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Abstract The study of single grit grinding with different
geometries is important for understanding the micro-cutting
behavior and material removal mechanism during grind-
ing. However, the geometry of the grit changes during the
wear process. The most fatal wear form responsible for the
change in geometry is grit fracture as it causes consider-
able material loss instantaneously. This paper presents a new
method to simulate single grit grinding with the fracture
wear effects incorporated. The simulation procedure con-
sists of three phases. The grinding force is calculated in
phase 1, the grit fracture wear is simulated in phase 2, and
the geometry of the grit after fracture wear is updated in
phase 3. The evolution of grit fracture and its impact on
cutting performance are studied by recycling the simula-
tion procedure until the grit wears out. The results obtained
reveal that the fracture wear is primarily caused by the max-
imum tensile stress along the rake surface or inside the
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grit. The resultant grinding force fluctuates during the chip
formation process and is controlled by the number of cutting
edges and the effective area of the flank surface. It decreases
rapidly at the initial wear stage and varies with the dulling
and self-sharpening action induced by the fracture wear. The
volume of grinding chip decreases with an increase in the
number of micro-cutting edges, which may result from a
decrease in the ploughing effect.

Keywords Single grit grinding - Fracture wear - Finite
element method - Grinding force - Grit geometry - Material
removal

1 Introduction

With the increasing application of advanced materials,
higher requirements for accuracy, efficiency, and cost have
been raised in the field of mechanical manufacturing with
respect to grinding. Grinding with tools, which makes use
of special arrays of abrasive grits or regular micro-cutting
edges aroused wide concern as it provides high grinding
performance [1]. However, the effect of the grit geometrical
parameters on the cutting behavior is still unknown, and lim-
itations arise when dealing with the whole grinding wheel,
primarily because of the stochastic distribution and orienta-
tion of the grits [2]. As the grinding process can be regarded
as the summation of individual grit-workpiece interaction,
numerous studies focusing on single grit grinding have been
conducted to provide deep insight into the effects of the
grit geometry on the material removal mechanism [3-6].
Tahsin and Chen conducted a single grit scratching test
to analyze the effects of the grit shape on the material
removal process, and found that material pile-up and the
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actual material removal area decrease with an increase in
cutting depth [5]. Anderson et al. compared the cutting per-
formance of spherical and truncated grits using the finite
element method (FEM) [4]. The simulated results show that
the grinding specific energy and grinding force of spherical
grit is much bigger than that of the truncated grit, which sug-
gests more sliding and ploughing energy is consumed in the
dull grit. Axinte et al. investigated the impacts of the micro-
cutting edges’ geometry on the grinding process [2]. Three
different shapes of grits (circular/square/triangular) were
generated by laser ablation and mounted on a dummy grind-
ing wheel. The material pile-up, elastic-plastic deformation
and grinding force were compared using a scanning electron
microscopy while machining brittle and ductile materials.
All of these studies have made significant contributions
to single grit grinding research. However, the grits were
found to wear by attrition, pull-out and grit fracture [7],
and the grit geometry changes constantly during the wear
process. Wu et al. suggested that mechanical wear of the
grit induced by strains and stresses will result in deforma-
tion and fracture of the grit [8]. It was suggested by Shi
and Malkin that grit fracture is the main wear form in the
steady-state regime [9], and similar conclusions were drawn
by Jackson, i.e., grit fracture plays an important role in
changing the geometry of the grit, especially in large size
grits [10]. Fujimoto and Ichida found that the fractal dimen-
sion of the cutting edges formed by grit fracture is higher
than that formed by attrition wear, which suggests that grit
fracture in the micro-cutting edges occupies a more impor-
tant position with respect to controlling the geometry of the
grit [11]. Severe geometrical changing of the grit was also
found in the research by Ding et al. and they concluded

