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METHODOLOGY FOR DETERMINING OPTIMAL 

GRINDING PARAMETERS FOR PARTS COATED WITH 

CLAD TITANIUM CARBIDE 

Н. Клименко, О. Лимаренко, В. Тюпа, С. Бєлецький. Методика визначення оптимальних режимів шліфування деталей із 

покриттям із плакованого карбіду титану. У статті розглянуто проблему підвищення ефективності фінішної механічної обробки 

деталей машинобудування зі зносостійкими композиційними покриттями з плакованого карбіду титану (система TiC-NiP-Cu). Під 

час роботи розроблено універсальну комплексну методику визначення оптимальних режимів обробки деталей як із плазмовим 
композиційним покриттям, так і з будь-якими іншими поверхневими шарами різного хімічного складу. Визначено та науково 

обґрунтовано оптимальні режими шліфування для покриття TiC-NiP-Cu. Доведено, що запропоновані параметри дають змогу 

надійно контролювати тепловий та напружено-деформований стан поверхневого шару. У дослідженні враховано застосування 
інструментів із різними характеристиками (зокрема алмазні круги та круги з електрокорунду), а також специфіку обробки з 

використанням мастильно-охолоджувальних рідин і всуху. Крім того, встановлено прямий взаємозв'язок між початковими 

режимами плазмового напилення та оптимальними параметрами подальшого шліфування, що дозволяє максимізувати питому 
продуктивність без втрати міцності зчеплення. В основі розробленого підходу лежить цільова функція максимізації питомої 

продуктивності, яка суворо обмежена допустимими значеннями залишкових напружень і межею міцності зчеплення покриття з 

основою. Крім того, експериментально підтверджено необхідність поступового зменшення фактичної глибини різання в міру 
зняття припуску, що гарантує бездефектну обробку та запобігає відшаруванню напиленого шару. Застосування розробленої 

методики та рекомендованих режимів забезпечує досягнення заданих якісних характеристик поверхні (шорсткості, відсутності 

припікань) при збереженні максимально можливої питомої продуктивності обробки. 
Ключові слова: режими шліфування, композиційне покриття, оптимізація, якісні характеристики поверхні, залишкові 

напруження 

N. Klymenko, O. Lymarenko, V. Tiupa, S. Bieletskyi. Methodology for determining optimal grinding parameters for parts coated 

with clad titanium carbide. The article considers the problem of improving the efficiency of finishing machining of mechanical engineering 

parts with wear-resistant composite coatings based on a clad titanium carbide (TiC-NiP-Cu) system. During the work, a universal, 
comprehensive methodology was developed to determine the optimal machining parameters for parts with both plasma composite coatings 

and other surface layers of various chemical compositions. Optimal grinding parameters for the TiC-NiP-Cu coating have been determined 

and scientifically substantiated. It has been proven that the proposed parameters enable reliable control of the thermal and stress-strain states 
of the surface layer. The study accounts for the use of tools with different characteristics (including diamond and electrocorundum wheels), 

as well as the specifics of machining with cooling lubricants and dry machining. In addition, a direct relationship has been established 

between the initial parameters of plasma spraying and the optimal parameters for subsequent grinding, enabling maximum specific 
productivity without compromising adhesion strength. The developed approach is based on the objective of maximizing specific 

productivity, which is strictly limited by permissible values for residual stresses and the adhesion strength of the coating to the substrate. 

Furthermore, the necessity of a gradual reduction in the actual depth of cut as the allowance is removed has been experimentally confirmed, 
thereby ensuring defect-free machining and preventing delamination of the sprayed layer. The application of the developed methodology and 

the recommended parameters ensures the achievement of the specified qualitative characteristics of the surface (roughness, absence of 

grinding burns) while maintaining the maximum possible specific productivity of the machining. 
Keywords: grinding parameters, composite coating, optimization, surface quality characteristics, residual stresses 

 

Introduction  

Modern mechanical engineering parts typically operate at high speeds, significant loads, and ele-

vated temperatures. Therefore, the surface layer of such parts must possess high resistance to wear, 

corrosion, and heat. These requirements are fully met by composite coatings made of refractory com-

pounds, particularly those based on clad titanium carbide (the TiC-NiP-Cu system). 
However, the widespread implementation of such composite coatings is hindered by technologi-

cal difficulties arising during their finishing machining. To give the parts their final dimensions, re-
quired shape, and surface roughness, the sprayed surfaces are ground. 

