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Abstract
Grinding force is an important index for understanding grinding mechanism. In this paper, based on the single grain-
grinding experiment, the grinding force under different grinding parameters was studied. Based on the undeformed chip, 
the grinding force model of multi-grain abrasive was established. Combined with the randomness of grains distribution, the 
grinding force model was further improved. And the grinding specific energy under different undeformed chip thickness 
was obtained by single CBN abrasive grain scratch tests. In addition, grinding experiments were carried out under different 
grinding parameters, and corresponding grinding force was measured. The results show that the grinding specific energy 
changes with the change of the undeformed chip thickness. For grinding 45 steel with ceramic bond CBN wheel, when the 
deformation cutting thickness reaches 50 μm, the grinding specific energy tends to 3460 J/mm3. Under the same grinding 
parameters, the calculated values of grinding force model are in good agreement with the experimental values. Confirmed 
by further research, the model has better applicability to small cutting depth, slow feed, and low speed cutting models. This 
study has certain guiding significance for further research on grinding mechanism and characterizing the grinding force.

Keywords  Grinding force · Random distribution · Undeformed chip

1  Introduction

The grinding force is produced by the relative dynamic 
interference between workpiece and grinding wheel. In the 
grinding process, the abrasive grains on the surface of the 
grinding wheel move along a specific trajectory in the shal-
low layer of the workpiece to achieve material removal. In 
this process, the workpiece will appear elastic deformation 
and plastic deformation and finally form the cutting. These 

are rubbing, ploughing, and cutting as shown in Fig. 1. The 
grinding force can reflect the basic characteristics of the 
grinding process. It is not only the most important physical 
quantity in the grinding process, but also an important index 
to evaluate the grindability of materials.

In general, grinding force plays an important role in 
grinding process. It not only directly affects the grind-
ing wheel wear, grinding accuracy, grinding temperature, 
and surface integrity, but also strongly affects the mate-
rial removal mechanism [1]. At present, the modeling of 
grinding force mainly includes two kinds. One method is 
to predict the grinding force by planning, statistics, neural 
network, gray prediction, and other methods based on the 
sample values of grinding force measured in grinding exper-
iments. The other is using kinematic model and mechanical 
model to establish the mathematical expression of grinding 
force based on a mass of experimental data [2].

It is very difficult to observe and analyze the grinding pro-
cess experimentally because of many abrasive grains, irreg-
ular geometric shape, and inconsistent grinding depth. In 
the prediction of experimental grinding force, Huang et al. 
[3] studied the influence of grinding depth and table speed 
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on grinding force and grinding force ratio through grind-
ing experiments of SiC particle reinforced aluminum matrix 
composites (SiCp/Al) under wet, dry, low temperature, and 
ELID grinding conditions. Fuh and Wang [4] used BP neural 
network to model and predict the grinding force in creep 
feed grinding process. Gu et al. [5] measured the grind-
ing forces under different parameters by grinding tests and 
established the prediction model of grinding force of multi-
grain abrasive by using the support vector machine (SVM) 
prediction method based on particle swarm optimization.

In order to overcome the deficiency of the test model, the 
mechanism of material removal during grinding was revealed. 
Most scholars studied the grinding mechanism from the single 
grain cutting and then predicting the grinding force [6–9]. 
Hecker et al. [10, 11] deduced the calculation expression of 
undeformed chip thickness by assuming that the grinding 
particle height follows Rayleigh distribution, and established 
the prediction model of grinding force based on the defini-
tion of hardness test. Liu et al. [12] utilized the single-grain 
simulation to investigate the individual crack generation and 
propagation in silicon carbide (SiC). Xie et al. [13] established 
a mathematical model of high speed deep grinding force of 
engineering ceramics based on the grinding force of a sin-
gle grain. Shao et al. [14] presented a predictive modeling 
of MQL grinding force through considerations of boundary 
lubrication condition by extrapolating the single grain inter-
action to the whole wheel. Zhang et al. [15, 16] presented an 
improved theoretical force model that considered material-
removal and plastic-stacking mechanisms. Cheng et al. [17] 
established a model of the micro drill-grinding force by using 
a physical method based on the undeformed chip thickness. 
Zhang et al. presented a theoretical grinding force model by 
the consideration of the ductile stage, the ductile-to-brittle-
transition-stage, and the brittle stage and used the model to 
predict the grinding force of zirconia ceramic [18]. Li et al. 
[19] proposed an analytical model from the microscopic per-
spective. In addition, many scholars have studied the ultra-
sonic assisted grinding force model [20, 21].

