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Abstract Grinding of brittle materials is characterized by a
complex removal mechanism of both ductile and brittle re-
moval. Therefore, the traditional force models, which are
mainly targeted to metallic materials, cannot be fully applied
to the force prediction of brittle materials. This paper will
propose a new grinding force model for brittle materials con-
sidering co-existing of ductile removal force and brittle removal
force. The ductile removal force is mainly composed of rubbing
force, ploughing force, and chipping force. However, the brittle
removal force is more related to rubbing force and fracture
chipping force. The proportional coefficient of ductile removal
and crack size will be modeled through a series of experiments
under different wheel speed and undeformed chip thickness.
The working status for a single grit was separated based on
the Hertz Theory and chip thickness modeling of Rayleigh
probability density function. Grinding experiments have been
undertaken by using a high speed diamond grinder on Silicon
Carbide, and the results was compared to the force model pre-
dictions for validation. The predictive force model shows a
reasonable agreement quantitatively with the experimental
force data.

Keywords Grinding force . Brittle materials . Ductile
grinding . High speed grinding

1 Introduction

During the last decades, the demand for high-precision ceram-
ic parts has been increasing continuously for their high
strength, wear resistance, and good chemical stability [1].
Such ceramic parts have been used into a wide range of appli-
cations in the high-end optical components, micro mechanical
parts, and communication industry as well as in medical and
life sciences [2, 3]. In recent research publications, grinding
has become one of the most productive methods for precision
machining of brittle materials, such as Al2O3 [4], SiC [2, 4],
glasses [3], etc. However, it still shows great difficulty to
machine them because of their great hardness and brittleness.
Grinding with diamond wheels [5, 6] has become the main
processing method that can be expected to achieve the desired
dimensional tolerance and surface integrity. Moreover, the
machine tools being used to machine brittle materials are
characterized by closed loop structure, high accuracy, and
excellent rigidity [7, 8].

The grinding forces are very important quantitative param-
eters to characterize the material removal mode and determine
the grinding energy in grinding of brittle materials. The ability
to predict grinding force and power is important to many
aspects of grinding process optimization, monitoring, and
control [9]. Malkin et al. [10] have proposed that grinding
forces were composed of cutting deformation force and slid-
ing force based on experimental results about the relationship
between grinding force and grinding wheel abrasion plane
area, but no formula on tangential grinding force was put
forward. Badger et al. [11] proposed two kinds of grinding
force model, the first model based on Challen and Oxley’s
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two-dimensional (2-D) plane-strain slip-line field theory, the
second model based onWilliams and Xie’s three-dimensional
(3-D) pyramid-shaped asperity model. These two models sim-
ulated the grit–workpiece interface to a rigid plastic contact,
and mechanical behavior of this kind of contact was influ-
enced by the grit slope and interfacial coefficient of friction
between the asperity and the worn material. Another different
grinding force model was proposed by Hecker et al. [9]. In his
model, the chip thickness was assumed as a Rayleigh proba-
bility density distribution. Afterwards, Patnaik et al. [12] pro-
posed a grinding force model which is based on the fact that
chip formation during grinding consists of three stages: rub-
bing, ploughing, and cutting.While rubbing is associated with
elastic deformation, ploughing is plastic deformation or where
majority of the material is displaced without being removed
and cutting where removal of material takes in the form of
miniature chips. However, because of different material re-
moval mechanism between metallic and brittle materials, the
above models cannot be fully applied to grinding of brittle
materials.

Usually, grinding of hard and brittle materials causes a
great deal of microcracks which deteriorate surface quality
[7]. Moreover, the material removal for grinding of brittle
materials is mainly associated with rubbing and fracture
cracking. While for the metallic materials, rubbing,
ploughing, and chipping are the main processes for mate-
rial removal. Thus, the transition from brittle to ductile
material removal is considered to be of great importance
for precision grinding of brittle materials. Much research
effort has been spent to identify this transition and to
understand the removal mechanism based on the critical
chip thickness model proposed by Bifano [13]. Bifano has
indicated that in the machining of brittle materials ductile
grinding could be achieved when the maximum unde-
formed chip thickness is less than a critical chip thickness.
However, this model was established under conventional
wheel speed (26.2 m/s) and does not apply for high speed
grinding, there still lack of a quantitative description of
ductile grinding of brittle materials considering strain rate
which is caused by wheel speed.