Grinding conditions, primarily the temperature factor, predetermine the formation of the stress-

strain state (SSS) of the part's surface layer. At the same time, the initial SSS, formed during the pre-
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ceding operation (coating spraying), also has a significant impact on the stress kinetics during abrasive 

machining. The relationship between grinding parameters and the temperature in the contact zone in-

dicates that as the depth of cut increases, the maximum temperatures increase, while an increase in 

longitudinal feed leads to a temperature rise along the metal depth in both the heating and cooling 

zones. 

At a constant longitudinal feed, increasing the depth of cut raises the thermal background deeper 

in the metal, sharply increasing the level of transient tensile stresses during the period of intensive 

cooling. As a result, a residual stress state is formed that differs significantly from the initial one. The 

importance of controlling these processes is confirmed by several recent studies [1, 2], which show 

that intense heat generation and high contact loads during the grinding of composites often lead to mi-

crocracks and thermal damage (grinding burns) on the surface. At the same time, as recent works show 

[3], competent multi-criteria optimization of cutting parameters enables a significant reduction in 

thermal effects and minimizes defect formation. 

Thus, the strength and operational characteristics of a part are largely determined by the distribu-

tion of residual stresses; by purposefully controlling them, it is possible to control the product's 

strength. In this regard, an urgent task is to identify machining conditions that enable control of the 

thermal and stress state of the surface layer to ensure maximum productivity and the specified quality. 

Analysis of recent research and publications 

Modern research in the field of grinding hard-to-machine materials (cermets, composites, and 

structural ceramics) addresses a complex set of tasks, ranging from studying the micromechanisms of 

fracture to implementing intelligent monitoring systems. 

A fundamental aspect is understanding the mechanisms of material removal and optimizing cut-

ting parameters. For example, when machining TiC/Ni cermet, material removal occurs through a 

combination of plastic deformation, microploughing, and brittle fracture, due to the different removal 

rates of the binder phase and hard particles [4]. Similar tasks of minimizing surface roughness and 

subsurface damage are solved for silicon nitride (Si₃N₄) ceramics using orthogonal experiments [5]. 

The machining strategy is also important: during creep feed grinding of particle-reinforced titanium 

matrix composites (PTMC), up-grinding provides better surface quality, reduces cutting forces by 6–

22%, and decreases the risk of grinding burns compared to down-grinding [6]. Multi-criteria optimiza-

tion (Taguchi methods and grey relational analysis) has also proven effective, enabling a significant 

reduction in surface roughness and grinding forces for TiC-reinforced nickel-based laser coatings [3]. 

Heat generation during grinding critically affects the condition of the surface layer. Numerical 

modeling of metal matrix composites (MMCs) shows that differences in the coefficients of thermal 

expansion of the components lead to significant residual stresses: the ceramic component compresses. 

In contrast, the matrix undergoes complex deformations [2]. At the same time, such stresses can play a 

positive role. Thus, grinding of WC–10Co–4Cr coatings, although it increases surface porosity, simul-

taneously increases microhardness and adhesive and cohesive strength due to the formation of a favor-

able residual stress field [7]. 

