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 Objective of this research is to analyze the stress of coated cutting tools under high 

temperature friction, and figure out the laws in the stress change under different loads and 

rotate speeds. This paper constructed a finite element model and used it to analyze the 

frictional wear between the test block (ZrN-coated series hard alloy cutting tools) and the 

high-speed steel friction ring. In the experiment, with the effect of high temperature taken 

into consideration, the friction process was dynamically simulated under different loads 

and rotate speeds, the laws of the distribution of stress during this process under the 

mentioned conditions were attained, and the results of multiple sets of experiments showed 

that, the maximum equivalent stress and shear stress of uncoated hard alloy cutting tools 

were significantly higher than those of coated cutting tools. The maximum principal stress 

appeared in the center part of the contact area of the friction pair, and the maximum shear 

stress appeared in left-of-center part of the contact area of the friction pair, its size increased 

with the rise of load, while the rotate speed had little impact on it. The stress analysis of 

ZrN-coated cutting tools can provide useful theoretical reference for the fabrication of ZrN-

coated cutting tools. 
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1. INTRODUCTION 

 

The variety of coatings, the diversity of processed materials, 

the change of cutting amount, and the effect of high 

temperature friction together bring great difficulties for the 

tests on the performance of the coatings, which has ultimately 

hindered and limited the promotion and application of coated 

cutting tools. Thus, it’s a necessary work to analyze the stress 

distribution of coated cutting tools under high temperature 

friction according to the failure mode of the coated cutter, 

thereby figuring out the main mechanism of using coatings to 

prolong the service life of coated cutter, improving its cutting 

performance, and enhancing its wear resistance, and this work 

is also very meaningful for the extensive development and 

application of coated cutting tools. The early failure of 

coatings is mainly caused by the separation, delamination, 

cracking, and spalling of the coating material; and the 

properties of the coating and the substrate and the properties 

of the interface between the two have significant effects on the 

wear of the coatings.  

The basic principle of the coated cutting tools is to coat one 

or more layers of refractory compounds with good wear 

resistance on the tool body with good toughness, thereby 

combining the tool substrate with the hard coatings to improve 

the performance of the cutter. Coated cutting tools generally 

have higher machining efficiency and precision, longer service 

life, and lower processing cost [1-5], therefore, they are 

developing fast in recent years, the fabrication techniques get 

more mature, and the proportion of coated cutters in indexable 

inserts has been on the rise over the years in western countries 

with developed industry [6-9]. In Sweden company Sandvik 

and American company Kennametal, the proportion of coated 

cutting tools has exceeded 85%; in the United States, the 

proportion of coated hard alloy cutters used on CNC machines 

reached 80%, while in Sweden and Germany, this value has 

reached 70%. Coated cutting tools integrate many merits such 

as high-strength substrate, good toughness, high-hardness 

coatings, and good wear resistance, it has improved the wear 

resistance of the cutter without hurting its toughness [10-12]. 

In western countries, in order to improve the cutting 

performance and service life of high-speed steel, scholars have 

conducted in-depth research on the properties of the wear-

resistant coatings with carbides and nitrides of Ti and Zr (both 

in group IV) as the coating materials, and attained some useful 

results, such as the microhardness value of ZrN coating 

reached as high as about 400MPa [13], it has excellent 

adhesion, and the critical load in scratch test reached 80N; 

moreover, the wear resistance test showed that the service life 

of TiN-coated and ZrN-coated drill bits was 5 times and 7 

times longer than that of ordinary drill bits when used on alloy 

steel plates. Sue and Chang [14] studied the high temperature 

wear resistance of ZrN and another coating material and found 

that the hardness of the coatings was 18.9GPa and 20.8GPa, 

respectively; the experimental results suggested that, when 

pairing with Inconel 718, the high temperature wear resistance 

of the ZrN coating at 500℃ was better than that of the TiN 

coating, the main wear mechanism of the coatings was 

adhesion wear, oxidation wear, and chemical wear. 

Ostrovskaya et al. [15] studied the friction of coatings in liquid 

nitrogen at 77K, and concluded that the properties of the 

substrate had a greater impact on the friction of coatings, and 

the coefficient of friction in liquid nitrogen was lower than that 

in air. Some other scholars also analyzed the stress state and 

wear mechanism under high temperature friction [16-22]. In 

their papers, various coating materials and alloy materials 

were tested under different temperatures and loads, the 
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morphology characteristics of the worn surface and sub-

surface of the materials were analyzed, questions such as the 

adhesive wear at high temperature were considered, and the 

wear mechanisms of the coating materials and alloy materials 

were verified. In addition, the damage of coatings caused by 

friction and wear was ultimately determined by the spatial 

stress distribution of the coating substrate system, to figure out 

the friction and wear mechanisms of the coatings, some 

scholars performed finite element analysis on the stress 

distribution of coated cutting tools under high temperature 

friction and calculated its values [23-25]. 

