
Vol.:(0123456789)

International Journal of Precision Engineering and Manufacturing (2024) 25:1153–1166 
https://doi.org/10.1007/s12541-024-00975-z

1 3

REGULAR PAPER

Research on the Wear of Groove Structured Grinding Wheel Based 
on the Simulation and Experiment of Single Abrasive Particle 
Scratching

Jun Yi1,2 · Zongwei Wang2 · Tao Yi2 · Hui Deng1,2 · Wei Zhou1,2

Received: 28 October 2023 / Revised: 1 February 2024 / Accepted: 2 February 2024 / Published online: 4 March 2024 
© The Author(s), under exclusive licence to Korean Society for Precision Engineering 2024

Abstract
In order to comprehend the abrasive wear mechanism of CBN grinding wheels with varying structural characteristic param-
eters, the influence of these parameters on abrasive wear was transformed into the impact of undeformed chip thickness on 
abrasive wear. Subsequently, a two-dimensional finite element simulation model of single CBN abrasive scratching was 
established. The effects of different maximum undeformed chip thicknesses, scratching speeds, and abrasive rake angles on 
wear morphology and normal scratching force were analyzed. Furthermore, the simulation model was validated through 
single abrasive scratching experiments. The results indicate that the predominant form of CBN particle wear is crushing and 
fracture. During the scratching process, wear consistently initiates with micro-crushing and micro-cracks between the particle 
tip and front tool face. As this process continues, cracks propagate within the particle until ultimately causing its fracture. 
When holding constant both scratching speed and abrasive rake angle, an increase in maximum undeformed chip thickness 
(i.e., intermittent ratio of grinding wheel) leads to elevated normal scratching force and greater degree of abrasive wear. 
Moreover, an increase in scratching speed exacerbates abrasion while an increase in abrasive rake angle reduces scratching 
force thereby alleviating the abrasion process.

Keywords  Structured grinding wheel · Grinding wheel wear · Single CBN abrasive scratching

1  Introduction

The major issue during the grinding process with structured 
grinding wheels is the severe abrasive wear on the surface 
of the wheel [1]. Abrasive wear occurs when abrasive par-
ticles and workpiece materials experience high temperature 
and stress, resulting in the removal of abrasive material 
due to friction [2]. The shape, arrangement of abrasives, 
grinding process parameters, and wheel structure all have 
an impact on abrasive wear. Understanding the laws of abra-
sive wear evolution and the influence of various factors on 
it is essential for rational planning of grinding parameters, 

optimization of grinding wheel design, and prolonging the 
service life of grinding wheels.

Finite element analysis can efficiently simulate the grind-
ing process of single or multiple abrasive particles, provid-
ing a convenient means to comprehend stress and tempera-
ture distribution, as well as the formation and wear processes 
of abrasive chips [3]. Researchers have utilized the finite 
element method to conduct a series of studies analyzing 
abrasive wear.