From the above literature review and analysis, it indicates
that grinding of brittle materials will experience both ductile
and brittle grinding. Therefore, the predictive grinding force
models for brittle materials should fully consider both of the
two material removal mechanisms. This paper will propose a
novel force model for grinding of brittle materials, incorporat-
ing both ductile removal force and brittle removal force. A
series of experiments will be conducted to model the propor-
tional coefficient of ductile removal under different wheel
speed and undeformed chip thickness. Moreover, the ductile
removal force will be predicted based on the generation of
rubbing force, ploughing force, and chipping force, while
the brittle removal force will be more related to rubbing force

and fracture chipping force. The working status for abrasive
grit will be separated based on the Hertz Theory and chip
thickness modeling of Rayleigh probability density function.
Finally, grinding experiments will be undertaken to calibrate
and validate the predictive model. The model helps in
predicting grinding forces for brittle materials without having
to resort to experimental techniques.

2 Grinding force modeling

In grinding processes, brittle materials will be removed by
both ductile and brittle mode. Therefore, the grinding forces
will be divided into two categories. When the grit interacts
with the workpiece, if the ground workpiece surface is mainly
conducted by ductile flow the ductile grinding is the main
removal mode, the corresponding grinding force is composed
by rubbing force, ploughing force, and chipping force. While
when the ground workpiece surface is mainly conducted by
fracture cracks, the brittle fracture grinding is the main remov-
al mode, the grinding force is mainly comprised of rubbing
force and fracture chipping force.

F ¼ δFductile þ 1−δð ÞFbrittle ð1Þ

Fductile ¼ Fdrubbing þ Fdploughing þ Fdchip ð2Þ

Fbrittle ¼ Fbrubbing þ Fbchip ð3Þ

where δ is a percentage proportional constant, which is deter-
mined by the removal mode of ground surface.

2.1 Chip thickness model

The chip thickness is a very important quantitative indicator in
process planning and model construction. In this paper, con-
sidering the stochastic distribution of grits, the chip thickness
was assumed to conform to the Rayleigh distribution [9, 14].
The grinding chips can be formed only when the undeformed
chip thickness h is between the minimum chip thickness hcr
and maximum chip thickness hmax.

f hð Þ ¼ h
.
σ2

� �
e−h

2=2σ2 hcr ≤h≤hmax

0 h≤hcr; h≥hmax

(
ð4Þ

where σ is a parameter that fully defines the Rayleigh proba-
bility function. hcr is the minimum chip thickness, when a
single grit has a theoretical chip thickness smaller than hcr
the grinding chips will not be formed and hcr varies under
different operation parameters. While hmax is the maximum
chip thickness, only when a single grit has a theoretical chip
thickness smaller than the hmax, the grinding chips may be
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produced. The maximum chip thickness [6] can be defined in
the following formula.

hmax ¼ 3

Cd:tan θð Þ :
Vw

Vs
:

ffiffiffiffiffi
ae
de

r� �1
2

ð5Þ

where Cd represents the active abrasive grits number in unit
area, which reflects the grit density. ae the depth of cut. Vs and
Vw, respectively, represents the wheel speed and workpiece
peripheral speed. Different shapes for abrasive grit have been
approximated to simplify the analysis of individual interaction
with the workpiece material. In this part, a conical shape [9,
12] will be chosen for mathematical simplification. The semi-
included angle of the active grit θ is 60°. The value of Cd, in
Eq. (5), can be obtained by a simple geometric relationship
derived by Xu et al. [15], can be given as follows [14, 15].