Fig. 1 Simulation procedure for
single grit grinding
incorporating grit fracture

that the grain remains sharp by means of fracture [12].
Therefore, grit fracture should be considered when investi-
gating single grit grinding, as the cutting behavior as well
as the interaction between the grit and workpiece is con-
trolled by the geometry of the grit, which changes rapidly
due to the instantaneous material loss caused by micro-
fracture [13]. Numerous investigations of grit fracture based
on experimental methods have been conducted to improve
the grinding performance and extend the wheel life simulta-
neously. Scanning electron microscope was used to describe
the geometry of the grit after fracture [11, 14], and other
experimental methods such as Raman spectroscopy [15] and
energy depressive X-ray [16] have also been used to make
a deep insight into the stress distribution and film transition
in the grit. However, limited by the small size and tran-
sient interactions of the grit, the experimental results are
usually based on the average value of a measured volume
of grits, which may cause inaccuracy in the resultant stress
distribution [17]. Additionally, it is difficult to continuously
observe the geometry of the grit during the wear process.
Numerical methods such as the FEM have been used in pre-
diction of grit fracture, as it has been proved to be efficient
and accurate in simulation of chip formation and tool wear
[18]. It is also effective for providing a time and spatially
resolved calculations of the requisite physical results as an
implementation of the experimental results [19]. Ding et al.
studied the stress evolution of the grit results from grind-
ing forces and brazing stress using a two-dimensional FE
model [17], and they concluded that micro fracture is the
predominant wear pattern of the grit, which is resulted from
a dynamic grinding force [20]. Suh et al. found that the wear
ratio is affected by the critical protrusion height of the grit
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Fig. 2 Geometry of modeled
grit
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using a three-dimensional FE model [21]. It has also been
found that the tensile stresses induced by the brazing and
grinding is the main factor for bond and grit fracture. Akbari
et al. used the Raman spectroscopy to analyze thermal resid-
ual stresses in brazed diamond metal joints: the stress field
coupled with plasticity strain and the developed TiC inter-
layer were implemented through the FE model [22]. Jackson
investigated the main wear form of the cubic born nitride
(CBN) grit in brittle fracture FE mode. He concluded that
grit fracture may be the dominant cause of material loss dur-
ing grinding and that it is probably caused by mechanically
induced tensile stress [10].

Considering the isolation of single grit grinding and
grit fracture research, a single grit grinding model incor-
porating grit fracture based on FEM code Abaqus 6.14 is
presented in this paper so as to elaborate the interrelation-
ship between fracture and cutting performance. Attempts
are made to illustrate the wear evolution of the grit geom-
etry and its impact on cutting performance of the grit. The
grinding force is calculated through single grit grinding sim-
ulation. The grit wear is studied through fracture analysis
under the grinding forces, and the resultant stresses inside
the grit are also obtained. The grit geometry is then updated
according to the element erosion and node displacement.
The impact of grit fracture on the cutting performance, such
as the grinding force and material removal, are also studied
by recycling the simulation procedure and comparing the
results at various wear stages.

Table 1 J-C plasticity model constants
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2 Finite element modeling of the single grit
grinding incorporating grit fracture

2.1 Simulation procedure for single grit grinding
incorporating grit fracture

The proposed procedure consists of three phases, as shown
in Fig. 1. These phases form a simulation cycle and are
repeated until the grit wears out. In phase 1, a single grit
grinding model is created according to the predefined grind-
ing parameters and grit geometry. The field outputs of
grinding variables such as grinding force, stress and strain
distributions are obtained. The grinding force along the rake
surface of the grit is extracted in the form of an equiv-
alent nodal force. In phase 2, a brittle cracking model is
used to predict grit fracture and the variation of its geom-
etry. The grinding force obtained in phase 1 is applied to
the vertex of the grit along the contact area. The resultant
stress distribution inside the grit during the grinding process
is investigated. When loading is finished, the grit geome-
try is updated according to the deformation and material
loss reflected by nodal displacement and element erosion in
phase 3. Grids and boundaries are also refined to create a
new geometrical model of the grit. The updated grit is then
used in the next simulation cycle if the grit still maintains
contact with the workpiece at a predefined cutting depth.
The fractured grit geometry, grinding forces and material
removal are compared between the results of each cycle to

Table 2 J-C dynamic failure model constants

Constant AISI 4340 Constant AISI 4340
A(MPa) 710 di 0.05
B(MPa) 510 dr 3.44

C 0.014 d3 —2.12

n 0.26 dy 0.002

m 1.03 ds 0.61

Ttran 293 Ttran 293

Tnelr 1793 Toelr 1793
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make a fundamental and visual comprehension of the grit
wear evolution and its impact on the cutting performance.

2.2 Finite element model for single grit grinding

In this section, a single grit grinding FE model was created,
and the grinding force and stress distribution were obtained.
There are several existing FE models for single grit grinding
and these models are sub-divided by some critical indexes
in the work by Doman et al. [23]. The indexes used to divide
model type suggests the critical procedures for creating a
single grit grinding model: model dimension, grit geometry,
material constitutive model for workpiece and grinding pro-
cess settings. Considering that the simulation procedure will
be recycled, a two dimensional model is chosen to reduce
the computational cost in this paper.