Mathematical and kinematic models are actively being developed to predict surface quality. They 

enable accurate prediction of surface roughness (7–11% error) that accounts for the shape of abrasive 

grains, wheel dressing parameters [8], and process kinematics, for example, when machining bearings 

[9]. For non-traditional methods, such as ultrasonic-assisted grinding, complex 3D topography models 

are created to account for high-frequency vibrations [10]. In addition, modern models increasingly rely 

on machine learning: the use of support vector regression (SVR) and signal feature extraction algo-

rithms allows for effective prediction of part surface roughness [11]. 
The implementation of intelligent monitoring using acoustic emission (AE) and vibration sensors ele-

vates quality control to a new level. The analysis of the harmonic composition of AE and vibration signals, 
combined with machine learning algorithms (e.g., SVM), enables online prediction of workpiece surface 
roughness, cylindricity, and roundness with over 92% accuracy [12, 13]. AE characteristics are also used to 
determine the critical depth of the ductile-to-brittle transition in silicon carbide [14]. Furthermore, the ap-
plication of convolutional neural networks (CNNs) to analyze time-frequency images of AE signals enables 
the detection of thermal grinding burns with an unprecedented accuracy of 99.4% [15]. 

An analysis of modern publications demonstrates that improving the efficiency of grinding com-
posite and ceramic materials requires a comprehensive approach. It includes kinematic modeling of 
the cutting process, optimization of parameters to control structural changes and residual stresses, and 
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the active implementation of online monitoring systems based on artificial intelligence and acoustic 
emission for real-time surface quality control. 

The purpose and objectives of the research 

Despite a significant number of studies devoted to the grinding of cermets and composites, the is-

sue of comprehensively selecting machining parameters for specific coatings remains insufficiently 

studied. In particular, there is a lack of comprehensive methodologies for determining the optimal 

grinding parameters for parts with a composite coating of the TiC-NiP-Cu system (using both diamond 

wheels and wheels made of electrocorundum or silicon carbide, with and without cooling). An ap-

proach is needed that simultaneously ensures high productivity, specified surface quality, and a favor-

able distribution of residual stresses, while accounting for the relaxation of initial stresses after spray-

ing. 

The study aims to develop a methodology and determine the optimal grinding parameters for 

parts with a composite coating of clad titanium carbide (TiC-NiP-Cu), ensuring the specified surface-

layer quality characteristics while maximizing the specific machining productivity. 

To achieve this goal, the following tasks were formulated:  

– to analyze the influence of grinding conditions (speed, longitudinal feed, depth of cut) on the 

formation of the temperature field and the stress-strain state of the surface layer of parts with a compo-

site coating;  

– to develop a universal methodology for optimizing grinding parameters for parts with a plasma 

composite coating (as well as other surface layers of various chemical compositions);  

– to determine and justify the optimal grinding parameters for the TiC-NiP-Cu coating for tools 

with different characteristics (diamond wheels, white electrocorundum, and green silicon carbide 

wheels) under machining conditions with and without the use of cooling lubricants. 

Materials and methods of the research 
The finishing treatment (grinding) of the sprayed coatings was carried out on a model 3G71 sur-

face grinding machine. Measurements of cutting forces, power, and grinding temperatures were con-
ducted on a test rig mounted on the model 3G71 surface grinding machine. 

Measurements were taken of the cutting force Pz, the power consumed by the machine's main 
drive, and the grinding temperatures. Grinding temperatures were measured on the coating surface and 
at the coating-substrate interface. Simultaneously, the coating thickness h was continuously measured. 
Experimental temperature measurements during grinding were performed using artificial chromel-
alumel thermocouples. The contact temperature of the composite coating surface and the temperature 
at the coating-substrate interface were measured. 

Investigating the effect of grinding conditions on residual stress formation must also account for 
the cooling conditions associated with different types of cutting fluids (coolants). 

The research established that the higher the productivity of the grinding process, the higher the 
stresses at the coating-substrate interface. Maximum machining productivity will be achieved when 
these stresses are at or below the permissible limits. 

Machining under conditions that generate stresses in the coating exceeding the permissible limits 
leads to coating delamination. Grinding parameters for the coating must be selected based on an analy-
sis of the stress state in the coating-substrate contact zone. 

The greater the depth of cut, the sooner the stresses at the coating-substrate interface will exceed 
permissible levels. This leads to the conclusion that to ensure defect-free machining of the TiC-NiP-
Cu coating, the actual depth of cut must be reduced as the coating thickness decreases. This should be 
executed to keep the stress level at the coating-substrate interface within permissible limits. 

To reduce thermal stress in the grinding process, it is necessary to regulate heat generation in the 
shear and plastic deformation zones, which can be achieved by controlling the machining parameters [4]. 

