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Abstract Grinding is applied widely in manufacturing of
high-precision component. And, pursuing the forming mech-
anism, together with predicting topography characteristics and
roughness of the grinding surface, is becomingmore and more
important in improving the grinding quality. The grinding
surface is formed by the interaction between the grinding
wheel and the workpiece. And, its topography is influenced
by the grain shape, grinding wheel surface topography, and
machining parameters. In this paper, the study started from
establishing the topography of wheel surface. And, according
to grinding kinematics, the grain trajectory equations were
established. By applying the statistical screening methods,
the actual cutting depth was determined. Then, the grinding
surface topography was formed by simulating. Considering
the influence of vibration in actual grinding, the surface to-
pography of the workpiece under forced vibration was stud-
ied. The study results showed that the influence of grinding
speed was significant for grinding surface topography, mainly
in the influence for amplitude and frequency. Finally, the
grinding experiments were used to verify the results of the
simulation. The obtained experimental results confirmed that
the as-proposed method worked efficiently and rapidly in sim-
ulating the grinding surface topography and predicting the
grinding surface roughness.
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1 Introduction

Although grinding is probably one of the oldest manufactur-
ing processes, it still persists as an important component of
modern manufacturing [15]. It is due to the fact that it is a
finishing process with a low material removal rate, which
makes it best suited for producing parts with high precision
and high surface quality. And, properties of surface layer cre-
ated in grinding influence directly the functional properties of
the parts such as fatigue strength, abrasive, and corrosion re-
sistance [12]. It has long been recognized that fatigue cracks
generally initiate from free surfaces [8]. This is due to the fact
that surface layers carry the highest loads and are exposed to
environmental effects. Stress concentration, oxidation, and
burning out of alloy elements (at high operational tempera-
tures) are the factors acting upon the surface layers that con-
tribute to crack initiation [26]. Surface topography is the
microgeometry which is affected by various factors during
processing [19]. For grinding, the grinding surface topography
is a combination of residual traces, which is formed through
the relative movement between the abrasive grains and the
workpiece [27]. Surface topography directly affects the abra-
sion, corrosion, and sealing of parts, which determine its over-
all work performance and service life. Therefore, in-depth
understanding on the as-generated mechanism of grinding
surface topography is of great significance in controlling and
improving the parts quality during grinding processes.

To do research on grinding precision, uncertainty factors of
topography of the grinding wheel must be taken into account,
which strongly depends on the randomness of its structure and
combinative uncertainty between abrasive grains and binder.
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With the advent of high-speed computers, a simulation of the
surface interactions becomes feasible, which provides possi-
bility for grinding modeling [13, 14]. In recent years, the pro-
gresses are being made on both predicting the surface rough-
ness of grinding surface and modeling topography character-
istic for grinding wheel. Zhou and Xi proposed a solution to
predict surface roughness considering the random distribution
of the grain protrusion heights [27]. Huang et al. [7] analyzed
the surface grinding quality of silicon nitride based on the
experiments and found that the spindle vibration caused by
high wheel speeds could limit the improvement of surface
quality. Xie et al. [25] proposed a geometric method to predict
the surface topography by utilizing wheel topography data
obtained through contact measurement. Pinto et al. [20] com-
bined deterministic and stochastic variables to describe the
abrasive layer and simulated the material removal process.
Based on Johnson transformation method and linear filter
technique, Chen and Tian [4] presented the methodology of
machined surface generation in ultra-precision grinding.
Assuming the abrasive grains being with three different
shapes, referring to the method of trajectory, Liu et al. [17]
obtained the topography of grinding surface through simula-
tion. Jiang et al. [9] developed a mathematical method to pre-
dict ground surface roughness and topography, based on con-
sidering dressing and wearing.

The grinding surface is formed by the interaction between
the grinding wheel and the workpiece. And, its topography is
influenced by the grain shape, grinding wheel surface topog-
raphy, and machining parameters. With regard to the genera-
tion of the grinding wheel surface by kinematic simulating,
the simplest approach is measuring and using the grinding
wheel topography directly in the simulation. Usually, the
grinding wheel geometry is digitized by two or three-
dimensional scanning with conventional stylus instruments,
or by optical sensors [23]. Koshy et al. [10] utilized the wheel
topography data obtained to simulate three-dimensional struc-
ture of the diamond grinding wheel. Aurich et al. [1] modeled
the surface topography of electroplated grinding wheel with
statistical method by statistically analyzing the scanning elec-
tron microscopy (SEM) images of electroplated grinding
wheels. Chakrabarti and Paul [3] generated the grinding wheel
topography using square pyramidal grits. Gao et al. [21] pro-
posed and established a non-Gaussian mill grinding wheel
surface topography model through measuring the topogra-
phies of two mill grinding wheels with different grain sizes
by using an Olympus confocal scanning laser microscope. Liu
et al. [16] generated the grinding pad topography with spher-
ical grains.