Under high temperature friction, the wear of coating 

materials on the coated cutting tools is aggravated due to the 

action of stress, ultimately, it is determined by the spatial 

distribution of the stress in the coating/substrate system. To 

figure out the friction and wear mechanisms of coating 

materials, finite element analysis is often adopted to calculate 

the stress distribution of hard alloy cutting tools coated with 

ZrN series coating materials under friction and wear. However, 

classical research on contact mechanics mainly solves the 

problem of spatial semi-infinite bodies made of homogeneous 

materials, while the analytical formula for the contact stress of 

composite coatings under high temperature friction has not 

been established yet. Other problems pending for solutions 

include which type of models and reasonable boundary 

conditions should be adopted and what calculation and 

analysis methods should be chosen so that the calculation 

results could not only satisfy the analytical formulas of 

classical contact mechanics, but also characterize the effect of 

coating structure and material parameters on the 

coating/substrate contact stress. Now the friction force has 

been introduced into the analysis system to analyze the stress 

state of the coating/substrate system from three dimensions, 

moreover, to improve the function and performance of the 

coatings, the coating system is developing towards the multi-

layer structure, in such case, how to select suitable software 

platform and boundary conditions so that the analysis method 

and process could be applicable to the analysis of multi-layer 

coating system is another problem to be solved.  

This paper employed the nonlinear finite element theory to 

analyze the contact of objects, the criteria of contact state 

under high temperature, and the basic finite element equations, 

in this way, the analytical problem of coated cutting tools 

under high temperature was simplified; then, the paper 

analyzed the stress produced by the friction between the test 

block (ZrN-coated cutter) and the friction ring (hereinafter 

referred to as “block-ring friction” for short) under high 

temperature, constructed a finite element model and layered 

and meshed it, set boundary conditions, and applied different 

loads and rotate speeds to analyze the stress of the coated 

cutter during high temperature friction and determine basic 

theories of the fabrication process of coated cutting tools. 

Since a too high temperature can cause changes to the 

properties of the coating and the stress distribution of the 

coated cutter, this study determined the locations with larger 

stress on the coated cutter, so that coated cutting tools with 

better performance could be fabricated in the future.  
 

 

2. NONLINEAR FINITE ELEMENT THEORY FOR 

OBJECTS IN CONTACT 
 

2.1 Criteria of contact state at high temperature 
 

In finite element analysis, the analysis of block-ring friction 

under high temperature is a type of nonlinear contact analysis. 

Where two or more objects are in contact, there’re mutual 

connections between them, such as the surface displacement 

and force of the contacting objects are the basic conditions of 

their contact state. By analyzing the contact conditions 

between them, the contact state of two or more objects could 

be determined. The contact state can be divided into three 

types: continuous boundary, sliding boundary, and free 

boundary. The general contact conditions for judging the 

contact state using relative displacement and surface force on 

the contact surface are given below: since they need to be 

shown in the local coordinate system of the contact surface, at 

first, the local coordinate system of the contact surface was 

established. If two objects A and B are in contact, the local 

coordinate system on object B is X, Y, Z, where Z is the outer 

normal of the contact surface, and X and Y represent the 

contact tangent plane. 

Assuming: Uji and Rji respectively represent the 

displacement component and contact force component of the 

j-th contacting object (j=A, B) in the i-th direction in the local 

coordinate system, then the judgement criteria of the three 

types of contact state are: 

(1) Continuous boundary conditions: 
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→ → → → →
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where, 𝛿
→

𝑂𝑧
→  represents the initial clearance of the contact 

surface in direction 𝑍
→

. 

At the same time, it needs to satisfy that the tangential plane 

won’t slide, namely: 
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where, 𝜇 represents the coefficient of sliding friction between 

the two contact surfaces. 

(2) Free boundary conditions: 
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And it satisfies: 
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(3) Sliding boundary conditions: 
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Which can be written as: 

 
2 2 2
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For given contact boundary conditions, when the external 

load is fixed, the contact boundaries of different segments 

could be divided into different contact state types according to 

the above-mentioned judgement criteria, however, one thing 

must be noticed is that, in the three criteria, the relative 

displacement and the reaction force of the contacting objects 

on the contact surface will be used, but they are usually 

unknown. Therefore, in the solution to the contact problem, 

the first step is to assume the contact state, give the numerical 

analysis equation based on the assumed contact state, and then 

solve the relative displacement and reaction force of the 

contacting objects on the contact surface. The second step is 

to judge and correct the original contact state based on the 

attained results and take high temperature and other factors 

into consideration. After that, these two steps are repeated in 

cycles continuously until the final contact state is stabilized, 

so this is a nonlinear local geometric problem that needs to be 

solved via iterations. 