Based on the results of the research conducted in the present study, a relationship between the 
spraying parameters and the grinding parameters can be observed. That is, spraying parameters that 
ensure the maximum bond strength of the sprayed layer to the substrate enable the use of more inten-
sive grinding parameters, which provide the specified surface layer quality characteristics. Thus, the 
spraying parameters already predetermine the productivity level of the grinding operation. 

Research results 

When grinding coated parts, the objective is to ensure the specified quality characteristics at the 

maximum possible specific productivity. The machining parameters providing the highest specific 

productivity must be selected from those that induce stresses from the tangential cutting force $P_z$ 
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lower than the bond strength of the coating to the substrate, residual tensile stresses in the sprayed lay-

er lower than the tensile strength of this layer, and residual stresses at the coating-substrate interface 

lower than the bond strength of the coating to the substrate. Furthermore, these parameters must en-

sure the specified surface roughness. 

Thus, the maximum specific productivity is an objective function that the expression can de-

scribe: 

 
d ,W v st=   

where:  W  – specific machining productivity, mm³/s; 
dv  – workpiece speed, m/min; s  – cross feed of 

the grinding wheel, mm/double stroke; t  – depth of cut, mm.  

This objective function must be maximized under the following constraints: 
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where: 
2G , 

2п пG −
 – residual stresses on the surface of the sprayed layer and at the coating-substrate 

interface, MPa; 
B  – tensile strength of the sprayed layer, MPa; 

bond  bond strength of the coating to 

the substrate, MPa; ( )zP  – stresses from the tangential cutting force, MPa; given,  a aR R  – obtained and 

specified surface roughness, µm.  

The research established the optimal grinding parameters for parts with a composite TiC-NiP-Cu 

coating, using wheels with various characteristics on automated equipment (CNC machines), both 

without cooling and with cutting fluids (Tables 1 and 2). During the studies, the composite coating 

was applied under constant spraying parameters: the current I was 320 A, the spraying distance S was 

110 mm, the plasma gas flow rate Q was maintained at 45 L/min, and the particle size of the sprayed 

powder d was in the range of 50…100 μm. These parameters ensured a stable bond strength of 50 

MPa between the coating and the substrate. At all machining stages (for all passes), regardless of the 

tool type (diamond wheel or aluminum oxide wheel) and the presence of cooling, the grinding wheel 

speed vwh remained constant at 35 m/s. 

Table 1 

Recommended optimal grinding parameters for parts with a composite TiC-NiP-Cu coating using wheels with 

various characteristics without cooling 

Pass 

No 

Grinding parameters 

24A40M3K1 – white aluminum oxide AC4 500/400 100K1 – diamond grinding wheel 

sprayed 

layer 

thick-

ness h, 

mm 

t, mm 

s, 

mm/do

uble 

stroke 

vwh, 

m/s 

vd, 

m/min 

sprayed 

layer 

thickness 

h, mm 

t, mm 

s, 

mm/dou

ble 

stroke 

vwh, 

m/s 

vd, 

m/min 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

0.5 

0.35 

0.26 

0.215 

0.19 

0.1775 

0.1695 

0.1655 

0.1635 

0.1625 

0.1615 

0.1605 

0.15 

0.09 

0.045 

0.025 

0.0125 

0.008 

0.004 

0.002 

0.001 

0.001 

0.001 

0.0005 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

3 

3 

3 

3 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

20 

20 

20 

20 

15 

15 

15 

15 

2 

2 

2 

2 

0.5 

0.35 

0.26 

0.23 

0.205 

0.185 

0.175 

0.168 

0.165 

0.163 

0.162 

0.161 

0.15 

0.09 

0.03 

0.025 

0.02 

0.01 

0.007 

0.003 

0.002 

0.001 

0.001 

0.001 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

2.25 

3 

3 

3 

3 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

15 

15 

20 

20 

20 

20 

20 

10 

10 

15 

15 

15 
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Table 2  

Recommended optimal grinding parameters for parts with a composite TiC-NiP-Cu coating using wheels with 