Cd ¼ 4χ= d2g 4π=3ωð Þ2=3
n o

ð6Þ

where dg is the equivalent spherical diameter of diamond grit,
ω is the volume fraction of diamond in the grindingwheel, and
χ is the fraction of diamond particles that actively cut in grind-
ing. The grinding wheel used in this paper has a density of
150, or in other words, volume fraction ω is 0.375 [16]. To
obtain the value of Cd, it is assumed that only one-third of the
diamond particles on the wheel surface are actively engaged in
cutting, or the value of χ is equal to 1/3 [4]. Considering the
grit size of 91 μm, Cd is 32/mm2, which is close to the SEM
observations results [17] of 30/mm2 with the same grinding
wheel. The actual grits number when the grinding wheel in-
teracts with the workpiece materials can be calculated through
the product of grits density Cd and contact area square [9, 14].

Nd ¼ Cd:lg:b ð7Þ

where Nd represents the overall grit number under different
operation parameters, lg the contact arc length and can be

calculated through lg ¼
ffiffiffiffiffiffiffiffiffiffi
ds⋅ae

p
[18]. b is the minor value

between the width of the wheel and workpiece.
The chip thickness model will be valid only when the in-

tegration is equal to 1.Z hmax

hcr
f hð Þdh ¼ 1 ð8Þ

Hecker et al. [9] have put forward the following equations
through the total material removal volume. The removed ma-
terial volume by grinding wheel is equal to the lost material
volume of the workpiece.

E Atotalð ÞVS ¼ Vwaeb ð9Þ
In grinding processes, the workpiece will undergo rubbing,

ploughing, and chipping process [12]. During the ploughing
action, the material was pushedmoving aside leading the cross

section larger than the undeformed cross section area. Subhash
et al. [19] proposed an expression for the critical strain at which
the strength becomes significantly strain-rate dependent. It can
be expressed as σc=E ⋅ε [20]. For SiC in their work [20], the
critical strain ε was 1.1 % (compression strength σc=5.0GPa
and elastic modulus E=440GPa). Therefore, because of the
high elastic modulus for ceramic workpiece, a very small defor-
mation will be produced during grinding. Thus the ploughing
effect will not be considered in the calculation of the cross sec-
tion area. The total material removal volume can be calculated
through the product of theoretical undeformed triangle cross
section and the active grits number. It can be given as follows.

Atotal ¼ Achip:Nd ð10Þ
Achip ¼ h2:tanθ ð11Þ

where Atotal represents the total chip triangle cross section
when the whole grinding wheel interacts with the workpiece.
Achip is the chip triangular cross section for a single grit.
Therefore, the expected value of the total cross section E
(Atotal) can be expressed in the following equation.

E Atotalð Þ ¼ NdE Achip

� � ¼ NdE h2
� �

:tanθ ð12Þ

Through substituting and elimination of E(Atotal) in Eqs. (9)
and (12),

E h2
� � ¼ Vwaeb

VsNd tanθ
ð13Þ

And E (h2) can be obtained through integral calculation.

E h2
� � ¼Z

hcr

hmax

h3=σ2e−
hcr2

2σ2 dh ¼2σ2 þ hcr2e
−hcr2

2σ2 � hmax
2e−

hmax2

2σ2 ð14Þ

Therefore, hcr and σ can be obtained through the solution of
Eqs. (8) and (13).

2.2 Force components for ductile grinding

2.2.1 Determination of grit working status

In order to simplify the analysis of the single grit interaction
with the workpiece material, the cutting edge shape will be
approximated, to be assumed, to a spherical shape [11, 16] in
the determination of grit working status. Earlier researchers
[21] have applied Hertz theory to grinding process to estimate
the depth of indentation when the abrasive grit is pressed
against the flat workpiece. According to Hertz theory, the
maximum stress on the contact area (σmax) for elastic contact
between a sphere of radius (Rg) and a flat surface can be
evaluated from the following Eq. (15). In this paper, the di-
ameter of the workpiece is 60 mm, compared with a diameter

Int J Adv Manuf Technol (2016) 87:1967–1975 1969



of 91 μm for abrasive grit. Therefore the equivalent radius Re
can be calculated through 1/Re=1/Rg+1/Rw [22], which is
very close to the abrasive grit radius. Here Rg represents the
radius of the abrasive grit, Rw the workpiece radius.