These studies always ignored the abrasive distribution 
on the grinding wheel, and the influence of the difference 
in abrasive size on the removal mode for grinding force 
[22–24]. In addition, most of the previous studies based on 
the average cutting depth or average chip thickness model, 

but not based on the grinding process model, can only be 
used to predict the average grinding force [19].

The size and variation of grinding force are not only 
related to the characteristics and machining parameters of 
the grinding wheel, but also closely related to the proper-
ties and microstructure of the material itself. In this paper, a 
grinding force prediction model of multi-grain abrasive was 
established. And it will be beneficial to achieve effective pre-
diction grinding force in the establishment of grinding force 
model. Besides, the error between the theoretical value and 
the experimental value will be reduced as well. To sum up, 
this research has certain engineering practical significance 
for further study.

2 � Review of research

2.1 � Grinding force model based on dynamic cutting 
edge

The grinding edges are the cutting entity. They are randomly 
distributed on the surface of the grinding wheel. The spacing 
of abrasive grains and their respective protruding heights are 
different. And in the process of grinding, part of the lower 
grinding abrasive grains will not be able to participate in 
cutting. As a result, the actual number of grains involved in 
cutting will be less than the actual number of grains on the 
surface of the grinding wheel. From whether to participate 
in the cutting, the grinding edges can be divided into static 
effective grinding edge and dynamic effective grinding edge. 
The number of static effective grinding edges is related to 
the structure of the surface of the grinding wheel, while the 
number of dynamic effective grinding edges is also related 
to the movement of the grinding process.

If all feeding depth ap is determined, the grinding grains 
included in the depth range will participate in the grinding 
work, and the description is shown in Fig. 2.

As shown in Fig. 2, multiple abrasive grains are distrib-
uted on the surface of grinding wheel, among which the 
highest point of abrasive grains 1#, 3#, and 6# is above 0 
line. During grinding, these three abrasive grains inter-
fere with the workpiece and will participate in cutting, so 
they are defined as effective abrasive grains. Other grains 

Fig. 1   Three different phases of material deformation modes

Fig. 2   Distribution of cutting edges on wheel [25]
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whose highest point is below line 0 and which do not con-
tact the workpiece are invalid (at this grinding depth).

The number of static effective grinding edges Nl per 
unit length can be expressed as follows [26]:

where c1 is the coefficient of grinding edge density, ks is the 
coefficient of shape of abrasive grains, p is the index and 
p ∈ (1, 2) , and ap is the grinding depth.

Figure 2 clearly shows the relationship between the 
number of static grinding edges and grinding depth. With 
the increase of grinding depth, the number of static grind-
ing edges will gradually increase. However, when the 
number of static grinding edges reaches a certain value, 
its number will not change even if the grinding depth is 
further increased, that is because the number of grinding 
edges on the grinding wheel surface is limited.

Dynamic effective grinding edges are slightly different 
from static grinding edges. It is related to the maximum 
undeformed chip. In the grinding process, the undeformed 
chip thickness will change with the change of machining 
parameters. When the grinding depth is kept constant, the 
undeformed thickness would be increased by increasing 
the feed speed and decreasing the cutting speed. At this 
time, with the increase of the undeformed chip thickness, 
some grinding edges that did not participate in the origi-
nal cutting will also participate in the cutting. Therefore, 
the abrasive grains involved in the actual grinding process 
are defined as dynamic effective grinding edges. It can be 
calculated by the following formula [25]:

where An is the scale coefficient related to the number of 
static grinding edges. C is the number of abrasive grains per 
unit area on the surface of grinding wheel. ap is the grinding 
depth. de is the equivalent diameter of grinding wheel. vw is 
the work speed. vs is the grinding speed. � and � respectively 
represent the distribution index of grinding edge on the cir-
cumference of grinding wheel.

where P(p ∈ (1, 2)) is the paternity index between Nl and ap . m 
( m ∈ (0, 1) ) is the index reflecting the number of grinding edges.

The number of dynamic grinding edges Nd(l) within any 
contact length range l can be expressed as follows [27]:

(1)Nl = c1ksa
p
p

(2)Nd = AnC
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The normal grinding force per unit contact area at a point 
in the contact area can be expressed as follows:

where A(l) = 2
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 . K is grinding 
force per unit area.n n ∈ (0, 1) is the correlation index 
between friction and cutting deformation. It shows that in 
the total grinding force, the greater the proportion of friction 
is, the smaller n is. Similarly, the larger n is, the greater the 
proportion of cutting deformation force is. When n = 0, it is 
a pure friction process. When n = 1 , it is a pure shear 
process.