various characteristics with the use of cutting fluids 

Pass 

No 

Grinding parameters  

24A40M3K1 – white aluminum oxide AC4 500/400 100K1 – diamond grinding wheel 

sprayed 

layer 

thick-

ness h, 

mm 

t, mm 

s, 

mm/doub

le stroke 

vwh, 

m/s 

vd, 

m/min 

sprayed 

layer 

thickness 

h, mm 

t, mm 

s, 

mm/doubl

e stroke 

vwh, 

m/s 

vd, 

m/min 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

0.5 

0.35 

0.26 

0.215 

0.19 

0.1775 

0.1695 

0.1655 

0.1635 

0.1625 

0.1615 

0.1605 

0.15 

0.09 

0.045 

0.025 

0.0125 

0.008 

0.004 

0.002 

0.001 

0.001 

0.001 

0.0005 

0.25 

0.25 

0.25 

0.5 

0.75 

0.75 

2.5 

3 

3 

3 

3 

3 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

20 

20 

20 

15 

15 

20 

15 

20 

20 

20 

20 

20 

0.5 

0.35 

0.26 

0.22 

0.195 

0.18 

0.171 

0.166 

0.163 

0.162 

0.161 

- 

0.15 

0.09 

0.04 

0.025 

0.015 

0.009 

0.005 

0.003 

0.001 

0.001 

0.001 

- 

0.75 

0.75 

1 

1.5 

2.25 

3 

3 

3 

3 

3 

3 

- 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

35 

- 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

- 

 

 

Fig. 1. Average specific productivity of machining parts with composite TiC-NiP-Cu  

coating at optimal grinding modes without cooling and with cooling using grinding wheels of M3 

 hardness and grain size 

The optimal grinding parameters were determined using a specially developed optimization pro-
gram that also enables the determination of the specific machining productivity of parts with a compo-
site TiC-NiP-Cu coating under various grinding conditions (Fig. 1). 

The optimization program enables observation of a relationship between the spraying parameters 
and the optimal grinding parameters. Spraying parameters that ensure greater bond strength enable 
coatings to be ground under more intensive conditions, as reflected in machining productivity. 

Conclusions 
The temperature field in a coated part is formed by the main heat flux and the heat fluxes reflect-

ed from the coating-substrate interface and the coating surface. The grinding temperature at the coat-
ing-substrate interface is most strongly influenced by the coating thickness and the depth of cut, which 
are selected as the temperature control parameters. 

The study provides refined data on the temperature of the machined surface during grinding by 
accounting for the non-uniform density of the heat source and adjusting the temperature at the cutting 
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surface to that at the machined surface. The thermal field generated during the grinding process con-
tributes to the relaxation of stresses formed during the previous operation – coating spraying. 

The optimal grinding parameters for parts with a composite TiC-NiP-Cu coating have been de-
termined – grinding with a diamond wheel AS4200/160 100K1 without cooling (with cooling): 
vwh=35 (35) m/s, vw=20(20) m/min, s=1.5 (2.25) mm/double stroke, t=0.025 (0.03) mm. Grinding on 
non-automated equipment can also be recommended using white electrocorundum wheels 
24A40SM1K1 (a) and green silicon carbide wheels 63S25SM16K5 (b) without cooling (with cooling) 
under the following parameters:  

а − vwh=35 (35) m/s, vw=0.5 (15) m/min, s=2.25 (2.25) mm/double stroke, t=0.015 (0.003) mm;  
b − vwh=35 (35) m/s, vw=0.5 (20) m/min, s=0.75 (2.25) mm/double stroke, t=0.004 (0.002) mm.  
A methodology has been developed for determining the optimal grinding parameters for parts 

with a composite plasma coating, as well as with any other surface layer of various chemical composi-
tions, which takes into account the strength characteristics of the coating formed under specific spray-
ing parameters, the stresses arising from cutting forces, and the thermal stresses in the coating and at 
the sprayed coating-substrate interface, ensuring the specified operational characteristics of the 
sprayed layer at the highest machining productivity. 
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