σmax ¼ 0:57843
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Fgr

Rg
2 1−μSiC

2

ESiC
þ 1−μdiamond

2

Ediamond

� �2

vuut ð15Þ

where Fgr is the load on the grain, μSiC and μdiamond are the
Poisson rate of SiC and diamond, andESiC and Ediamond are the
elastic modulus of SiC and diamond, respectively.

While the depth of indentation for elastic loading is
given by:

ζ ¼ 0:82553

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−μSiC

2

ESiC
þ 1−μdiamond

2

Ediamond

� �
Fgr

2

Rg

s
ð16Þ

The grinding process is a complex process between the
abrasive grit and the material, and different abrasive grits have
a different working rake angle. Therefore, the material will
experience a continuous changing force when interaction with
the grit. Themaximum stressσmax will be at the onset of plastic
deformation and is equal to bending strength of the workpiece
material. Substituting this value for σmax and eliminating Fgr in
Eqs. (14) and (15), the depth of indentation will be achieved
when elastic loading is applied. Thus, different working status
of the interaction between the grit and workpiece can be ac-
quired by introducing the minimum chip thickness hcr and
maximum chip thickness hmax. When the chip thickness is
between these two chip thicknesses, the grinding chips can
be formed. While when the depth of interaction is lower than
the critical chip thickness hcr and higher than the depth under
elastic loading the ploughing stage is dominated. And the pure
elastic stage in hertz contact is the rubbing process.

0 < h < ζ ; rubbing
ζ < h < hcr; ploughing
hcr < h < hmax; chipping

2.2.2 Force components for ductile grinding

The rubbing stage is mainly associated with elastic deforma-
tion. When the single grit interacts with the material, the elas-
tic loading will be the most dominant force source. According
to the Hertz theory and formula (15), the rubbing force under
elastic loading can be given as below. In this formula, the
rubbing force is half of the maximum rubbing force.

Fdrubbing ¼ ζ

2
:k1:Nd:Fgr ¼ ζ:k1:Nd:σmax

3Rg
2 1−μSiC

2

ESiC
þ 1−μdiamond

2

Ediamond

� �2

ð17Þ
where k1 is a constant which is determined through experiments.

While when the chip thickness is higher than the depth of
indentation for elastic loading and lower than the critical chip
thickness, the plastic deformation will be the main interaction
mode. During this phase, the grinding chips will not be formed
and the scratching striation will be the main interaction result.
De Vathaire et al. [23] proposed an upper bound model of
ploughing by a pyramidal indenter and the experiments were
conducted on a low carbon steel workpiece. In the ploughing
phase, the workpiece material will bear the maximum resis-
tance of the workpiece hardness. And the action area is the
chip cross section Achip. The ploughing force can be given as:

Fdploughing ¼ k2:Nd:Hv:Achip ¼ k2:Nd :Hv:
hcr−ζ
2

� �2

:tanθ ð18Þ

where k2 is a material constant which is determined by exper-
iments, Hv the Vikers hardness.

When the depth of interaction is between the two critical
indicators hcr and hmax, the grinding chips can be formed and
ductile removal and brittle removal are both acting in the
grinding process. If the depth of indentation keeps increasing
to a higher value above the maximum chip thickness, the
grinding chips will be mainly characterized by fracture cracks
and brittle removal will be the only mode. According to
Vickers indention experiments, the minimum threshold load
is what makes the brittle and hard material to just fracture.
Therefore, the chipping force under ductile removal can be
approximated to this threshold load. It can be given as below.

Fdchip ¼ k3:Nd: K1C
4=Hv3

� � ð19Þ

where k3 is a constant which is dependent on thewheel topology
and material, it is determined through experiments.