The grinding force per unit width is obtained by integrating 
F

�

n
(l) from 0 to lc.

After simplification, the following equation is obtained 
[27]:

where � =
1

2
[(1 + n) + �(1 − n)] , and � = �(1 − n).

2.2 � Grinding force model based on experimental 
prediction

The factors that affect the grinding force in the grinding pro-
cess are complicated. Most of the existing grinding theories 
are based on assumptions. The formula of grinding force 
derived from these grinding theories is not enough to be 
applied in the actual production process. Therefore, most 
grinding force calculation formulas used in industrial field are 
empirical formulas, most of which are expressed in the form 
of power exponential function. The commonly used method is 
to obtain a large number of test data through experiments, and 
then use regression analysis to establish empirical formulas. 
Generally involved in the grinding parameters mainly include 
grinding speed, feed speed, and grinding depth. The expres-
sion obtained by the method of multiple regression analysis 
is as follows:

where F is grinding force (tangential grinding force Ft or 
normal grinding force Fn ), and CF is grinding force coeffi-
cient. a1 , a2 , and a3 are exponential coefficients, respectively.

In addition, artificial neural network and grey prediction 
methods are also applied to the processing of test data. The 
construction method of grinding force empirical formula is 

(5)F
�

n
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simple, the simulation accuracy is high, but its application 
scope is narrow. If the range of process parameters is large, a 
large number of tests are needed. This cost is relatively high. 
As the boundary conditions change, the empirical coefficient 
needs to be measured again, so this method is suitable for 
application in mass production.

3 � Grinding force model based on statistics

Grinding process is a material removal process with high 
temperature, high strain, and high strain rate. The strain rate 
is generally an order of magnitude larger than that in the cut-
ting process. The cutting dynamic mechanical properties of 
the workpiece material under this condition are very complex 
and present size effect. In most grinding force models, the 
coefficient of friction is used as a constant value to determine 
its size through grinding tests, but in fact, once the grinding 
process parameters change, the coefficient of friction between 
the grinding wheel and the workpiece also changes.

3.1 � Undeformed chip analysis

The action behavior of a single abrasive and the workpiece 
can be characterized by the thickness of the undeformed 
chip. During grinding, the abrasive grains interfere with the 
surface of the workpiece, and the surface of the workpiece 
will slip and rub, marking the surface with a certain shape 
and size. Figure 3 shows the geometric model of grinding 
process, revealing the position relation between grinding 
wheel and workpiece and the geometric shape of unde-
formed grinding chip during grinding process.

Many researchers have attempted to predict the performance 
of grinding processes by using undeformed chip-thickness 

models. The undeformed chip thickness model, used to assess 
the performance of grinding processes, plays a major role in 
predicting the surface quality.

In the grinding process, the abrasive grains move in 
line rotation relative to the workpiece, and the closed area 
formed by adjacent abrasive grains in the workpiece is unde-
formed chip, which is the red part in Fig. 3a. The other two 
dotted lines are the outer contours of the grinding wheel 
at two moments. According to Fig. 3a, lAB is the thickness 
of undeformed chips when the abrasive grains turn to the 
angle of � . Since the grinding depth is very small compared 
with the diameter of the grinding wheel, angle � and angle 
∠OBO

� are small angles in the cutting process of the abrasive 
grains, so ( ∠BO�

C and ∠OBO� can be considered to be 90◦ 
( ∠BO�

C = ∠BCO
�

= 90◦ ). ΔCBO� is an isosceles triangle, 
so lAB is equal to lOC ( lAB = lOC).

In ΔOCO� , lOC = l
OO

� sin� . Therefore, the thickness of 
the undeformed chip at the rotation angle � can be obtained 
by calculating the rotation angle � and the distance lOO′ of 
the grinding wheel feed. Through the above analysis, the 
undeformed thickness c� at any position can be obtained as:

where vw is the feed speed of the workpiece, and t� is the time 
taken for the abrasive particle to rotate � angle.

Theoretically speaking, the rotation angle � of the abra-
sive grain can be any angle, but when considering the effec-
tive rotation angle to achieve cutting, angle � is limited by the 
diameter of the accepted grinding wheel d and the grinding 
depth ap . Thus, there is a maximum value �max in the abrasive 
cutting process. The maximum rotation angle is the final angle 
at which the abrasive particles are to complete the one-cycle 
cutting, and according to the grinding geometry the following 
equation holds.