CBN grit was chosen as the abrasive material because of
its superior properties and wide utilization in the field of
precision grinding. The geometry of CBN grit varies due to
the complex manufacturing process, and there is a consid-
erable discrepancy in the geometry between grit particles.
In this paper, the initial grit geometry is assumed to be a
rhombus with a very small plane on the top and bottom to
represent the cross section of a newly plated grit, as has been
illustrated by Jackson [10]. The maximum height of the grit
is 200 pm corresponding to the standard 80/100 mesh size,
the protrusion height of the grit is 100 pm, the rake angle of
the grit is —30° and the width of its top and bottom surface
is 5 wm, which is shown in Fig. 2. The grit and workpiece
is meshed using 4-noded solid elements CPE4R(T) to con-
duct a mechanical-thermal coupled analysis and reduce the
hourglassing.

The material of the workpiece is AISI 4340, and it
is modeled with the Johnson-Cook plasticity model. This
model is proposed by Johnson and Cook in 1983 [24] and it
has been widely used in metal cutting simulation [3, 4, 25,
26]. Anderson et al. studied the process of abrasive-grain
cutting: the Johnson-Cook plasticity model was chosen
to model the material property of AISI 4340 [3, 4]. The
comparison of numerical and experimental cutting forces
under different cutting depth and cutting speed combina-
tions proved that the Johnson-Cook plasticity model was
accurate to describe the physics of abrasive-grain cutting.

Table 3 Conventional material properties

Property CBN AISI 4340
p(kg/mm3) 3.4 x10°° 7.85 x 107°
E(GPa) 710 205

v 0.15 0.29
K(W/(m.K)) 80 445
C(J/(kg.K)) 430 508

@ Springer

The effectiveness and feasibility of this constitutive model
for AISI 4340 was also proven in the study of hard turning of
AIST 4340 using variable micro-geometry PcBN tools. The
simulated cutting forces were found to be in good agree-
ments with the experimental results [26]. The Johnson-Cook
plasticity model is an empirically derived Mises plasticity
model in the analytical form of strain. The general form of
this model is

T — Ttran

o =[A+B(e,)"[1+C(In
Tnetr —

Py—( ™1 (1)
€0

Ttran

where o is the equivalent stress at nonzero strain rate, &,
is the equivalent plastic strain, &), and &¢ are the equiva-
lent plastic strain rate and reference strain rate, T34, is the
transient ambient temperature, T}, is the melting tempera-
ture. The related strength parameters A, B, C, n and thermal
parameters Ttran, Tinerr, m for AISI4340 are summarized by
Johnson and Cook [24], as illustrated in Table 1. To simulate
chip formation in the grinding process, the Johnson-Cook
dynamic failure model is used combined with the plasticity
model. This dynamic failure model was proposed in 1985
[27] and validated by several researchers [25, 28]. Guo and
Yen studied the mechanisms of discontinuous chip forma-
tion in high-speed machining of AISI 4340. They proved
that the simulated chip morphology generally correlated
well with the experimental data when the Johnson-Cook
plasticity model and damage model were used together
[25]. Similar conclusions were also obtained in the work by
Zhang et al., where it was proved that the Johnson-Cook
dynamic failure model is appropriate in simulating the cut-
ting process of AISI 4340. The resultant cutting force and
chip morphology matches well with the experiments within
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Fig. 3 Sketch map of the trajectory of the grit
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Fig. 4 Resultant forces under
different cutting thickness
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10 % of error [28]. The general form of the Johnson-Cook
dynamic failure model is defined as

— @

where Ag), is the increment of the equivalent plastic strain,
&1 is the failure strain which is defined as

g T —T,
er=ldi+dy eXp(d3B)][l +dys In(CEOH[ + ds —— 179
q €0 Tmelt - Ttran

3

where p is the hydrostatic pressure stress and q is the Mises
stress, £, and &g are the equivalent plastic strain rate and

T T T T T T

1 2 3 4 5
Cutting thickness (um)

reference strain rates, T is the current temperature, T;,4, iS
the transient ambient temperature, 7,;; is the melting tem-
perature, the failure parameters d1-dS are summarized by
Johnson and Cook [24] and illustrated in Table 2. Other
material properties of CBN grit and AI4340 used in this
model are illustrated in Table 3.