Jackson [4] employed the finite element method to simu-
late the fracture and wear process of CBN grinding wheels. 
The simulation results showed that abrasive crushing is 
mainly responsible for abrasion failure on their surfaces due 
to mechanical tensile stresses within abrasives surpassing 
compressive ones. Additionally, it had been discovered that 
a correlation exists between pull force and grinding ratio 
in these wheels. Su et al. [5] proposed a smoothed particle 
hydrodynamics (SPH) method for simulating the cutting pro-
cess of a single CBN particle, with the aim of addressing 
mesh constraints inherent in traditional finite element meth-
ods used to simulate such processes. Through observation of 
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changes in stress fields and movement of smooth particles 
on its surface during simulation, they analyzed the crush-
ing and chip deformation mechanisms of the CBN particle. 
The results indicate that the front cutter surface of abrasive 
particles is prone to micro-crushing and wear platforms due 
to stress concentration, while the workpiece is propelled for-
ward by the abrasive particles, resulting in chip formation. 
Zhang [6] utilized the random section method to construct 
an irregular single CBN particle and conducted simulations 
of its scraping on 45 steel and 40CrNiMoA steel using the 
smooth particle hydrodynamic method. The simulation 
model was validated through an orthogonal test, and the 
wear morphology of the simulated particle corresponded 
with that observed in experimental results. Ding et al. [7] 
conducted high-speed grinding experiments on single wear 
particles of cubic boron nitride and polycrystalline cubic 
boron nitride, respectively. The wear behavior of the two 
wear particles was compared based on fractal analysis. It 
was observed that the wear behavior of single crystal cubic 
boron nitride generally adheres to the periodic pattern of 
micro-wear, macro-crushing, micro-crushing and wear. On 
the other hand, polycrystalline cubic boron nitride exhibits 
a periodic trend of micro-fracture, wear and micro-fracture. 
Additionally, polycrystalline cubic boron nitride particles 
possess higher fractal dimension which indicates superior 
self-sharpening ability and wear resistance. Ding [8] uti-
lized Abaqus software to simulate the stress resulting from 
brazing and grinding during the grinding process of a sin-
gle brazed CBN particle, and subsequently compared the 
stress distribution of said particle under six varying degrees 
of wear. As the wear conditions deteriorate, the combined 
stresses of brazing and grinding have a reduced impact on 
the bottom of the wear particle, with most of it concentrated 
at its apex. The combined stress is primarily concentrated 
at the apex of the wear particle, leading to micro-crushing, 
while macro-crushing is caused by high tensile stress at the 
junction between the wear particle and matrix. Mei et al. 
[9] proposed a method that utilizes finite element software 
to simulate the wear evolution process of particles. Initially, 
the stress distribution within a single particle was obtained 
through a two-dimensional scratch simulation, and then 
failed elements were removed based on the failure strength 
and stress distribution. Finally, updating the abrasion mor-
phology by removing the failed element allowed for comple-
tion of the scratch simulation in subsequent steps. Repeat-
ing this process provided valuable insight into the evolution 
of abrasive wear. The simulation results indicate that the 
grinding force exhibits fluctuations in response to changes 
in the number of cutting edges, owing to a dynamic process 
of wear and self-sharpening experienced by abrasive par-
ticles. Furthermore, an increase in the number of cutting 
edges leads to a reduction in chip volume due to enhanced 
ploughing action exerted by abrasive particles during wear. 

Wang et al. [10] (based on Mei's method) conducted further 
simulations using Abaqus to investigate the wear process 
of a single CBN abrasive particle scraping against high-
temperature nickel-based alloy 718. The numerical evalu-
ation of the abrasive particle's wear was based on its tensile 
strength and hardness, revealing that the wear behavior of 
the CBN abrasive particle could be categorized into two 
distinct forms. One is the macroscopic fracture occurring 
on the top surface of the abrasive grain, and the other is the 
microscopic fracture happening at the edge of the abrasive 
cutting edge. Rao [11] proposed a two-dimensional finite 
element model to simulate the fracture and wear behavior of 
polycrystalline CBN particles during high-speed scratching. 
A geometric model of polycrystalline CBN particles was 
constructed using the Tyson polygon, and a cohesive ele-
ment was added to simulate the crack propagation process in 
the model. The influence of cohesive chip thickness on the 
wear of CBN particles was analyzed in detail. The results 
indicate that abrasive wear primarily occurs in the vertex 
region of abrasive particles, while the fracture behavior of 
abrasive particles mainly takes place near the grain bound-
ary. Abrasive particles are more likely to break when the 
thickness of undeformed chips exceeds 1 μm. Wang [12] 
combined the methods of Mei and Rao to conduct a simula-
tion study on the process of wear evolution in polycrystalline 
CBN particles. The results indicate that the fracture modes 
of polycrystalline CBN wear particles primarily consist of 
cutting edge breakage due to stress concentration and crack 
propagation caused by non-uniform deformation. The tensile 
force is the main factor affecting the fracture of wear parti-
cles and the breaking of wear particles leads to a dynamic 
cycle of passivation-sharpening. Bergs [13] studied the frac-
ture behavior of abrasive grains in the dressing process of 
CBN grinding wheel by finite element method, and analyzed 
the influences of abrasive grain shape, dressing parameters, 
abrasive protrusion height and abrasive grain orientation on 
abrasive grain fracture. The results showed that the shape 
and orientation of abrasive grains exerted the most signifi-
cant influence on their fracture. Wang [14] used near field 
dynamic method to study the fracture mechanism of abrasive 
grains during grinding with CBN grinding wheel, compared 
the fracture behavior of three different abrasive grains during 
dressing, and found that the fracture of abrasive grains gen-
erally went through four stages: elastic deformation, damage 
initiation, crack formation and macro fracture. The initiation 
and propagation of fracture mainly depend on tensile stress 
and shear stress, in which tensile stress leads to type I frac-
ture, while shear stress leads to type II fracture.