(9)c� = l
OO

� sin � = v
w
t�sin �

Fig. 3   Geometric model of 
grinding process. a Position 
relationship between workpiece 
and grinding wheel. b Geom-
etry of undeformed grinding

(a) Position relationship between workpiece
and grinding wheel

(b) Geometry of undeformed
grinding
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where ap is grinding depth, lc is the contact arc length, and 
d is the diameter of grinding wheel.

Based on the angle �max , the maximum undeformed chip 
thickness cmax can be further obtained, and its expression is:

where hmax is the distance in the feed direction of the work-
piece when two adjacent abrasive particles finish cutting 
( hmax =

vwL

vs
 ), and L is the distance between two abrasive 

grains in the circumferential direction. Substituting hmax into 
Eq. 11, the following equation can be obtained.

In the grinding process, the effective rotation angle � 
is small ( sin� = � ). The undeformed chip thickness can be 
reduced to the following equation.

3.2 � Grinding force model based on single grinding 
edge

The grinding force of single grinding edge is the basis of calcu-
lating and analyzing the grinding force. The tangential grinding 
force of a single grinding edge is the direct force that produces 
the cutting. It can be seen from Fig. 2 that the tangential grind-
ing force of a single grinding edge constantly changes with 
the change of grinding wheel moving position and the change 
of undeformed chips. According to the geometry of grinding, 
the instantaneous cutting forces of a single grinding edge fgt� 
(tangential grinding force) can be expressed as follows:

where � is the rotation angle of the cutting point position of 
a single grinding edge. As shown in Fig. 2a, Ac� is the cross-
sectional area cut when the rotation angle is � . c� is the thick-
ness of undeformed chip. b� is the width of the undeformed 
chip section. As shown in Fig. 2b, r is the ratio of the width 
of the undeformed section to the thickness, i.e. r = b�

c�
 . kt is 

the specific grinding energy (the amount of energy required 
to remove a unit volume of material).

In abrasive cutting, there are not only tangential forces but also 
normal forces. Normal grinding force fgn� can be expressed as:
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2a

p

l
c
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d
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ktrc
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ktrL
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w
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2v2
s

where kn is the ratio of the normal grinding force to the 
tangential grinding force of a single abrasive grains and 
kn = fgn�∕fgt�.

On the basis of obtaining the grinding forces of a single 
abrasive grains, the tangential grinding forces and normal 
grinding forces of a single abrasive grain in the coordinate 
system of the workpiece could be obtained through coordi-
nate transformation. Its expression is as follows:

In the grinding process, because � is very small, there are 
sin � = � and cos� =

√
1 − �2 . Equation 16 can be simpli-

fied as:

where L is the distance between adjacent abrasive grains. 
When calculating grinding force, the surface parameters of 
the test grinding wheel can be obtained by measuring the 
surface topography of the grinding wheel.

3.3 � Grinding force calculation based on statistics

In grinding, for effective abrasive grains, the size of cutting 
angle directly affects the thickness of undeformed chip and 
the size of grinding force. Therefore, the cutting angle of a 
single abrasive particle should be known first when calcu-
lating the grinding force. The cutting angle of any effective 
abrasive grain can be expressed as:

where tj,0 is the relative time of abrasive cutting, and tj,0 = floor

(
∑

L
i+1+Li+2+⋯L

i+n

v
s
Δt

) ⋅ Δt + �Δt . where function “ floor ” is rounded 
to the left, 0 ≤ 𝜆 < floor(

Li+n+1

vsΔt
) , and � ∈ N . In addition, there 

are the following equations.
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⋮
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tj+n,0 = �Δt
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The tangential grinding force of No. i abrasive grain at time 
t0 can be obtained by substituting Eq. 18 into Eq. 17, and its 
expression is as follow:

On this basis, the tangential grinding force ( fgi�jtk ) of No. i 
abrasive particle at any time can be further calculated.

In the grinding process, with the increase of the cutting angle 
of the abrasive particles, the abrasive particles gradually sepa-
rated from the workpiece. When the abrasive particles are beyond 
the workpiece, the grinding force disappeared. So there is a con-
straint on k . In the general case, k < floor(

√
apd∕vs − tj,0) , if 

k > floor(
√
apd∕vs − tj,0) , then i = i + 1 . In addition, when 

� + k ≥ floor(
Li+n+1

vsΔt
) , then n = n + 1 and � = � + k − floor

(
L
i+n+1

v
s
Δt

).
In the grinding process, there are many abrasives involved 

in cutting. Taking a single row of abrasives as an example, all 
abrasives at the contact arc length may participate in cutting. 
Therefore, the single-row grinding force of the grinding wheel 
can be expressed as:

On the basis of Eq. 22, grinding force per unit width can be 
obtained by further calculation, which is expressed as:

(20)fgi�jt0 =
ktrLi

2v2
w
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2

+ kn

vstj,0

d
)

(21)

fgi�jtk =
ktrLi
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d
)

(22)Ftk =
∑

fgi�jtk + fgi+1�j+1tk +⋯ fgi+n�j+ntk

where L is the average spacing of abrasive grains.