 

2.2 Basic finite element equations 

 

For a contact problem containing two objects A and B, the 

two objects could be separated into two independent objects, 

then their respective basic finite element equation could be 

easily written as: 

 

      a a a aK R P = +  (11) 

 

      b b b bK R P = +  (12) 

 

where, [𝐾𝑎] represents the stiffness matrix of object A; [𝐾𝑏] 
represents the stiffness matrix of object B; {𝜇𝑎} represents the 

node displacement vector of object A; {𝑅𝑎}  represents the 

node displacement vector of object B; {𝑅𝑎}  represents the 

contact force vector of object A; {𝑅𝑏} represents the contact 

force vector of object B; {𝑃𝑎} represents the vector of external 

force acting on object A; {𝑃𝑏} represents the vector of external 

force acting on object B. 

After solving {𝑅𝑎}  and {𝑅𝑏}  through the displacement 

compatibility relationship between the contacting point pairs, 

the equations were converted into classical finite element 

displacement method, then the problem became easier to solve.  

 

 

3. STRESS ANALYSIS OF BLOCK-RING FRICTION 

OF ZRN-COATED CUTTER UNDER HIGH 

TEMPERATURE 

 

3.1 The finite element model and meshing 

 

Analyzing stress under the action of high temperature is a 

complex system project. At first, an accurately established 

finite element model is required, then, the appropriate element 

type should be selected. To achieve high calculation accuracy, 

according to the stress state of ZrN-coated cutter on the 

friction and wear testing machine, three-dimensional solid 

elements should be adopted for discrete meshing, that is, to 

discretize the solid model into several quadrilateral patch units 

and analyze the stress, and then use the equilibrium conditions 

and continuous conditions to assemble the units into an overall 

structure. 

When building the 3D solid model of test block and friction 

ring using finite elements, the effect of high temperature and 

the thermoplastic deformation coefficient of the material 

should be taken into consideration, while when building the 

solid model, it’s not necessary to pay attention to the specific 

geometric features of the finite element model such as nodes 

and units. The geometric shape of the structure was expressed 

mathematically, nodes and units were added in the geometric 

model, and loads were applied on the boundary of the 

geometric model. In fact, the geometric solid model did not 

participate in the finite element analysis, but generated the 

finite element analysis model through meshing. All loads and 

constraints applied and imposed on the boundary of the 

geometric solid model were finally transferred to the nodes or 

units for solution. Usually, there are two methods of solid 

modeling: the bottom-up modeling method, and the top-down 

modeling method. In the bottom-up modeling method, key 

points are created first, then related primitives such as lines, 

faces, and volumes are created in turn from the bottom to the 

top; while in the top-down modeling method, the most 

advanced primitives such as spheres and prisms and other 3D 

solids could be created first. Both methods use Boolean 

operations to combine datasets, thereby “sculpting” the solid 

model. Since the structure of the test block and the friction ring 

is relatively simple, so in this study, the top-down modeling 

method had been adopted. 

 

 
 

Figure 1. Meshing of the model of test block (G4 coated 

cutter) and friction ring (45# steel) 

 

Figure 1 gives a schematic diagram of the meshed model of 

test block (G4 coated cutter) and friction ring (45# steel). 

When meshing the geometric model, due to the very small size 

of the coating, which is very different from the size of the 

substrate, adopting conventional modeling methods could 

result in too thin or deformed grids, so this paper chose to solve 

it by thinning the outer layer and then the meshes gradually 

become thicker as they approach toward the center. In addition, 

under the action of high temperature, the elastic moduli of the 

coating and the substrate are very different, thus the transition 

layer assumption had been proposed so that the coating and the 

substrate could be simulated more realistically based on the 

meshing of the transition layer and the gradually varied elastic 

modulus. When meshing the outer surface, the layer with 
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densest meshed grids was defined as the first layer, then the 

meshed grids became thicker as they got closer to the center, 

the layer with the second densest meshed grids was defined as 

the second layer, and the grids in the third layer were meshed 

a bit denser. In this way, a relatively reasonable meshing 

system had been formed to attain more accurate results.  

