditions 2 

Although the model has not been validated under cyclic conditions, several experimental 3 

studies with sharper and blunter probe geometries [10-12, 37-40] have shown that hard PVD 4 

coatings can display a level of fatigue behaviour under cyclic loading. In addition to the coating 5 

mechanical properties, the type of cracking observed depends on a range of factors including 6 

probe geometry, coating thickness, severity of loading and number of cycles. For example, 7 

Tarrés and co-workers reported the damage progression behaviour described in this study – a 8 

surface crack at the contact periphery gradually growing down from the top surface with 9 

increasing cycles – occurred under cyclic loading of a PVD TiN coating on hard metal substrate 10 

by a 1.25 mm radius WC-Ni spherical indenter. By evaluating the critical loads for cracking 11 

under monotonic and fatigue loading these authors were able to determine a fatigue sensitivity 12 

for the coating [39]. The location of the crack at the top surface at the periphery of the contact 13 

predicted by the model has also been seen in experimental studies of repetitive micro-scale 14 

impact by spherical indenters with smaller end radii (17-20 m). For example, Beake, 15 

Liskiewicz and co-workers used the recently developed micro-impact technique to investigate 16 

the micro-scale impact resistance of hard carbon coatings on hardened tool steel [10,12,37] and 17 

PVD nitrides on cemented carbide [11,12, 38].  18 

Although the spherical probe geometry used in this study is generally preferred for 19 

investigating repetitive indentation/impact damage evolution and fatigue sensitivity [39], 20 

fatigue type behaviour has also been observed for sharper probe geometries in a wide range of 21 

hard coatings. For example, in some PVD coatings surface radial cracks can develop which 22 

grow gradually away from the impact zone with increasing number of cycles and/or load. In 23 

cyclic Vickers indentation of hard coatings on tool steels the type of cracking depended on the 24 
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H/E ratio of the coatings [40]. A quasi-plastic damage mode with radial cracks that grew with 1 

number of cycles was typical in lower H/E coatings.  2 

Bouzakis and co-workers have modelled repetitive nano-impact tests of TiAlN coatings 3 

with a much sharper diamond cube corner probe [41-43]. They developed 3D-FEM and 2D 4 

axis-symmetric FEM models using the ANSYS LS-DYNA software to simulate the damage 5 

progression in repetitive nano-impact tests on PVD Ti,AlN coatings with sharp cube corner (R 6 

~0.075 µm end radius) indenters. Its feature of constrained tied nodes failure was used for 7 

simulating crack formation and propagation, as the plastic strain develops and exceeds the 8 

coating failure strain. The impact-induced stresses were more localised with the much sharper 9 

probe geometry in the nano-impact test resulting in differences in the failure behaviour to when 10 

blunter spherical probes are used.  11 

Similar to the material properties used in this study, Bouzakis et al also consider the material 12 

properties of coating layer as elastic-plastic with the properties of Elastic Modulus, Yield Stress 13 

and Rupture Stress, which are equivalent to the properties in our study. One reason for cyclic 14 

hardening of the layer was not observed very clearly in this study might be due to the large 15 

curvature of the indenter acting on the very thin layer, although Bouzakis and co-workers have 16 

reported effective simulation of the damage observed experimentally in tests with a sharper 17 

probe without incorporating cyclic hardening in their model. The implementation of the 18 

cohesive zone within the coating might have some effect on the simulation results although 19 

this method has been previously validated through monotonic loading. In future, we plan to 20 

conduct repetitive micro-impact tests to validate the model, and if needed, the model will be 21 

further modified in combination with other modelling methods such as X-FEM.  22 

 23 

 24 
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4.5 Model limitations 1 

The finite element model employed in this study was used to investigate the crack formation 2 

and propagation within the coating under the monotonic loading. In terms of the loading level 3 

when the crack is induced and the location of the circumferential crack, the numerical results 4 

are in agreement with the experimental test results under monotonic loading. In this study, this 5 

model was further developed by implementation of the cyclic irreversible cohesive law into 6 

the coating material, which enables the degradation of the material properties with loading 7 

history to be investigated. A full experimental validation of this modified model with the cyclic 8 

loading conditions has not been conducted. It has no doubt that further experimental 9 

investigation, aiming to validate the modified numerical model, needs to be investigated in 10 

future.   11 

The mixed failure mode, including the crack within the coating and interfacial 12 

delamination, were recently investigated by Gómez-Ovalle and co-workers [19] by using 13 

extended finite element method (X-FEM) and cohesive zone model with monotonic loading. 14 

This study specially focused on the coating crack formation and propagation under the cyclic 15 

loading, therefore, the cohesive element was not implemented at the interfacial layers. It is 16 

expected that there is a stress concentration at the interfacial layer due to the mismatch of the 17 

mechanical properties of coating and substrate, so delamination might occur at some stage of 18 

loading. The model used in this study might neglect the effect of the delamination on the 19 

coating crack initiation and propagation. Accordingly, the further improvement of numerical 20 

model is also needed to encompass the effect of the delamination between the coating and 21 

substrate on the damage performance of coating system.   22 

As mentioned above, X-FEM combined with the cohesive zone model approach was used 23 

to simulate cracking and delamination of the interfacial layer by Gómez-Ovalle [19] under 24 

monotonic loading. In our previous study [27] the model developed for the monotonic loading 25 
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was validated experimentally as the existence of a cohesive zone might have an effect on the 1 