4 � Grinding force calculation and experiment 
setup

4.1 � Parameter estimation of grinding wheel

In order to further understand the distribution of abrasive 
grains on the surface of grinding wheel, the CBN grinding 
wheel with grain size of 120/140# and concentration of 100% 
was taken as the research object, and its surface morphology 
was tested. In order to facilitate the test, the prepared grinding 
wheel was crushed, 10 sample blocks were randomly selected, 
the surface of the grinding wheel was photographed by scan-
ning electron microscope, and 20 morphology photos under 
500 × were selected. The calibration was carried out by Cool-
ing Tech software and the test of abrasive spacing was com-
pleted. After statistical analysis, the mean value and standard 
deviation are calculated ( x = 123.96�m , and s = 29.91�m ). 
It is assumed that the spacing of abrasive grains follows a 
normal distribution, and the fitting result is shown in Fig. 4b.

For further verification, it is necessary to test whether the 
abrasive spacing obeyed the proper distribution (hypoth-
esis testing). According to the nature of the problem, 
hypothesis testing mainly includes parametric testing and 

(23)

⎧
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L
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∑
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L

Fn =
knFtk

L
=

kn
∑

fgi�jtk+fgi+1
�j+1tk+⋯fgi+n�j+nt ktk

L

(a) Measurement of distance between two adjacent

abrasive grains

(b) Statistics of distance between adjacent

abrasive grains
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Fig. 4   Distance analysis of adjacent CBN abrasive grains. a Measurement of distance between two adjacent abrasive grains. b Statistics of dis-
tance between adjacent abrasive grains
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nonparametric testing. For the problem of abrasive spacing, 
its distribution function has been fitted and approximated 
to follow the normal distribution, so it only needs to carry 
out parameter test.

Abrasive spacing L follows the normal distribution of 
N(�, �2) . � and � can be estimated from the sample.

where x and s are the sample mean and standard deviation, 
respectively. The confidence intervals(100(1 − �)% ) for � and 
�2 are as follows [28]:

If � = 0.05 , t0.975(1079) = 1.96 , �2
0.025

(1079) = 989.87 , 
and �2

0.975
(1079) = 1171.93 . On this basis, the confidence 

interval with 95% confidence probability of mean � and 
standard deviation � can be obtained, respectively, as 
[122.1761, 125.7439] and [28.6988, 31.2255] . Therefore, 
it could be determined that the spacing of abrasive grains 
approximately obeyed the proper distribution, so its prob-
ability density function could be expressed as:

(24)
{

� = x

� = s

(25)

⎧⎪⎨⎪⎩

�
x − t1− �

2

(n − 1)
S√
n
, x + t1− �

2

(n − 1)
S√
n

�
�

(n−1)S2

�2

1−
�
2

(n−1)
,

(n−1)S2

�2
�
2

(n−1)

�

where � = 123.96�m and � = 29.91�m.
Assuming that only half of the abrasive grains on the 

surface of the grinding wheel are exposed, the height of 
the abrasive grains on the surface of the grinding wheel 
is the half height of the abrasive grains. Using the mean 
value and standard deviation of the measured distribu-
tion of abrasive grains, the spatial distribution of abrasive 
grains was obtained, and it was shown in Fig. 5.

4.2 � Calculation of cutting force coefficient (grinding 
specific energy)

The grain size of the ceramic CBN sample block used in 
the test was the same as that of the test grinding wheel, 
which was 120/140#. The grinding specimen was a semi-
cylindrical insert, which is fixed on the disc during the test, 
and the ceramic CBN sample block was held by flat pliers. 
In the grinding process, the specimen rotated with the spin-
dle, and the grinding test of a single abrasive grain would 
be completed by adjusting the relative distance between the 
ceramic CBN sample block and the specimen. The test plat-
form and test parameters are shown, respectively, in Fig. 6 
and Table 1.