The above researches mainly focuses on the mechanism 
of abrasive wear. For structured grinding wheels, different 
structural characteristics will lead to different forms of abra-
sive wear. Analyzing the influence of structural character-
istics and grinding parameters on abrasive wear is of great 
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significance for understanding the wear mechanism of grind-
ing wheels and improving the durability of grinding wheels.

2 � Analysis of Abrasive Wear on the Surface 
of Structured Grinding Wheel

Figures 1 and 2 display the wear of grinding wheels with 
groove widths of 6 mm and intermittent ratios of 1:3.4 
and 1:4.2, respectively. It is apparent that the abrasive par-
ticles of the grinding wheel with two types of intermit-
tent ratios primarily crush in non-grooved areas, while 
those adjacent to the grooves fracture to varying degrees. 
Abrasive particles with severe fractures directly lose their 

grinding ability. Upon comparing the wear conditions 
of grinding wheels with two different intermittent ratios 
near the groove, it is evident that the wheel with a larger 
intermittent ratio experiences more severe abrasion. The 
wear on the structured grinding wheel near the groove 
consistently exhibits a severe pattern, as evident from the 
aforementioned results. The wear situation in proximity to 
the groove of the grinding wheel is closely associated with 
its structural parameters, primarily due to their influence 
on the maximum undeformed chip thickness of the grind-
ing wheel. Consequently, this leads to variations in stress 
levels experienced by abrasive particles during grinding 
and subsequently gives rise to diverse forms of abrasive 
particle wear.

Fig. 1   Wear condition of struc-
tured electroplated CBN grind-
ing wheel with groove width of 
6 mm and intermittent ratio of 
1:3.4. a Overall photograph of 
grinding wheel, b Partial photo-
graph of grinding wheel, c Non 
grooved areas, d Near groove

Fig. 2   Wear condition of struc-
tured electroplated CBN grind-
ing wheel with groove width of 
6 mm and intermittent ratio of 
1:4.2. a Overall photograph of 
grinding wheel, b Partial photo-
graph of grinding wheel, c Non 
grooved areas, d Near groove
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In order to investigate the impact of various structural 
parameters on abrasive wear of grinding wheel surface, it 
is imperative to first analyze the correlation between these 
parameters and maximum undeformed chip thickness.

The maximum undeformed chip thickness of a straight 
grooved structured wheel with groove width (lg) and con-
tinuous arc length of the grinding wheel (lw) can be math-
ematically expressed under the given conditions of grinding 
speed (vs), workpiece feed speed (vw), and grinding depth 
(ap) as follow [15]

where C represents the dynamic effective number of abra-
sive particles per unit area, r denotes the width to thickness 
ratio of abrasive chips, and D stands for the diameter of the 
grinding wheel.

According to Eq. (1), when the groove width (lg) remains 
unchanged, an increase in the intermittent ratio (lg/lw) will 
result in an increase in the maximum undeformed chip 
thickness. Conversely, when the intermittent ratio (lg/lw) is 
constant, changes in groove width (lg) will not affect the 
maximum undeformed chip thickness.

Based on the aforementioned analysis, it becomes evident 
that variations in the maximum undeformed chip thickness 
resulting from changes in intermittent ratio are ultimately 
responsible for the varying degrees of wear observed on 
structured grinding wheels. Consequently, investigating 
the impact of structural parameters on abrasive wear can 
be reframed as an examination of how different maximum 
undeformed chip thicknesses influence abrasive wear. Con-
sidering the influence of grinding speed and abrasive rake 
angle on abrasive wear, the simulation process primarily 
focuses on investigating the impact of three parameters—
maximum undeformed chip thickness, grinding speed, and 
abrasive rake angle—on abrasive wear.

3 � Finite Element Model of Scratching 
by a Single Abrasive Particle

3.1 � Geometric Model of the Workpiece 
with Abrasive Particle

The process of material removal from a workpiece by abra-
sive particles on the surface of a grinding wheel is analogous 
to cutting processing, involving the elimination of workpiece 
material through shearing slip caused by extrusion. How-
ever, the distinction lies in the fact that abrasive particles 
lack fixed shapes during grinding, resulting in an uneven dis-
tribution of stress fields and higher temperatures generated 
during the abrasive scratching process. This gives rise to a 

(1)agmax
=

√

4

rC
⋅

vw

vs
⋅

√

ap

D
⋅

lw + lg

lw

complex evolution process of abrasive wear that poses chal-
lenges for real-time experimental monitoring. The Abaqus 
software is widely utilized in various fields, including mate-
rial processing, metal forming, and the evolution of metal-
lographic structures, making it a prevalent choice for general 
finite element analysis. Its Explicit solver excels at handling 
highly nonlinear dynamics problems that are both large and 
complex. In particular, the abrasive friction workpiece pro-
cess presents a challenging nonlinear problem characterized 
by significant material deformation, high strain rates, and 
material damage. Henceforth, this paper selects Abaqus as 
the simulation software.