Additionally, the grinding process settings such as con-
tact definition, grinding parameters and boundary condi-
tions should be considered. It is necessary to define the
contact condition between grit and workpiece, especially the
frictional relationships in the grinding model. The friction
model is given by the Eq. [29]

Tf = U - Op, Tf < Tmax (4)
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Fig. 5 Actual trajectory of the grit in the simulation

Tf = Tmax Tf 2 Tmax @)

where 7y is the frictional stress. o, is the normal stress, u
is the Coulomb friction coefficient. The Coulomb friction
coefficient is assumed to be 0.24 in this case according to
the study by Brocail et al. [30]. The value of the Coulomb
friction coefficient was determined by fitting the experimen-
tal forces and the numerical ones, similar results were also
obtained in the study by Arrazola and Meslin [31]. 7,45 is
the maximum frictional stress and it is usually defined by
the Mises criterion in the form of
tnar = 10102 + (0209 + (03~ 1)*] = =
The trajectory of the grit is almost an arc in the case
of surface grinding as shown in Fig. 3. The cutting thick-
ness changes during the grinding process, which will lead
to different grinding forces. To determine the difference
in grinding forces, both tangential and normal force were
calculated by scratching the grit on the workpiece. The cut-
ting depth in this calculation was 5 um and the effective

(6)

Fig. 6 Single grit grinding N\
simulation
S, Mises
(Avg: 75%)
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Fig. 7 Critical nodes along the grit surface

radius was approximately 35,000 um. The resultant forces
under different cutting thickness during single grit grind-
ing are shown in Fig. 4. The grinding forces increased with
increasing cutting thickness. The maximum grinding forces
occurred when the maximum cutting thickness reached the
value of reset cutting depth. It is usually correlated with
the maximum un-deformed chip thickness and applied as
the load on the vertex of the grit in the research of grit frac-
ture [10, 17]. Considering the radians of the trajectory is
very small, as shown in Fig. 5, and the grit fracture evolu-
tion is mostly controlled by the maximum grinding forces
around the area of maximum cutting depth, the motion of
the grit in this simulation is simplified to be linear. This sim-
plification has proven to be appropriate by other researchers
for simulating chip formation [6] and calculating the grind-
ing forces [4] in single grit grinding simulations. The grind-
ing speed is approximately 10 m/s, according to the wheel
diameter of 70 mm and the rotation speed of 3000 RPM.
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The CBN grit is assumed to be rigid during grinding and
the initial temperature of the CBN grit and the workpiece is
assumed to be 20 °C. The simulation results of single grit
grinding is shown in Fig. 6, the theoretical contact length
is approximately 5.88 wm along the rake surface, the actual
contact length is approximately 1.5-2 times the length of the
theoretical contact length, considering the pile-up and flow
of the chip.

As the pile-up height of the grinding chip only reaches
the fourth element along the rake surface, the contact forces
only exist from node 1 to node 7 along the contact surface
as shown in Fig. 7. Considering that the contact force in
node 7 is too much smaller than other nodes, the grinding
forces were calculated in the six critical nodes from node 1
to node 6 marked in red as shown in Fig. 7. The normal and
tangential forces of six critical nodes are shown in Fig. 8a,
b. The increment of time is 1 x 107> s and the total time

—=— Node1
a1_0 _ —e— Node2
—4— Node3
—v— Node4
08 —<— Node5
=7 —>— Node6
0.6
z
X
L 044
0.2
/i
0.0 . - - T ) > . .
0.00 0.05 0.10 0.15 0.20
Time/(ms)
1.0 4
0.8+
0.6
z
=
>
L 044
0.2
00 W
0.00 0.05 0.10 0.15 0.20
Time /(ms)

Fig. 8 Grinding forces for critical nodes. a Tangential force and b
normal force

is 2 x 10~* s. The results suggest that the contact forces
vary from each node are time dependent. This is primarily
because the chip flows along the grit rake surface, which
will lead to the consequence of a space and time dependent
contact condition. In addition, the chip formed during the
single grit grinding process is related to the chip formation
mechanism, which will result in fluctuation in the grinding
force.

To achieve a more realistic loading state, the normal and
tangential force of the six critical nodes will be applied on
nodes along the grit vertex instead of a uniform distribution
load. The resultant grinding forces are calculated accord-
ing to the summation of the six critical nodes. The resultant
normal and tangential grinding forces are shown in Fig. 9.
The average normal force F, is 1.73 N while the average
tangential force F; is 1.55 N. The ratio of tangential force
to normal force is 0.89, which is different from the results
obtained by Ding et al. [17]. The reason for this discrepancy
is drawn as follows: The grinding force can be decomposed
into the tangential force parallel to the X axis and the nor-
mal force parallel to the y axis. The tangential force and the
normal force are defined by the Eq. [7].