(26)f =
1√
2��

exp(−
�2

2�2
)

Fig. 5   Distribution of abrasive grains
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The test device for the grinding of vitrified CBN ceramic 
CBN sample block is shown in Fig. 6a. During the test, the 
position of the ceramic CBN sample block was fixed, while 
the specimen rotated at a linear speed of 20 m/s. The sin-
gle grain grinding test was completed under dry grinding 
conditions. During the test, the contact zero point between 
the most prominent abrasive grain and the specimen was 
found by means of trial cutting. Then, changing the cutting 
position of the ceramic CBN sample block along the axial 
direction and setting the grinding depth, the single grain 
grinding would be completed. The corresponding grind-
ing force was recorded by a dynamometer, and eventually 
scores were left on the cambered surface of the specimen, as 
shown in Fig. 7a. In order to calculate the cutting coefficient 
of abrasive grains, the most prominent notch in the grind-
ing process was selected to correspond with the maximum 
grinding force. The cutting cross section of a single abra-
sive grain and the corresponding grinding force are shown, 
respectively, in Figs. 7b and 8. And the 3D surface morphol-
ogy was measured by confocal laser microscope.

Under the premise that the grinding cross section and tan-
gential grinding forces of a single abrasive particle are known, 
the grinding force coefficient (grinding specific energy 

kt =
Fx

Ac

=
11.52

132.56×50∕2
× 1012 = 3476J∕mm3(3.476GPa) ) can 

be calculated by Eq. 14. The grinding force coefficient kt and 
grinding force ratio kn calculated by the test were brought into 
the statistical grinding force model, and the grinding force 
under the same test parameters was calculated. The results are 
shown in Fig. 9.

Grinding specific energy under different grinding param-
eters is not nearly the same. And the undeformed chip 
thickness has been broadly utilized to better understand the 
grinding mechanism and the Specific energy. Therefore, by 
adjusting the relative distance between the ceramic CBN 
sample block and the test block, the undeformed chip thick-
ness could be changed. And the specific grinding energy 
under corresponding undeformed chip thickness was calcu-
lated. The results were shown in Fig. 10. When the defor-
mation cutting thickness was less than 20 μm, the specific 
energy decreased sharply with the increase of the unde-
formed chip thickness. When the undeformed chip thickness 
was 20–40 μm, the specific energy decreases slowly with 
the increase of the deformation cutting thickness. When the 
undeformed chip thickness was greater than 50 μm, with 
the increase of the cutting thickness for deformation, the 
grinding specific energy was almost unchanged and tended 
to be stable at 3460 J/mm3.

4.3 � Influence of grinding parameters on grinding 
forces

On the basis of single abrasive grain grinding test, in order 
to further verify the correctness of statistical grinding force 
model, the grinding force of CBN wheel with vitrified bond 
was measured by Kistler dynamometer (9257BA). The test 
platform is shown in Fig. 11, and the grinding conditions 
and machining parameters are shown in Table 2.

Fig. 6   Grinding force test 
platform for single grain. a 
Grinding test of single grain. b 
Grinding force acquisition and 
processing unit

(a) Grinding test of single grain (b) Grinding force acquisition and
processing unit

Table 1   Grinding parameters of single abrasive grain

Grinding parameter Value

Grinding speed v
s

20 m/s
Grinding depth a

p
50 �m

Rotary radius of grinding specimen r 70mm
Diameter of grinding specimen d 30mm
Grinding conditions Dry grinding
Material 45G
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Fig. 7   Grinding surface 
topography of single abrasive. 
a Grinding the surface with a 
single abrasive (). b Grinding 
cross section

(a) Grinding the surface with a single abrasive 
( p 50μma � )

(b) Grinding cross section

132.56 50 2.65r b c� �� � �

(a)Tangential grinding force (b)Normal grinding force

Fig. 8   Grinding force of single abrasive (grinding force ratio k_n = F_z/F_x = 24.19/11.52 = 2.10). a Tangential grinding force. b Normal grind-
ing force

(a)Tangential grinding force (b) Normal grinding force

Fig. 9   Statistics grinding force (v_s = 20"m/s," v_"w" = 0.2"m/min," a_"p" = 50"μm," k_t = 3476"J"/〖"mm" 〗^3). a Tangential grinding force. 
b Normal grinding force
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4.3.1 � (1) Influence of grinding depth on grinding force

Grinding depth is an important parameter to determine 
the relative position relationship between grinding wheel 
and specimen. Generally speaking, the grinding force will 
gradually increase with the increase of grinding depth, but 
the value of grinding force and its change rule also have a 
great relationship with the performance of grinding wheel 
and material properties. Figure 12 shows the comparison 
of instantaneous calculated tangential grinding forces and 
experimental tangential grinding forces at different grinding 
depths. Figure 12 shows the average values of calculated and 
tested tangential grinding forces at different grinding depths.