Observation of Figs. 1 and 2 reveals that the majority of 
CBN particles exhibit complex shapes such as tetrahedrons, 
hexahedrons, and other polyhedrons, making it challenging 
to establish an accurate particle model. Therefore, simpli-
fication of the particle shape is necessary to some extent. 
While a three-dimensional simulation model provides 
clearer visualization of abrasive particle flow, its solution 
requires high computational capabilities. This paper pri-
marily focuses on discussing normal friction force size and 
abrasive particle wear patterns through two-dimensional 
simulations for efficient and accurate acquisition of desired 
information.

The geometric model of a single abrasive particle and 
workpiece, as established in this paper, is illustrated in 
Fig. 3. The abrasive particle is composed of CBN material 
and takes the form of a triangular shape with a tip radius 
measuring 2 μm. The abrasive particle was discretized into 
triangular mesh, and the element type employed is a three-
node plane strain-thermal coupling element with a constant 
size of 0.25 μm.

On the other hand, the workpiece is made of 20CrM-
nTi material. Considering the limited penetration depth of 
the abrasive particle, which is only a few microns, and the 
small contact area of the machined surface, the dimensions 

Fig. 3   Geometry model of abrasive particle and workpiece
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of the workpiece model were set to 50 μm × 60 μm. In order 
to ensure the accuracy of the calculation results and opti-
mize computational efficiency, a hierarchical grid structure 
is employed for the workpiece. The upper layer represents 
the material removal region with refined meshing, while the 
lower layer serves as the support region with sparse mesh-
ing. The four-node plane strain-thermal coupling element 
with reduction integral is employed as the mesh element 
type, and the mesh size ranges from 0.5 to 10 μm.

3.2 � Material Parameters and Their Corresponding 
Constitutive Models

Physical property parameters are the characteristics that 
describe the properties of materials themselves. As shown 
in Table 1 from literature [16], the material parameters for 
20CrMnTi and CBN are listed.

The scratching process is a thermodynamic coupling phe-
nomenon, and the workpiece's specific heat capacity and 
thermal conductivity exhibit temperature-dependent varia-
tions. According to reference [17], Table 2 presents the ther-
mal performance parameters of 20CrMnTi. CBN possesses 
a specific heat capacity of 430 J/(kg/°C) and a thermal con-
ductivity of 80W/m∙°C.

Material constitutive model is a mathematical represen-
tation of the relationship between stress, strain rate, strain, 
and temperature of a material. The selection of an appropri-
ate constitutive model is crucial in establishing an accurate 
simulation model as it directly relates to the properties of 
the material. The Johnson–Cook model is capable of distin-
guishing between the processes of strain hardening, strain 
rate hardening, and heat softening during material deforma-
tion, rendering it suitable for a broad range of metallic mate-
rials such as steel and aluminum alloys [18]. As 20CrMnTi 
is classified as a low carbon steel, the Johnson–Cook model 
has been selected as the constitutive model for this material 
in this study.

The mathematical expression for the Johnson–Cook 
model is as follow.

(2)

𝜎 = (A + B ⋅ 𝜀n)

(

1 + C ⋅ ln

(

𝜀̇

𝜀̇
0

))(

1 −

(

T − T
0

Tmelt − T
0

)m)

In this equation, A denotes the yield strength of the mate-
rial, B represents its strain hardening coefficient, n stands for 
the strain rate hardening index, C denotes the strain rate hard-
ening coefficient, m represents the thermal softening index, σ 
signifies the equivalent flow stress of the material, ε indicates 
equivalent plastic strain, ͘ɛ represents equivalent plastic strain 
rate, ͘ɛ a represents the equivalent plastic reference strain rate, 
which is typically assumed to be 1. T represents the current 
temperature of the material, while Tmelt denotes its melting 
point, which is 1440 °C for 20CrMnTi. T0 refers to the ambient 
temperature at the current atmospheric pressure. The constitu-
tive parameters of 20CrMnTi are presented in Table 3 as per 
the literature [16].