Fr=Fic+ Fr g @)

Fn = I'pc + Fn,sl (8)

where F; . is the tangential force from cutting and F; g is
the tangential force from sliding, F}, . is the normal force
from cutting and the F}, g is the normal force from sliding.
The ratio of Ft/Fn is controlled by the forces (both tan-
gential and normal) and the ratio of it(in both sliding and
cutting area). The ratio of tangential force to normal force
is approximately 0.24 (according to the friction coefficient)
in the sliding area while the ration is approximately 1.05
(according to the rake angle and friction coefficient of the
rake surface) in the cutting area. It is obvious that increasing

—=— Normal force
254 —e— Tangential force

204

Force/(N)

0.5

0.0 . : . : . - .
0.00 0.05 0.10 0.15 020
Time/(ms)

Fig. 9 Normal and tangential grinding force
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Fig. 10 Stress distribution
before fracture

S, Max. In-Plane Principal
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the proportion of the sliding force will decrease the value of
the ratio, while increasing the proportion of the cutting force
will increase it. The sliding force is the product of the con-
tact length in the flank surface /; and the sliding force per
unit width F,/. The cutting force is the product of the contact
length /> in the rake surface and the cutting force per unit
width F.. The sliding forces is generated mostly because of
the sliding action and it is dominated by the elastic defor-
mation of the workpiece material in the machined surface.
The cutting force is generated by the cutting action and is
dominated by the plastic deformation and strain hardening
of the un-machined workpiece material. It is suggested that
F;l is much smaller than Fc as the contact pressure between
the flank surface and the workpiece is elastic and the depth
of interaction is much smaller in the flank surface, while
the contact stress reach a maximum at the cutting edge in
the rake surface [41]. Therefore, the sliding force is smaller
than the cutting force in this simulation as the value of /1 is
5 um while the value of /5 is 5.8 um. The contact length of
the flank surface is much smaller and no blunt radius was
assumed in this simulation compared with other cases [4, 8,
17], therefore the force ratio is much larger as a result.

2.3 Finite element model of loading and grit fracture
prediction

CBN has a superior level of hardness, second only to dia-
mond, and it is superior to most abrasive materials in
thermal-mechanical stability [11]. There are several pub-
lished works dedicated to investigating the fracture char-
acteristics of CBN, which provides us with a valuable
reference respect to the material properties. Pacella et al.
studied the wear progress of PCBN micro-abrasive edges
and found that abrasive fracture is induced by cracking
of the micro-edges results from mechanical and thermal
loads [33]. It is suggested by Ichida that the brittle fracture
occurs primarily because of the tensile stress although the
applied force is compressive [32]. Similar conclusions were
obtained by Jackson [10] and Ding [34], they point out that

@ Springer
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the ratio of compress strength to tensile strength is high in
brittle materials, and may rise up to 10:1 in CBN. Zhang
et al. investigated the structural deformation and strength
of CBN and concluded that the weakest tensile strength
is in different orientations, which suggests that the brittle
fracture is probably caused by tensile stress although the
compressive stress is more prominent [35]. According to
the studies mentioned above, some assumptions and sim-
plifications were made before creating the fracture model.
(1) Wear due to chemical diffusion and thermal adhesion is
ignored, as the CBN grit is relative stable with respect to
its chemical-thermal property. (2) Brittle fracture is consid-
ered to be caused by the maximum tensile stress. (3) Crystal

Table 4 Coordinates and displacements of boundary nodes

Node Initial coordinates Displacements
24 (—54.848,95) 0,0)
295 (—6.5258, 11.3035) (0.0149, 0.0129)

299 (=3.1009, 5.3713) (0.0787,0.0177)
2456 (=2.1116, 5.9221) (0.0082, 0.0145)
2545 (—1.0314, 6.3235) (0.0168, 0.0174)
2553 (—0.4569, 4.7098) (—0.0028, 0.0106)
2561 (0.0613,3.1165) (0.0101, 0.0104)
2560 (0.94323, 3.2914) (=0.0020, 0.0114)
2568 (1.2206, 1.6315) (0.0050, 0.0074)
305 (1.3930, 0) (=0.0037, 0.0126)
306 (2.1371,0) (0.0031, 0.0039)
307 (2.9555, 0) (0.0009, 0.0173)
308 (3.7911, 0) (—0.0038, 0.0057)
309 (4.5853, 0) (=0.0017, 0.0055)
310 (5.33312, 0) (=0.0026, 0.0025)
19 (5.7738, 0) (0.0002, 0.0001)
312 (7.1704, 2.4190) (=0.0021, —0.001)
11 (60.6220, 95) (0, 0)

25 (8.6605, 185) (0, 0)

26 (—2.8865, 185) (0,0)
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Fig. 11 Geometry of the grit

after fracture
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defects are neglected. (4) The properties of CBN grit are
assumed to be isotropic.