2.3 Force components for brittle grinding

Because of the hard and brittle nature of brittle materials, the
removal of the materials is more tended to be irregular fracture
cracks at a highmaterial removal volume. In the brittle removal
of the brittle materials, the workpiece material will first expe-
rience elastic loading as in ductile grinding. Then the plastic
deformation will be the main interaction stage. During this
stage, the grinding chips will be formed in the means of frac-
ture cracks. Therefore, the grinding force will be mainly com-
prised of rubbing force and fracture chipping force in ductile
grinding. The rubbing force in brittle grinding will be equal to
the force in ductile grinding.

Fbrubbing ¼ ζ
2
:k4:Nd:Fgr ¼ ζ:k4:Nd:σmax

3Rg
2 1−μSiC

2

ESiC
þ 1−μdiamond

2

Ediamond

� �2

ð20Þ
where k4 is a material constant which is determined
through experiments. In indentation experiments, Lawn
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[24] gave the connection between crack size C and load P
through modeling the area under the indentor as a plastic
expansion area.

P=C3=2 ¼ K1C= ξ cotθð Þ2=3
n

E=Hvð Þ1=2
o

ð21Þ

whereξis a constant, E is the elastic modulus of material.
Therefore, the chipping force model should be the following
formula.

Fbchip ¼ k5:Nd:C3=2:K1C= cotθð Þ2=3
n

ESiC=Hvð Þ1=2
o

ð22Þ

where k5 is a constant which is determined through
experiments. It can be found from the above model that
the brittle chipping force is not only concerned with the
material properties, also highly related to the fracture crack
size.

2.3.1 Force orientation

Hecker at al. [25] proposed the tangential and normal force
calculation formula based on the Brinell hardness. The calcu-
lation method was given as below.

Ft ¼ F sinϕþ f cosϕð Þ
Fn ¼ F cosϕ− f sinϕð Þ ð23Þ

where f is the friction coefficient between the grain and the
workpiece and Φ is the effective angle [9], which is related to
the undeformed chip thickness h and grain affective grit radius
Rg. When the grit is in different grinding stage, a different
depth h will lead to a different effective angle.

ϕ ¼ arccos 1−
h
Rg

� �
ð24Þ

Combining the formula (1), (2), (3), and (23), (24), the final
normal force and tangential force can be obtained in the fol-
lowing Eq. (25).

Fn ¼ δ: Fdrubbing
					!þ Fdploughing

						!þ Fdchip
			!� �

þ 1−δð Þ: Fbrubbing
					!þ Fbchip

			!� �n o
: cosϕ− f sinϕð Þ

Ft ¼ δ: Fdrubbing
					!þ Fdploughing

						!þ Fdchip
			!� �

þ 1−δð Þ: Fbrubbing
					!þ Fbchip

			!� �n o
: sinϕþ f cosϕð Þ

ð25Þ

3 Experimental set-up

Grinding experiments were carried out on the MGKS1332/H
CNC cylindrical grinding machine. The machine spindle is
capable of running up to 8000 rpm with a 400-mm wheel.
The workpiece material used for this investigation was SiC,
whose properties are given in Table 1. The workpiece speci-
mens have the diameter of 60mmwith the length of 20mm. A
vitrified diamond grinding wheel, with an average grit size of
80 μm, diamond concentration of 150 %, diameter 400 mm
and width 22mm, was used. The diamond grit has a density of
3.56 g/cm3 and Poisson rate 0.16. The wheel was balanced
below 0.02 μm at the grinding speed with a dynamic
balancing instrument (Model SB-4500). A series of shallow
plunge grinding experiments will be developed in this paper.
The grinding wheel was trued using a diamond truer and

dressed using an alumina stick of 200 mesh size for 30s under
coolant before every set of test was undertaken. The truing
ratio for the grinding wheel is 0.8 under a wheel speed of
80 m/s, the depth of cut 2 μm, and the transverse feed rate
of 400 mm/min. In this paper, a 5 % water-soluble metal
cutting fluid was used.