 

3.2 Boundary conditions 

 

Whether the boundary conditions and the applied load are 

consistent with the actual engineering practice or not can 

directly affect the correctness and rationality of the analysis 

results. During the test, the test block (G4 coated cutter) was 

fixed by a clamper, the friction ring (45# steel) rotated at a 

certain speed and was subject to the action of a load P in the 

normal direction. According to requirements, the degrees of 

freedom of the test block in the X and Z directions were 

constrained, as for the friction ring, except for the rotational 

degree of freedom around Z axis, other degrees of freedom 

were all constrained as well. At the same time, a concentrated 

load P was applied to the nodes on the upper surface of the test 

block, and an angular velocity was applied to the friction ring. 

Figure 2 shows the boundary conditions and load applied on 

the test block (G4 coated cutter) and friction ring (45# steel) 

 

 
 

Figure 2. Boundary conditions and load applied on the test 

block (G4 coated cutter) and friction ring (45# steel) 

 

3.3 The applied friction force 

 

Since the focus of this paper is the stress analysis of coated 

cutting tools under high temperature friction, it’s very 

important to consider the action of high temperature and the 

adding of friction force. In the experiment, the friction pairs 

170 and 174 in ANSYS were adopted, and the deformation 

caused by high temperature had been properly considered. The 

two contact surfaces were defined as friction contact surfaces, 

Figure 3 shows a schematic diagram of the friction pair. 

 

 
 

Figure 3. The friction pair of test block (G4 coated cutter) 

and friction ring (45# steel) 

3.4 Finite element calculation results and analysis 

 

Figure 4 and Figure 5 are the finite element analysis results 

of the friction between test block (G2 coated cutter) and 

friction ring (45# steel) under high temperature friction 

(normal load P=70N, rotate speed 𝜔 = 100𝑟/𝑚𝑖𝑛), wherein 

Figure 4 is the principal stress, and Figure 5 is the shear stress. 

 

 
(a) Maximum equivalent principal stress 

 
(b) Profile of maximum equivalent principal stress 

 

Figure 4. Principal stress of test block (G2 coated cutter) and 

friction ring (45# steel) under high temperature friction 

 

 
(a) Shear stress 

 
(b) Profile of shear stress 

 

Figure 5. Shear stress of test block (G2 coated cutter) and 

friction ring (45# steel) under high temperature friction 
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(a) Maximum equivalent principal stress 

 
(b) Profile of maximum equivalent principal stress 

 

Figure 6. Principal stress of test block (G4 coated cutter) and 

friction ring (45# steel) under high temperature friction 

 

 
(a) Shear stress 

 
(b) Profile of shear stress 

 

Figure 7. Shear stress of test block (G4 coated cutter) and 

friction ring (45# steel) under high temperature friction 

 

Figures 6 and 7 are the finite element analysis results of the 

friction between test block (G4 coated cutter) and friction ring 

(45# steel) under high temperature friction (normal load 

P=70N, rotate speed 𝜔 = 100𝑟/𝑚𝑖𝑛), wherein Figure 6 is the 

principal stress, and Figure 7 is the shear stress. 

According to Figures 4(a) and 6(a), under high temperature 

friction, the equivalent stress on the center of the lower surface 

of the G2 and G4 test blocks was the maximum, then the value 

decreased gradually from the center to the outer part. The 

maximum equivalent stress of the G2 test block was 226MPa, 

and the maximum equivalent stress of the G4 test block was 

218MPa. The stress acting on the Zr transition layer was 

decreased. According to Figures 5(a) and Figure 7(a), since the 

direction of the rotate speed was counterclockwise, in order to 

overcome the friction force and the constraint of the test block 

in the X direction, the shear stress in the left area of the center 

of the test block was the maximum, which gradually decreased 

from the maximum position to the outer part; the maximum 

shear stress of the G2 test block was 219MPa, and the 

maximum shear stress of the G4 test block was 214MPa. 

Figures 8 and 9 are the curves of the maximum equivalent 

stress and the maximum shear stress of the G2 test block and 

45# steel friction ring under different friction conditions. 

According to the figure, when G2 test block rubbed against the 

45# steel friction ring, both the maximum equivalent stress and 

the maximum shear stress increased with the rise of the load, 

and the trend was obvious. In contrast, the impact of rotate 

speed was relatively small. Similarly, the stress of ZrN-coated 

cutter when it rubbed against the 45# steel friction could be 

attained, and its maximum equivalent stress and maximum 

shear stress are listed in Tables 1-4. 