The conventional material properties of CBN are illus-
trated in Table 3. The brittle cracking model based on the
maximum tensile strength criterion is created to simulate
the wear evolution of grit fracture. The crack initiation is
detected using the Rankine criterion and the maximum ten-
sile stress is set to be 2.34 GPa according to the strength
testing experiment conducted by Ichida [32]. The post-
failure stress-strain relation is defined by the critical strain
energy release rate G. in order to reduce mesh sensitivities
[36]. The value of G, is determined by the equation

€))

where E is the elastic modulus and equals 710 MPa, and
K. is the stress intensity factor obtained from the exper-
iment conducted by Carolan et al. [37]. The value of K,

is set to be 7.7 MPa.m!/2. Thus, G, is set to be 84 N/m
according to Eq. 9. The equivalent grinding forces extracted
in the critical nodes in Section 2.2 are applied to the same
node along the apex of the grit and the stress distribution in
the grit before fracture is obtain as shown in Fig. 10. The
maximum tensile stress is almost 2300 MPa in the break-
ing area while the compressive stress is approximately 4700
MPa. As soon as the element in the contact area is failed,
the fracture simulation is terminated to ensure the accuracy
of loading.

2.4 Updating grit geometry after fracture

The geometry of the CBN grit is updated in this section
according to the wear simulation results. It can be sim-
ply divided into three steps to update the geometry: (1)
Delete the failed element in the previous fracture prediction
model and generates an approximate boundary geometry for
the grit. (2) Obtain the original coordinates and deforma-
tion displacements of the boundary nodes. (3) Create the

Fig. 12 Grit geometry at
various wear stages
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Stage 4

Stage 5 Stage 6
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Fig. 13 Contour maps of maximum principle stress at various wear stages

new geometry for the grit according to the coordinates of
the boundary nodes after deformation. There are 10 failed
elements on the vertex of the grit and then the approxi-
mate boundary shape of the grit is obtained. The nodes
on the boundary were extracted and the coordinates and
displacements are illustrated in Table 4. The updated geom-
etry of the CBN grit after fracture is generated according
to the deformed coordinates by summation of the initial
coordinates and displacements, as illustrated in Fig. 11.

Fig. 14 Evolution of stress

3 Results and discussion

3.1 Grit geometry and stress distribution at various
wear stages

The simulation procedure illustrated in Fig. 1 was repeated
five times until the grit lost contact with the workpiece.
Six wear stages are presented according to the updated
grit geometry, shown in Fig. 12. The contour maps of the

distribution at various grinding
. S, Max. In-Plane Principal
times at stage 5 R 75%)

S, Max. In-Plane Principal

1.1le-4s

1. 12e-4s

S, Max. In-Pane Principal
(Avg: 75%)
+17120403
+14920+03

S, Max. In-Plane Principal
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1. 13e-4s