The grinding force detecting device is a 3-direction force
transducer (Kistler 9347C) mounted in the tailstock. The
transducer is collected to a charge amplifier; then, the collected
signal is sent to the data acquisition system LMS. A column
workpiece, as shown in the upper right of Fig. 1, is separated
into two pieces, a quarter part and the rest.

An environment scanning electron microscope (ESEM)
QUANTA 250 from Czech was used to examine the ground
surface and subsurface fracture crack size. A bonded interface
sectioning technique [26] was used to examine the grinding

Table 1 Mechanical properties
for SiC SiC properties

SiC Density Bending strength Hardness Fracture toughness Elastic modulus Poisson rate

ρSiC σb Hv K1C ESiC μSiC
[g/cm3] [MPa] [GPa] [MPa.m1/2] [GPa] [−]
3.05 430 23 3.0 410 0.16
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induced subsurface damage. Two parts of the workpiece were
first polished and then bonded together using a cyanoacrylate-
based adhesive. Clamping pressure was applied during bond-
ing to ensure that a thin adhesive layer joint was achieved,
which would minimize edge chipping during grinding. The
grinding direction was perpendicular to the bonded interface.
After grinding the bonded specimens were subsequently sep-
arated by heating on a hot plate to soften the adhesive. Before
the examination, the ground specimens were cleaned with
acetone in an ultrasonic bath for at least 20 min, and then gold
coated.

4 Model calibration

4.1 Force proportion parameter modeling δ

From the SEM ground surface in Fig. 2, it can be found
that the ground surface is characterized by both ductile
flow and fracture cracks. This is mainly because of the
irregular distribution of abrasive grits and machining pro-
cess. In ductile grinding, the ground surface is character-
ized by scratching groove and tiny chips. While in the
brittle grinding, the ground surface shows more concave
pit generated by fracture cracks. A grid interface section-
ing technique [13] was used to quantitatively distinguish
brittle area from the whole ground surface. It can be seen
from the Fig. 2 that the figure was divided by a 20×20

grid. When the ground surface is dominant by fracture
cracks the grid will be marked as red, the percentage of
red grids in the Fig. 2 represents the whole proportion of
brittle surface in the whole ground surface.

A series of experiments were conducted to establish the
proportion parameter model for distinguishing ground sur-
face. The detailed experimental planning is shown in
Table 2, No. 1–8 is for the model construction and No. 9–10
is for the validation of this model.

On the basis of the material removal energy [27], Bifano
et al. [13] established a critical grinding depth model for duc-
tile grinding of brittle materials. He gave detailed explanation
of the grinding depth effect on machining damage. Moreover,
Kovach et al. [28] clearly demonstrated that the increase of
grinding speed can result in an improved surface finish and
lower damage for advanced ceramics. Their results also con-
cluded that a transition from a brittle fracture mode to a low
damage ductile grinding mode could be achieved when the
wheel speed elevated. Therefore, it is obvious the grinding
depth and the wheel speed will have a great effect on the
ground quality. Based on the above analysis, the model can
be given as below.

δ ¼ ε hmaxð Þβ VSð Þκ ð26Þ

where ε, β and κ are constants which are determined by
experiments. Through calculation based on the experimental

Fig. 1 Grinding force test layout
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data in Table 1, the real model for the proportion parameter
can be written as:

δ ¼ 58:4: hmaxð Þ−0:357 VSð Þ−0:024 ð27Þ

4.2 Experimental model for crack size C

Similar to the model construction in 5.1, another series of ex-
periments were conducted to establish crack size model for the
chipping force modeling of ductile grinding (Fig 3). The de-
tailed experimental planning is shown in Table 3, No. 1–8 is
for themodel construction and No. 9–10 is for the validation of
this model. Based on the speed effect and grinding depth effect
on the grinding cracks, the model was given as follows:

C ¼ ε
0
hmaxð Þβ

0
VSð Þκ0 ð28Þ

where ε′,β′ and κ′ are constants which are determined by ex-
periments. Through calculation based on the experimental data

in Table 1, the real model for the proportion parameter can be
written as:

C ¼ 223: hmaxð Þ0:3: VSð Þ−0:275 ð29Þ

5 Force model calibration and verification

The final force model was calibrated and validated through a
total of 20 different process parameters illustrated in Table 4.
The first 12 groups are used for the calibration, the remains are
for validation.