 

 
 

Figure 8. The change of maximum equivalent stress with 

rotate speed when G2-coated cutter rubbed against 45# steel 

under high temperature friction 

 

 
 

Figure 9. The change of maximum shear stress with rotate 

speed when G2-coated cutter rubbed against 45# steel under 

high temperature friction 
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Table 1. The maximum equivalent stress of the coating when 

ZrN-coated cutter rubbed against 45# steel under high 

temperature friction (rotate speed 100r/min) 

 
Load 

Test block 
10 25 40 55 70 

G1 98 147 188 239 302 

T1 81 139 178 230 287 

G2 69 128 163 198 226 

T2 60 119 148 187 220 

G4 71 135 159 200 218 

T3 62 115 149 190 221 

T4 58 116 129 175 208 

T5 48 103 116 174 198 

 

Table 2. The maximum shear stress of the coating when 

ZrN-coated cutter rubbed against 45# steel under high 

temperature friction and different loads (rotate speed 

100r/min) 

 
Load 

Test block 
10 25 40 55 70 

G1 92 143 181 232 297 

T1 81 137 175 230 282 

G2 66 124 160 188 219 

T2 54 118 146 187 217 

G4 58 130 162 189 214 

T3 60 114 148 179 219 

T4 45 109 128 173 208 

T5 39 98 109 167 206 

 

Table 3. The maximum equivalent stress of the coating when 

ZrN-coated cutter rubbed against 45# steel under high 

temperature friction and different rotate speeds (load 70N) 

 
Rotate speed (r/min) 

Test block 
100 200 300 400 500 

G1 302 298 295 294 290 

T1 287 285 274 276 276 

G2 226 225 222 219 217 

T2 220 217 216 214 211 

G4 218 223 220 218 217 

T3 221 216 215 214 210 

T4 208 206 201 197 195 

T5 198 202 197 194 212 

 

Table 4. The maximum shear stress of the coating when 

ZrN-coated cutter rubbed against 45# steel under high 

temperature friction and different rotate speeds (load 70N) 

 
Rotate speed (r/min) 

Test block 
100 200 300 400 500 

G1 297 292 289 285 283 

T1 282 277 277 275 274 

G2 219 219 217 215 213 

T2 216 212 213 209 207 

G4 214 224 219 216 215 

T3 219 216 215 214 209 

T4 208 202 199 196 195 

T5 194 200 195 192 209 

 

Through above analysis, the laws of the stress when ZrN-

coated cutter rubbed against 45# steel under high temperature 

friction could be summarized as: 

(1) Under high temperature, both the maximum equivalent 

stress and the shear stress increased with the increase of load, 

the impact of load on stress was bigger, while the impact of 

rotate speed on stress was smaller.  

(2) Under high temperature, from high to low, the rank of 

the maximum equivalent stress and maximum shear stress was 

G1>T1>T2>G4>T3>T4>T5, which was consistent with the 

laws of the wear rate of ZrN-coated cutting tools. The higher 

the stress on the ZrN-coated cutter, the greater the wear rate. 

The wear rate of uncoated cutter was greater than that of 

coated cutter; the coating layer had improved the wear 

resistance of the cutting tools. The wear rate of coatings with 

transition layer was smaller than that of coatings without 

transition layer. This is because in the process of friction and 

wear, the ZrN coating layer has high hardness and good wear 

resistance. Although the hardness of Zr is low, in the film layer, 

a hard layer is formed by the hard phase ZrN and the softer Zr 

on the surface of the hard alloy. According to the delamination 

theory of wear proposed by American scholar Suh, the soft Zr 

coating layer can decrease the plastic deformation of the 

underlying metal, reduce the generation and accumulation of 

dislocations, alleviate the formation, expansion, propagation, 

and connection of cracks caused by stress concentration, and 

delay the delamination of the bottom layer, thereby effectively 

improving the friction performance; the hard substrate ZrN 

can hardly generate plastic deformation, it can provide 

effective support to the soft coating layer so that it could exert 

its function better, and this is the reason for the good friction 

and wear performance of the coatings with transition layer. 

 

 

4. CONCLUSION 

 

(1) When ZrN-coated cutter rubbed against 45# steel under 

high temperature, both the maximum equivalent stress and the 

shear stress increased with the increase of load, and the 

increment was big; while the impact of rotate speed on the two 

was relatively small.  

(2) The finite element analysis results of the stress state of 

block-ring friction under high temperature showed that, the 

stress of uncoated cutter was greater than that of coated cutter; 

and the stress of coatings with transition layer was greater than 

that without transition layer. In the experimental results, the 

stress value of T5 coated cutter was the smallest, therefore, the 

greater the stress of ZrN-coated cutter, the greater the wear rate.  
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