The wear behavior of particles needs to be observed in the 
simulation process, so a mathematical expression should be 
established to describe it accurately. CBN is a brittle mate-
rial, and its failure behavior mainly occurs when the material 
deformation exceeds the limit under high stress and fractures. 
A brittle model can be used to describe the particles of CBN. 
The ultimate stress for brittle fracture of CBN is 2340 MPa, 
with an elongation at break of 0.0001 [13].

3.3 � Models for Material Failure 
and Grain‑Workpiece Friction

(1)	 Material failure model

The material failure model serves as a mathematical repre-
sentation of the formation and continuous removal of debris 
from the workpiece, which is implemented in finite element 
software through the elimination of material units. In this 
study, we have adopted the Johnson–Cook shear damage cri-
terion as our failure criterion for workpiece materials, with 
its corresponding mathematical expression provided by [18]

Table 1   Basic physical parameters of CBN and 20CrMnTi

Materials Density ρ (kg/mm3) Elasticity 
modulus 
E(Gpa)

Poisson’s ratio ν

20CrMnTi 7.8 × 10−6 207 0.25
CBN 3.48 × 10−6 909 0.12

Table 2   Thermal performance parameters of 20CrMnTi

Tem-
perature T 
(°C)

Specific heat 
c (J/kg °C)

Thermal conduc-
tivity λ (w/m °C)

Coefficient of 
linear expansion 
α(10−6 °C−1)

20 502 34.5 13.9
100 536 33 16.1
200 586 28 16.7
300 695 17.5 16.7

Table 3   Constitutive parameters of 20CrMnTi

A (MPa) B (MPa) n C m

303 192 0.06 0.31 0.706
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where D represents the material’s failure parameter. When 
D exceeds 1, the material starts to fail, indicating that the 
workpiece element is about to be deleted. Δεp denotes the 
equivalent plastic strain increment.

εf represents the critical equivalent plastic strain at the 
time of material failure, which can be calculated as follows:

where d1, d2, d3, d4 and d5 are material damage parameters, 
and their values are shown in Table 4 [16].

(2)	 Grain-workpiece friction model

Friction between abrasive particles and workpieces is a 
significant factor that influences both the magnitude of fric-
tion force and the resulting friction temperature. Currently, 
the prevailing model employed to describe this phenomenon 
is the Coulomb friction model, which can be mathematically 
expressed as follows.

where τf represents friction stress, σn represents the normal 
stress at the contact point between the abrasive particle and 
the workpiece surface, μ represents friction factor. τs repre-
sents the shear strength of the workpiece.

3.4 � Boundary Conditions and Simulation 
Parameters

During the grinding process, there exists a significantly large 
ratio between the grinding speed and workpiece feed speed. 
For a brief period of time, the workpiece can be considered 
immobile while abrasive particles traverse its surface at the 
grinding speed. Consequently, in simulations, movement 
of the workpiece can be restricted by symmetric fixed con-
straints applied to its bottom node and nodes on both sides of 
the unrubbed area along horizontal and vertical directions as 
well as rotational motion in a horizontal plane. The horizon-
tal velocity of the abrasive node should correspond to that 
of the linear speed of the grinding wheel, with scratch depth 

(3)D =
∑ Δ�p

�f
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)

𝜏f = 𝜏s

(

𝜇𝜎n ≥ 𝜏s

)

being determined by maximum undeformed chip thickness 
during grinding.

The grinding speed and maximum undeformed chip 
thickness are two crucial process parameters that impact the 
wear condition of abrasive particles. Maximum undeformed 
chip thickness refers to the deepest point a single abrasive 
particle can reach into the workpiece, which significantly 
influences the force exerted by the abrasive particle and 
leads to different wear forms under various grinding con-
ditions. Grinding speed is a critical factor in determining 
both sliding speed between abrasive particles and their con-
tact with the front tool surface, as well as affecting friction 
force between abrasive particles and workpiece. In addition 
to grinding parameters, characteristics of abrasive particles 
themselves also affect their wear state. The rake angle of an 
abrasive particle determines its flow direction, resulting in 
changes in stress distribution between it and the workpiece. 
Selecting appropriate grinding parameters and shaping abra-
sive particles can effectively slow down abrasion processes. 
This paper mainly conducts finite element simulation of 
an abrasive wear state based on grinding speed, maximum 
undeformed chip thickness, and rake angle of abrasives. Spe-
cific simulation parameters are shown in Table 5.

MATLAB software was utilized to binarize the images 
of abrasive particles before and after scratching, enabling 
the calculation of respective areas A and A′ for these par-
ticles. Subsequently, the percentage of abrasive wear area 
a% which is employed as a crucial criterion for defining the 
wear patterns of abrasive particles was determined using the 
following equation.