After substituting all the parameters into the final force
model, the rubbing force in both ductile grinding and brittle
grinding is found to be very small comparing to other force
components (more than ten orders of magnitude). Therefore,
the constants k1 and k4 are all given the value 0. While k2, k3,

Table 3 Crack size experiments and results

Exp. no. hmax (μm) VS (m/s) Crack size (μm)

Experiments Model calculation

1 0.52 20 95 85

2 0.52 140 42 47

3 1.04 20 103 99

4 1.04 80 65 68

5 0.87 80 65 58

6 1.8 140 74 68

7 0.60 80 52 57

8 0.89 20 89 94

9 0.52 80 58 55

10 1.04 140 57 58

Fig. 3 SEM ground subsurface damage quantitative characterization

Fig. 2 SEM ground surface characterization using a grid interface
sectioning technique

Table 2 Force proportion experiments and results

Exp. no. hmax (μm) VS (m/s) Ductile ground surface (%)

Experiments Model calculation

1 0.16 140 95.25 97.8

2 0.30 140 85 81.5

3 1.04 140 55 51.1

4 1.8 140 39 42.0

5 1.04 80 54.25 51.8

6 1.04 20 58.25 53.5

7 0.60 80 58 63.0

8 0.52 20 62 68.6

9 0.60 80 61 63.0

10 0.52 80 64.75 66.5
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and k5 will be determined through experimental results in
Fig. 4. Through calculation, the three parameters are, 4.25,
140935, and 3.5, respectively.

For validation of this grinding model, a total of 8 different
experiments were performed. The process parameters, in-
cluding depth of cut ae, the wheel speed VS, and the
workpiece peripheral speed VW, are given in the Table 4,
No. 13–20. The experimental and predictive normal force
and tangential force are given in Figs. 5 and 6. From the
two figures, it can be found that the predictive force
matches very well with the experimental results. The average
percentage of error in the normal force and tangential force
was 5.3 % and 6.6 %.

6 Conclusions

Grinding of brittle materials is characterized by a complex
removal mechanism of both ductile and brittle removal. A

model to predict the grinding force of brittle material has been
developed and validated. This force model considered the co-
existing of ductility and brittleness for grinding of brittle ma-
terials. The ductile removal force was modeled incorporating
rubbing force, ploughing force, and chipping force, while the
brittle removal force is concerned about rubbing force and
fracture chipping force.

The proportional coefficient of ductile removal has been
modeled and validated through a series of SEM investigations
on the ground surface by a grid interface sectioning technique.
Moreover, the fracture cracks model will further help to pre-
dict the chipping force in brittle grinding. The working status
for a single grit has been divided based on the Hertz Theory
and chip thickness modeling of Rayleigh probability density
function.

Grinding experiments have been undertaken to establish
and validate the model for proportional coefficient δ and crack
size C. The results show that the predictive grinding force
model can be successfully used in force prediction of brittle
material. The predictive force model shows reasonable agree-
ment quantitatively with the experimental force data.
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Fig. 4 Experimental results for calibration of the force model

Table 4 Experimental conditions for model calibration

Exp. no. ae
(μm)

VW
(m/s)

VS
(m/s)

Exp. no. ae
(μm)

VW

(m/s)
VS

(m/s)

1 5 0.1 20 11 3 0.025 20

2 5 0.1 120 12 5.2 0.075 20

3 5 0.1 100 13 5 0.1 40

4 8 0.1 100 14 5 0.1 80

5 5 0.24 100 15 5 0.16 100

6 12 0.2 120 16 8 0.15 100

7 8 0.1 20 17 12 0.3 120

8 8 0.2 40 18 8 0.4 80

9 8 0.5 100 19 8 0.6 120

10 8 0.7 140 20 3 0.1 80
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