1. 14e—-4s
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maximum principle stress at various wear stages are shown
in Fig. 13. At stage 1, the grit is assumed to be intact. The
grinding process was dominated by the cutting edge whose
rake angle is —30° and the width of the flank surface is 5
pm. The grinding distance is 730 wm. The stress distribution
before fracture is shown in Fig. 13a, where the maximum
principle stress is mostly concentrated in the rake surface of
the grit approaching to the vertex. In addition, it also occurs
in a relatively smaller area inside the grit. The maximum
tensile principle stress is 2280 MPa. The resultant geometry
at stage 2 is shown in Fig. 12b, where the rake surface of the
grit is fractured and two main cutting edges are generated.
The rake angle of the first cutting edge is approximately
—17° and the flank angle is 10°. The rake angle of the
second cutting edge is —8° while the flank angle is approxi-
mately 2° because of the deformation caused by scratching.
The grinding distance is 920 wm. The maximum princi-
ple stress distribution before fracture is shown in Fig. 13b,
the tensile stress concentration occurs approaching the sec-
ond cutting edge inside the grit. At stage 3, the geometry
of the worn grit is shown in Fig. 12¢, which is more com-
plicated with multiple cutting edges along the rake face.
Theses micro-cutting edges have both negative and positive
rake angles. The flank surface of the grit is almost worn and
only a thin cutting edge is left. The grinding distance is 380
pm. The maximum principle stress occurs in the rake sur-
face of this cutting edge as shown in Fig. 13c, and the value
of it is approximately 2245 MPa. The thin cutting edges
formed at the previous stage are fractured due to the maxi-
mum tensile stress and a new bottom surface is generated at
stage 4, as shown in Fig. 12d. This newly generated bottom
surface can be considered the new flank surface of the grit
and the maximum protrusion height of the grit decreases by
2.3 um. The rake surface of the worn grit is relatively intact,
and only slight deformation occurs. The grinding distance is
610 um. The stress distribution before fracture is shown in
Fig. 13d, where the maximum tensile principle stress mostly
occurs inside the grit approaching the rake surface. The con-
centrated tensile stress causes grit wear in the rake surface,
and new cutting edges are generated in stage 4, as shown
in Fig. 12e. There are two main cutting edges formed in
this stage whose rake angle are positive. The rake angle of
the first cutting edge is approximately 6.5°, while that of
the second cutting edge is approximately 22.5°. The grind-
ing distance is 1150 um. The maximum principle stress
distribution before fracture wear at this stage is shown in
Fig. 13e. The area of the concentrated stress is relatively
larger and the evolution of stress distribution before fracture
with increasing grinding time is illustrated in Fig. 14. The
concentrated tensile stress is diffused from the singularity
along the rake surface of the grit, which results in a large
amount of material removal in the contacting area. The max-
imum principle tensile stress increased from 940 MPa to

1670 MPa and the worn geometry after fracture is shown in
Fig. 12f. A new bottom surface is formed at stage 6 and this
result is similar to the resultant geometry at stage 3. How-
ever, the volume of grit material removal is larger at stage 5
in comparison. It is because the cutting edge formed in the
bottom surface at stage 3 is thin and easy to fracture, which
prevents further grit fracture from occurring. The maximum
protrusion height of the grit at stage 6 decreases by 8.5 um.
The grit is considered to wear out as the initial grinding
depth is set to be 5 wm and the grit is unable to interact with
the workpiece.

3.2 Grinding forces at various wear stages

The grinding forces induced by the grit at various wear
stages are illustrated in Fig. 15, including the normal force
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Fig. 15 Grinding forces at various wear stages. a Tangential force and
b normal force
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and tangential force. The results suggest that both the nor-
mal and tangential force are time-dependent. The maximum
grinding force is approximately 1.4-2 times the size of the
minimum grinding force. For example, the maximum nor-
mal force at stage 1 is 2.14 N while the minimum normal
force is 1.47 N. As is shown by several researchers, the
grinding process can be divided into three phases, named
rubbing, ploughing and cutting [38]. The grinding force dif-
fers between the three phases and it is widely accepted that
the rubbing force is caused by elastic interaction and is less
than the ploughing force caused by both elastic deformation
and plastic upheaval [23]. This occurs primarily because the
grinding phase transition results in fluctuation in the normal
grinding force, which can be seen in the experimental results
obtained by Azizi and Mohamadyari through single grit
scratching test [39]. On the other hand, the grinding force
usually decreases when chips are formed, which suggests
the maximum grinding force occurs at the transition point
between ploughing and cutting phases. The reason for this
phenomenon is that when the ploughed material is removed
in the form of chips the ploughing upheaval decreases, and
which results in a reduction of ploughing force. Similar con-
clusions were obtained in the turning process, and it is sug-
gested that the release of cutting energy accumulated ahead
of the cutting edge in a short time is the main reason for
the transient decrease in the cutting force [40].

Additionally, the grinding force varies at different stages.
It is inevitable as the geometry of girt changes because of
fracture wear. To compare the forces, the average grinding
forces at various stages were calculated. Thus, the influence
of grinding force fluctuation caused by phase transition is
reduced, and the results are shown in Fig. 16. The grinding
force decreases rapidly from stage 1 to stage 2. This occurs
mostly because the number of cutting edges increases in the
rake surface of grit at stage 2 and the bottom surface of
the grit is smaller, which can reduce the scratching effect

2.0
—=a— Tangential force
—e— Normal force
1.5
2,
3 107
o
o
w
0.5
0.0 T T T T T
1 2 3 4 5
Wear stage