4 � Experimental Verification and Results 
Discussion

4.1 � Experimental Procedure

To understand the specific morphology of CBN particles 
after wear, a single CBN particle scratching experiment 
was conducted. Three 40# CBN abrasive grains were 
selected and scratched under three different maximum 

(6)a% =
A − A�

A
× 100%

Table 4   Damage parameters of 20CrMnTi

Parameter d1 d2 d3 d4 d5

Value  − 0.77 1.45  − 0.47 0.014 3.87

Table 5   Single abrasive scratch simulation parameters

Parameter Grinding speed vs 
(m/s)

Maximum unde-
formed chip thick-
ness agmax (μm)

Rake angle of 
abrasive γ

Value 10,15,20 5,7.5,10 − 60°, − 40°, 
− 20°
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undeformed chip thickness experimental conditions using 
a single abrasive wheel disc prepared in advance on the 
KVC 800/1 three-axis vertical machining center. The CBN 
abrasive grains were connected to the matrix of the grind-
ing wheel disc by light-curing resin, and the workpiece 
used for scratching was 20CrMnTi with a surface rough-
ness less than 0.1 μm after polishing. Friction force is 
an important index for evaluating grinding performance 
and sharpness of abrasive particles, and changes in fric-
tion force can reflect the process of abrasive wear. Dur-
ing the experiment, Kistler 9257B dynamometer was 
used to record scratching force at a sampling frequency 
of 1000HZ, which was then processed using Dynaware 
software. Figure  4 shows equipment used during this 
experiment.

When conducting scratching experiments using a single 
abrasive wheel disc, as illustrated in Fig. 4, the maximum 
undeformed chip thickness of the abrasive grain agmax can 
be determined by Eq. (7) [15]

where D represents the diameter of the abrasive particle cir-
culating around the center of the grinding wheel, ap denotes 
the grinding depth, vw indicates the feed speed, and vs signi-
fies the linear speed of the abrasive particle rotating around 
the center of the grinding wheel. By varying the feed speed 
of the table under constant grinding depth and linear speed 
of abrasive rotation, different maximum undeformed chip 
thicknesses can be achieved. The scratching experiment is 
primarily conducted at maximum undeformed chip thick-
nesses of 5 μm, 7.5 μm, and 10 μm. The experimental 
parameters are presented in Table 6.

(7)agmax
= 2�D

vw

vs

√

ap

D

4.2 � Comparison of Simulation and Experimental 
Results of Abrasive Wear

Figure 5a–c illustrate the simulation results of CBN particle 
with a rake angle of − 60° scratching on a 20CrMnTi work-
piece at a grinding speed of 10 m/s and maximum unde-
formed chip thickness set at 5 μm. Figure 5d, e respectively 
present the simulated and measured morphologies of abra-
sive wear under the same grinding parameters. According to 
the simulation results, when the abrasive particle traverses 
1/3 of the workpiece length, microcrushing occurs at the tip 
of the abrasive, resulting in a minor removal of CBN mate-
rial and inducing significant stress on the cutting surface of 
the abrasive particle. As the abrasive particle traverses 2/3 
of the workpiece length, the fractured area of its tip extends 
towards the front cutter face, resulting in a micro-section 
formation at the abrasive tip and slight breakage on its front 
cutter face. As the abrasive particle cuts out the workpiece, 
the cross section of its tip continuously expands due to fric-
tion with the workpiece surface. Simultaneously, the cutting 
surface of the abrasive particle also experiences small-scale 
breakage. The scratching experiment, as depicted in Fig. 5e, 
produced results that were consistent with the simulation. 
Subsequent to the experiment, abrasive particles exhibited 
varying degrees of breakage at their tips and a limited range 
of fractures occurred on the front surface of the tool.