stress distribution. However, due to a very low thickness (0.01 microns) of the cohesive zone 2 

layer, its effect on the stress distribution and general stiffness of the system is found to be 3 

negligible. This has been confirmed by good agreement between the experiments and 4 

numerical modelling observed in the monotonic loading.  In this study however, the numerical 5 

approach has not been compared with the other methods, such as X-FEM. Notwithstanding 6 

these limitations, the results presented in this work suggest the irreversible cohesive zone 7 

model has significant potential for improved reliability in prediction of the load bearing 8 

capacity of coated components under fatigue loading conditions. 9 

The cohesive elements implemented in Abaqus allow modelling of progressive damage and 10 

failure in cohesive layers. Failure mechanism consists of three ingredients: a damage initiation 11 

criterion, a damage evolution law (our study uses bilinear traction-separation law), and a choice 12 

of element removal (or deletion) upon reaching a completely damaged state (in our study an 13 

element is removed when the damage coefficient reaches 0.9). The cohesive zone model 14 

available in Abaqus, however, cannot be directly used for cyclic loading conditions since the 15 

material properties, such as stiffness, are constant without considering the damage propagation 16 

related to the cyclic loading history. In our study, damage accumulation with each loading cycle 17 

was considered, and the effect of this damage accumulation on the degradation of the material 18 

properties was iterated at each calculation step. Damage was observed on the first cycle but it 19 

was not large enough to cause a crack in the coating until the 6th cycle, when a crack initiated 20 

at the top surface. In contrast, with the cohesive zone element model in Abaqus (which does 21 

not consider degradation of the properties), cyclic loading will lead to infinite life if the crack 22 

is not induced in the first cycle.   23 

The loading level in this study was chosen in order to investigate the damage propagation 24 

of a single crack with increasing number of loading cycles. It has been established in our 25 
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previous study that multiple cracks could be generated under higher monotonic load [27]. In 1 

future it is planned to apply the model under a range of higher applied cyclic loads, in order to 2 

simulate multiple crack initiation and propagation.  3 

 4 

5. Conclusions 5 

In this study, an irreversible cohesive law, that accounts for the effect of the damage caused 6 

by monotonic and cyclic loading on the mechanical and material properties of a model coating 7 

system, has been used to investigate the crack initiation and propagation under the contact 8 

fatigue loading. The damage variable was incorporated into the cohesive zone model, allowing 9 

the material deterioration with the increasing of number of loading cycles to be taken into 10 

account. The results indicate that damage began during the early stage of loading cycles and 11 

propagated rapidly through the coating thickness. The bending stress at the edge of contact 12 

area, caused by the plastic deformation of hardened case, plays an important role in crack 13 

initiation. Compressive stress, caused by the indentation contact pressure during reloading, 14 

forced crack closure. Subsequent unloading released the compressive stress, prompting re-15 

opening of the crack.  The irreversible cohesive zone model has been shown to be potentially 16 

a more reliable approach to predict the load bearing capacity of coated components under 17 

fatigue loading conditions. 18 
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 6 

Figure captions 7 

Fig. 1 (a) The bilinear cohesive zone model; (b) traction-separation cohesive zone law under 8 

cyclic loading. 9 

Fig. 2 Geometric model of a multi-layered system including the coating, the hardened case 10 

and the substrate. 11 

Fig. 3 The first 5 cycles of loading-unloading by the indenter. (a) the reaction force acted on 12 

the surface of coating by the indenter with the amplitude approximately at 12 N; (b) cyclic 13 

movement with the amplitude of 2 µm specified to reference point of indenter. The two 14 

vertical lines indicate the time points between which the indenter is separated from coating 15 

surface. 16 

Fig. 4  The correlation of the force and the displacement of the indenter for 273 cycles (a), at 17 

the 1st cycle (b) and at the 2nd , 10th and 23rd cycles (c).  18 

Fig. 5 The initiation and development of plastic deformation in the first loading and 19 

unloading cycle.  The plastic deformation initiated and developed when the indenter 20 

penetrated to the depth of 0.2 µm (a), 1 µm (b) and 2 µm (c), respectively. Fig.5 (d) indicates 21 

that the plastic deformation occurred during unloading process. At the displacement of 22 

approximately 0.9 µm, the indenter is fully separated from the surface. There is no visible 23 
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difference between (c) and (d), indicating no further plastic deformation occurred during 1 

unloading process. 2 

Fig. 6 The plastic deformation developed through cyclic loading. 3 

Fig. 7 The damage initiation and accumulation at the various depths of the coating over the 4 

loading cycles.  5 

Fig. 8 The maximum principal stress distribution at the various penetration of the indenter 6 

over the loading cycles. Fig.8 a & b shows the maximum principal stress distribution during 7 

loading when the indenter is displaced at 2 µm and during unloading when the indenter is at 8 

0.9 µm away from the reference point. Fig.8c shows that the first crack occurs at the 6th 9 

cycle during loading process when the indenter moves downward to the position of 1.5 µm 10 

from the reference point. Fig.8 d, e &f show that crack propagated through the thickness of 11 

coating into the 1µm in depth at 13th cycle, 1.4 µm at 103rd cycle, and remained at 1.4 µm 12 

until 273rd cycle. 13 

Fig. 9 Crack performance during loading and unloading process; (Left) Crack performance 14 

during the loading after the crack is fully formed; (Right) Crack performance during 15 

unloading after the crack has formed.  16 
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