It can be seen from Figs. 12 and 13 that the calculated 
grinding force and the test grinding force have basically the 
same variation trend. With the increase of grinding depth, 
the grinding force gradually increases and shows a superlin-
ear growth. However, with the increase of grinding depth, 

the difference between them gradually increases. There 
are two main reasons. The first point was that the interfer-
ence of axial distributed abrasive grains during cutting was 
not considered in the grinding force mode. However, with 
the increase of grinding depth, the cutting cross sections 
between the axial adjacent abrasive grains may overlap, but 
the overlapping part was not removed when calculating the 
grinding force. Therefore, the calculated value was larger 
than the measured value. The second point was caused by 
the stiffness of the machine tool itself. With the increase 
of grinding depth, the normal grinding force would also 
increase. Under the action of the larger normal force, the 
machine tool spindle would produce a small bending defor-
mation, which would cause the actual grinding depth to be 
less than the set grinding depth.

4.3.2 � (2) Influence of feed speed on grinding force

Feed is the basis of continuous grinding. Under the premise 
of constant grinding speed, the thickness of undeformed chip 
will increase with the increasing of feed speed, and the mate-
rial removal amount per unit time is also increased. From 
the perspective of grinding kinematics and energy, the grind-
ing force will be significantly increased with the increase of 
workpiece feed speed. Figure 14 shows the instantaneous 
values of calculated grinding forces and test grinding forces 

Fig. 11   Grinding test platform. 
a Grinding test. b Grinding 
force acquisition and processing 
system

(a) Grinding test (b) Grinding force acquisition and

processing system

Table 2   Grinding test conditions and processing parameters

Grinding parameter Value

Grinding conditions Down grinding (No grinding fluid)
Grinding wheel P 200 × 10 × 32 CBN 120 VJ100 
Grinding specimen mm  45G 60×20×25
Grinding speed vs (m/s)  20, 25, 30, 35
Feed speed vw (m/min) 1, 2, 3, 4, 5
Grinding depth ap (μm) 10, 20, 30

Fig. 10   Specific energy change law with the change of undeformed 
chip thickness
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at different feed speeds. Figure 15 shows the average values 
of calculated grinding forces and test grinding forces at dif-
ferent feed speeds.

As shown in Figs. 14 and 15, the feed speed has a signifi-
cant effect on the tangential grinding force. The calculated 
tangential grinding force is similar to the experimental tan-
gential grinding force, and the fluctuation range of instan-
taneous grinding force increases. The tangential grinding 
force increases linearly. This is due to the increase of feed 
speed, so that the uneven distribution of abrasive grains on 
the tangential grinding force becomes more significant. In 
addition, the difference between the calculated tangential 
grinding forces and the experimental tangential grinding 
forces increases with the increase of the workpiece feed 
speed. The main reason for the error between the calculated 
value and the test value is that the increase of the feed speed 
makes the tangential grinding force and the normal grinding 

Fig. 12   Tangential grinding 
force under different grinding 
depths. a Calculated tangen-
tial grinding forces. b Tested 
tangential grinding force. c 
Calculated tangential grind-
ing forces. d Tested tangential 
grinding force. e Calculated tan-
gential grinding forces. f Tested 
tangential grinding force

s w p20m/s, 2m/min, 10μmv v a� � �

(a) Calculated tangential grinding forces (b) Tested tangential grinding force

s w p20m/s, 2m/min, 20μmv v a� � �

(c) Calculated tangential grinding forces (d) Tested tangential grinding force

s w p20m/s, 2m/min, 30μmv v a� � �

(e) Calculated tangential grinding forces (f) Tested tangential grinding force
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Fig. 13   Changing rule of tangential grinding force with changing of 
grinding depths
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force increase to a certain extent. Due to the influence of 
the spindle stiffness, the actual grinding depth decreases 
with the increase of the workpiece feed speed, so that the 
difference between them increases with the increase of the 
workpiece feed speed.