Figure 6a–c illustrate the simulation results of CBN par-
ticle with a rake angle of − 60° scratching on a 20CrMnTi 
workpiece at a grinding speed of 10 m/s and maximum 
undeformed chip thickness set at 7.5  μm. Figure  6d, e 
respectively present the simulated and measured morpholo-
gies of abrasive wear under the same grinding parameters. 
The simulation results indicate that when the abrasive par-
ticles traverse 1/3 of the workpiece length, both the abrasive 
tip and the front cutter face experience varying degrees of 
breakage, while the overall amount of removed abrasive 
material is relatively small. When the abrasive particle 
traverses 2/3 of the workpiece length, a fracture surface is 
formed between the abrasive tip and the front tool surface 
due to material removal. As the abrasive particle cuts out 
the workpiece, the cross section between the front tool face 
and the tip of the abrasive particle starts to expand inward, 
leading to crescent-shaped wear on the front tool face. The 
wear condition of abrasive particle is primarily characterized 
by fracture, as evidenced in Fig. 5e. The front tool face of Fig. 4   Experimental setup

Table 6   Experimental parameters

Parameter Grinding 
depth ap 
(μm)

Linear speed 
vs (m/s)

Diameter D 
(mm)

Feed speed vw 
(mm/min)

Value 20 10 120 308, 462, 618
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the abrasive particle exhibits a more severe degree of frac-
ture, while only a minor amount of breakage occurs on its 
flank face when the maximum undeformed chip thickness 
is 7.5 μm.

Figure 7a–c illustrate the simulation results of CBN par-
ticle with a rake angle of − 60° scratching on a 20CrMnTi 
workpiece at a grinding speed of 10 m/s and maximum unde-
formed chip thickness set at 10 μm. Figure 7d, e respectively 
present the simulated and measured morphologies of abra-
sive wear under the same grinding parameters. It can be seen 
that the wear pattern of abrasive particle undergoes a gradual 

transition from breakage at the front tool face to small-scale 
fracture at the tip as scratching distance increases, ultimately 
resulting in the formation of a large crescent-shaped area 
on the front tool face. The result of scratch test indicates 
that when the maximum thickness of undeformed chip is 
10 μm, a significant removal of the material from the front 
tool face of the abrasive particle occurs, resulting in a loss 
of grinding ability.

By comparing the results presented in Figs. 5, 6 and 7, 
it is apparent that when the maximum undeformed chip 
thickness is small, abrasive wear predominantly occurs at 

Fig. 5   Simulation and 
experimental results when the 
maximum undeformed chip 
thickness is 5 μm
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the tip of the abrasive with relatively minor damage to the 
front tool face. An increase in the maximum undeformed 
chip thickness leads to a gradual escalation in both the 
magnitude of damage and area affected by abrasive parti-
cles. This is due to the inherent brittleness of CBN, which 
causes it to fracture when surface stress exceeds its limit. 
As the abrasive particle breaks, the contact area with the 
workpiece dynamically changes, leading to higher stress 
concentrations at smaller contact areas and resulting in 
wear propagation into the interior of the abrasive particle.

4.3 � Comparison Between Simulated 
and Experimental Results of Scratching Force

Figure 8 illustrates the simulation and experimental sig-
nals of normal scratching force with a maximum unde-
formed chip thickness of 5 μm. The normal scratching 
force is a signal characterized by constant fluctuations, 
as depicted in Fig. 8a. As the abrasive particle cuts into 
the workpiece, the contact area between them increases 
continuously, leading to a gradual increase in normal 

Fig. 6   Simulation and 
experimental results when the 
maximum undeformed chip 
thickness is 7.5 μm
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scratching force. Once complete contact is achieved, the 
normal friction force stabilizes while stress on the abrasive 
particle continues to rise. If this stress exceeds its ultimate 
strength, micro-cracks will form and eventually lead to 
micro-crushing. This causes fluctuations in normal grind-
ing force due to changes in contact area between the abra-
sive particle and workpiece. During the scratch-out pro-
cess, material is constantly removed from the workpiece 
until it can no longer withstand extrusion from abrasive 
particle and undergoes plastic deformation resulting in a 
decrease of normal scratching force. Meanwhile, both tip 
of abrasive particle and front tool face continue breaking 
off causing small amplitude shocks during reduction of 

normal scratching force. The scratching force signal was 
analyzed within the time range of 1 × 10−6 s to 4 × 10−6 s. 
During this period, there is no significant change observed 
in the scratching force, indicating a stable stage of scratch-
ing. The average scratching force during this interval iss 
determined as the normal scratching force when the max-
imum undeformed chip thickness reached 5 μm, which 
amounted to 2.98N. The experimental signal of the normal 
scratching force within 2.5 s is depicted in Fig. 8b. Due 
to the inherent vibration of both the tool and workbench 
during the experiment, as well as the periodic nature of 
the scratch process, symmetrical periodic variations are 
observed in the experimental signal. The peak value of 

Fig. 7   Simulation and 
experimental results when the 
maximum undeformed chip 
thickness is 10 μm
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these periodic changes is considered as the normal scratch-
ing force measurement, which amounts to 3.25N.