Fig. 16 Average grinding force at various wear stags
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in the flank surface. The grinding force at stage 3 is also
smaller than at stage 2 with the number of cutting edges
increased. It seems like the grinding force decreases at
stage 4 and stage 5. However, the maximum cutting depth
decrease by approximate 50 % at stage 4 and stage 5. To
make an appropriate comparison, the equivalent grinding
force is calculated using the ratio of grinding force to the
maximum cutting depth. The result is shown in Fig. 17,
which suggests an increase in the equivalent grinding force
from stage 3 to stage 4. It is because the sharp cutting edge
in the bottom surface of the grit are fractured and a new
flank surface is formed in stage 4, which can be considered a
dulling process. However, it decreases afterward, primarily
because both the rake surface and flank surface is frac-
tured at stage 5, which generates new micro-cutting edges
in the rake surface. This phenomenon can be considered a
self-sharpening process.

3.3 Material removal at various stages

Figure 18 shows the material removal process at various
wear stages. It can be seen that only one cutting edge is
working at stage 1, while two main cutting edges are work-
ing at stage 2. It can be found the material pile-up height is
relatively high at stage 1, as the material upheaval is blocked
at stage 2. The piled-up material is more likely to be cut
off and collapses into fragmented chips under the pressure
of fractured flank surface at this stage. Thus, the grinding
forces at stage 2 are much smaller than at stage 1. The material
removal process at stage 3 is similar to that at stage 1. With
increasing fracture of the rake surface, the piled-up mate-
rial is able to flow along the fractured surface. Although the
width of the flank surface at stage 4 (6.3 um) is larger than
that at stage 1 (5 um), the real contact width of the flank
surface is much smaller. This occurs mostly because the
geometry of the flank surface at this stage is irregular, which

0.35 —a— Equivalent tangential force
—e— Equivalent normal force

0.30 4

Force(N/um)

0.25 4

0.20 . ; . ; . ; .
0 1 2 3 4 5

Wear stage

Fig. 17 Equivalent average grinding force at various wear stages
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Stage 4

Fig. 18 Material removal at various wear stages

results in multiple-points contact in some area. The pile-up
of the material was also blocked at stage 4; therefore, the
geometry of the chip is stochastic and irregular. The cutting
behavior at stage 5 is different from the other stages as the
rake angle of the main cutting edges at this stage is positive.
The positive rake cutting edge results in continuous chip for-
mation at this stage. The cutting efficiency is relatively high;
however, concentrated stress is more likely to occur at this
stage. As a consequence, the fracture effect is more sever
at this stage. The volume of the grinding chip is analyzed
using the distorted elements removed during the simulation.
It is found that the volume decreases as the number of cut-
ting edges increases, which may result from a decrease in
the cutting depth of each cutting edge.

4 Conclusions

A new methodology for single grit cutting simulation was
presented in this paper, which considered the fracture effects
of the grit. The wear evolution and its impact on cutting
performance was studied by recycling the simulation proce-
dure based on the FE method. The main conclusions of this
research can be drawn as follows:

1. The grit fracture is primarily caused by the maxi-
mum tensile stress. The fracture may result in a self-
sharpening effect or a dulling effect at different wear
stages. The maximum tensile stress reaches approxi-
mately 2300 MPa and it usually occurs along the rake

surface of the cutting edges. The wear process was
found to be an interweaving and alternating process
consisted of dulling and shelf-sharpening.

The grinding force varies at different wear stages. The
number of the cutting edges is important to the resul-
tant force. Both the tangential and normal force tends to
decrease with an increase in the cutting edge’ number.
The geometry of micro-cutting edges is complicated
after the grit fracture. The grit may cut with both pos-
itive and negative rake angle cutting edges. The real
contact area of the grit flank surface is important to
the resultant normal grinding force, as the scratching
effect increases with larger sliding area. The grinding
phases transition will also influence the grinding force
and result in fluctuation in both normal and tangen-
tial grinding forces. The maximum grinding force may
occur at the transition point between the ploughing and
cutting phase as the chip formation energy is released
in a transient time.

The material removal also varies at different wear
stages. The pile-up height is controlled by both the
rake surface and the flank surface. Although the frac-
tured flank surface does not participate in the cutting
process directly, chips are more easily formed under
extrusion. The volume of the grit chip is relatively small
when worn grit with multiple cutting edges is work-
ing. This occurs primarily because the real cutting depth
decreases as the workpiece material is removed under
the joint action by these micro-cutting edges.
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