4.3.3 � (3) Influence of grinding speed on grinding force

Grinding speed is also an important parameter affecting 
grinding force. The size of grinding speed has a certain 
influence on grinding force and quality. With the increase 
of grinding speed, the thickness of undeformed chip will 
decrease, and the number of effective cutting edges per 
unit time will significantly increase. From the perspective 
of energy, since the feed speed of the workpiece remains 
unchanged, the amount of material removed by the grinding 
wheel per unit time basically remains unchanged. In view of 

Fig. 14   Tangential grinding 
force under different feeding 
speed. a Calculated tangen-
tial grinding forces. b Tested 
Tangential grinding force. c 
Calculated tangential grind-
ing forces. d Tested Tangential 
grinding force. e Calculated tan-
gential grinding forces. f Tested 
Tangential grinding force

s w p20m/s, 1m/min, 10μmv v a� � �

(a) Calculated tangential grinding forces (b)Tested Tangential grinding force 

s w p20m/s, 3m/min, 10μmv v a� � �

(c) Calculated tangential grinding forces (d)Tested Tangential grinding force

s w p20m/s, 5m/min, 10μmv v a� � �

(e) Calculated tangential grinding forces (f) Tested Tangential grinding force
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Fig. 15   Variation of tangential grinding force with feed speed
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this, it can be considered that the consumption of grinding 
energy per unit time is approximately unchanged, because 
the consumption of grinding energy is mainly reflected 
as the product of grinding speed and tangential grinding 
force. Therefore, on the premise of keeping other grinding 
parameters unchanged, the grinding force will be reduced by 
increasing grinding speed. Figure 16 shows the instantane-
ous values of calculated grinding forces and test grinding 
forces at different grinding speeds. Figure 17 shows the aver-
age values of calculated grinding forces and test grinding 
forces at different grinding speeds.

Figures 16 and 17 show that the tangential grinding force 
decreases with the increase of grinding speed, but the rate 
of change gradually decreases. At the same time, the differ-
ence between the two is gradually widening. The reason is 
that the grinding force coefficient (specific grinding energy) 
decreases with the increase of grinding speed, which reduces 

Fig. 16   Tangential grinding 
force under different grinding 
speed. a Calculated tangen-
tial grinding forces. b Tested 
Tangential grinding force. c 
Calculated tangential grind-
ing forces. d Tested Tangential 
grinding force. e Calculated tan-
gential grinding forces. f Tested 
Tangential grinding force

s w p25m/s, 2m/min, 10μmv v a� � �

(a) Calculated tangential grinding forces (b) Tested Tangential grinding force

s w p30m/s, 2m/min, 10μmv v a� � �

(c) Calculated tangential grinding forces (d) Tested Tangential grinding force

s w p35m/s, 2m/min, 10μmv v a� � �

(e) Calculated tangential grinding forces (f) Tested Tangential grinding force
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Fig. 17   Tangential grinding force changing with changing of grinding 
speed
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the friction coefficient between the abrasive grains and the 
workpiece.

Specific grinding energy is an important characteriza-
tion of grinding wheel. Its physical meaning is the energy 
consumed to remove the unit volume of material. Specific 
grinding energy is related to the characteristics of grind-
ing wheel, material properties, and grinding processing 
parameters. And its value is related to the structure of 
grinding wheel, material type, and actual cutting param-
eters. The calculation of specific grinding energy by sin-
gle grain grinding test was not very comprehensive. And, 
the specific grinding energy will change slightly with the 
change of grinding parameters, which is also the reason for 
the difference between these two grinding forces.

5 � Conclusion

In this paper, based on the characteristics of grain orientation 
of CBN grinding wheel with vitrified bond and undeformed 
chips, the statistical grinding force model with dynamic 
grinding edges was established considering the random 
distribution of abrasive particles on the surface of grinding 
wheel. The model was verified by grinding 45 steel with 
vitrified bonded CBN grinding wheel. The main conclusions 
are as follows:

Grinding specific energy decreased with the increase 
of the undeformed chip thickness. When the undeformed 
chip thickness was less than 20 μm, the grinding specific 
energy decreased sharply with the increasing of the unde-
formed chip thickness. When the undeformed chip thick-
ness was more than 50 μm, the grinding specific energy 
almost unchanged and tended to be stable at 3460 J/mm3.

The statistical grinding force model can display the chang-
ing process of grinding force in real time, reveal the mecha-
nism of abrasive particle discontinuous cutting in the grind-
ing process, and effectively predict grinding force.

The statistical grinding force model can reflect the real 
value of grinding force to a certain extent. The model has 
good applicability for small cutting depth, slow feed, and 
low speed models. With the increasing of grinding depth, 
feed speed, and grinding speed, the gap between the calcu-
lated grinding force and the test value gradually increased.

The variation trend of the calculated grinding force was 
basically the same as that of the test grinding force. With 
the increase of grinding depth, the grinding force gradu-
ally increased and showed a superlinear growth. With the 
increasing of workpiece feed speed, the fluctuation range 
of instantaneous grinding force increased, and the tangen-
tial grinding force increased linearly. With the increasing of 
grinding speed, the tangential grinding force decreased, but 
the smaller grinding speed gradually decreased.
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