The results of normal scratching force for maximum 
undeformed chip thicknesses of 5 μm, 7.5 μm, and 10 μm 
are presented in Fig. 9. As the maximum undeformed chip 
thickness increases, both simulated and experimental val-
ues of normal scratching force increase. The relative errors 
between the simulated and calculated normal scratching 
forces under the aforementioned three maximum unde-
formed chip thicknesses are 9%, 7.6%, and 8.9% respec-
tively, thereby affirming the reliability of the simulation 
results in this particular case.

5 � Analysis of Simulation Results Under 
Varying Scratching Speeds and Abrasive 
Rake Angles

5.1 � Impact of Scratching Speed

Figure 10 illustrates the wear characteristics of abrasive 
particles at different scratching speeds. It can be seen that 
the exacerbation of CBN wear is observed with an increase 
in scratching speed. The reason for this is that an increase 
in scratching speed leads to a faster sliding speed of abra-
sive chips relative to the front tool face of the abrasive 
particle, which makes it difficult for the chips to discharge 
under a large negative rake angle. As a result, they accumu-
late between the front tool face and workpiece, leading to 
increased friction and compressive stress on the abrasive 
particle. When an abrasive particle breaks or fractures, stress 
in this area increases sharply, making them more susceptible 
to wear at high scratching speeds.

Figure 11 illustrates the scratching force variation under 
different scratching speeds. As the grinding speed increases, 
the normal scratching force gradually decreases due to ele-
vated temperature during the scratching process. The high 
temperature causes thermal softening of the workpiece mate-
rial, reducing resistance to grinding debris flow. However, 
this reduction in normal scratching force is limited by abra-
sive wear aggravation caused by increased scratching speed.

5.2 � Impact of Abrasive Particle Rake Angle

Figure 12 illustrates the wear characteristics of abrasive par-
ticles at different rake angle. It is evident that an increase 
in the abrasive rake angle results in a reduction of CBN 

Fig. 8   Simulation signal and experimental signal of normal scratching force when the maximum undeformed chip thickness is 5 μm

Fig. 9   Comparison between simulated and experimental results of 
normal scratching force
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abrasive particle wear. The reason for this is that an increase 
in the rake angle of abrasive particles facilitates their flow, 
reduces compressive stress, and consequently slows down 
the process of abrasive wear.

Figure 13 illustrates the scratching force variation under 
different abrasive rake angles. The normal scratching force 
decreases with an increase in the rake angle of the abra-
sive particle, as this change slows down abrasive wear and 
ensures a consistently sharp state. Moreover, an increased 
rake angle also reduces the resultant force during normal 
decomposition.

6 � Conclusion

In order to address the issue of non-uniform wear caused by 
the structure of the grinding wheel, a two-dimensional finite 
element simulation model for single abrasive scratching was 
developed using Abaqus. This model was then combined 
with an experimental study on single abrasive scratching 
to analyze the evolution of abrasive wear during the grind-
ing process. The effects of different scratching speeds and 
abrasive rake angles were examined in terms of their impact 
on both wear degree and scratching force. Based on these 
investigations, several conclusions can be drawn.

1.	 The wear of CBN particles during grinding mainly 
results from fracture and breakage due to their brittle-
ness.

Fig. 10   Abrasive wear under various scratching speeds

Fig. 11   Scratching force under various scratching speeds

Fig. 12   Abrasive wear under various rake angles
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2.	 In the case of a constant scratching speed and abrasive 
rake angle, an increase in the maximum undeformed 
chip thickness (i.e., an increase in the intermittent ratio 
of the grinding wheel) results in elevated abrasive wear 
and concurrently leads to heightened scratching force. In 
severe cases, this can cause extensive fracture areas on 
the abrasive, leading to a loss of its grinding effective-
ness.

3.	 As the scratching speed increases, more chips will 
accumulate in the position of the front tool face of the 
abrasive particles when they scratch the workpiece with 
a large negative rake angle, resulting in an increase in 
the wear degree of the abrasive particles. However, 
this increase in scratching speed also elevates the tem-
perature between the abrasive particles and workpiece, 
resulting in partial softening of the workpiece and sub-
sequently reducing the scratching force.

4.	 With an increase in the rake angle of the abrasive parti-
cles, chips can flow more efficiently along the front tool 
face towards the external environment, thereby reducing 
compressive stress and friction resulting from chip accu-
mulation and decelerating wear on the front tool face of 
the abrasive particles.
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