In this paper, an efficient new method for simulating the
surfaces of grinding wheel and grinding workpieces was pro-
posed. Starting from generating the topography of wheel sur-
face, the abrasive grain trajectory equations were established
according to grinding kinematics; after that, the shape of

grinding wheel was mapped to the surface of workpiece.
Then, the actual grinding depth could be obtained through
analyzing and screening the minimum value of the abrasive
grain track on every point of the workpiece. In order to get a
more realistic topography in simulation, the vibrating factor
was taken into account. The simulation results showed that
vibration factors must be taken seriously. It would change
the actual cutting depth, affect the machining accuracy, and
seriously cause devastating damage to grinding surface.
Finally, the experimental results after the grinding experiment
proved that the above method had a certain guiding signifi-
cance on grinding surface topography simulation and rough-
ness prediction of the workpiece.

2 Topography analysis of grinding wheel surface

2.1 Parameters analysis on grinding wheel surface
topography

Grinding wheel is a porous body, which is made up of binder,
abrasive grains, and pore. In practical processing, the process-
ing quality of workpiece surface is directly affected by topog-
raphy characteristics of the grinding wheel surface. As a re-
sult, the topography of grinding wheel surface is the premise
to predict the quality of workpiece surface. Themore details of
topography characteristics of the grinding wheel are taken into
account, the more accurate the prediction could be obtained.

It is generally recognized that the grain protrusion height is
defined using Gaussian distribution [21, 24, 27]. And, the
grain size is related to the grain number. Based on the previous
research, a brief topography analysis of grinding wheel sur-
face is given as follows. In forming the grinding wheel surface
topography, grain size and structure number are the two main
factors. It is generally believed that the largest size dmax, av-
erage size davg of abrasive grain, mean value μ, and standard
deviation σ could be given by the following equation [21, 27]:

dmax ¼ 15:2 G−1

davg ¼ 68 G−1:4

μ ¼ davg
σ ¼ dmax−davg

� �
=3

8>><
>>: ð1Þ

where G is the grain size. Before analysis, it is necessary to
clear the two concepts, which are equivalent diameter and
Anderson–Darling test. When the size of longer axis of the
measured grain was close to the diameter of a homogeneous
sphere, then the diameter of the homogeneous sphere could be
seen as the equivalent grain diameter. In order to vividly de-
scribe this concept, the schematic diagram of equivalent grain
diameter is shown in Fig. 1. In addition, the Anderson–
Darling test is a statistical test of whether a given sample of
data is drawn from a given probability distribution.
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Based on the principle of seeking truth from facts,
the previous results of Eq. (1) were not directly
adopted. In order to examine the statistical distribution
of equivalent grain diameter, to reveal their dimensional
characteristics and to obtain suitable grinding grain size
parameters, the grains are measured respectively to eval-
uate whether they comply with the normal distribution
as expected. The equivalent grain diameter is measured
as indicated in Fig. 2, and the Anderson–Darling test is
used to verify the agreement with the normal distribu-
tion of the measured values.

Furthermore, the interval between adjacent two abrasive
grains should also be considered. Since the interval has a
negative relation with the structure number of the grinding
wheel, shown as S, the volume percentage Vg (%) of abrasive
grains in the grinding wheel can be approximately provided as
follows [4, 17]:

Vg ¼ 2 32−Sð Þ% ð2Þ

Normally, S is the structure number of the grinding wheel,
and it varies from 0 to 13 (0≤S≤13, S∈N), where N is a
positive integer number set. Hence, Vg (%) could be calculated
as 38 to 62.

Based on the as-obtained Vg (%), assuming the distribution
of abrasive grains is uniform, the interval between adjacent
two abrasive grains can be further calculated.

The relations between Vg (%) and davg can be represented
as

π
6
davg3 ¼ VgΔ

3 ð3Þ

whereΔ is the interval between adjacent two abrasive grains.
Referring to Eq. (2), and Eq. (3), Δ can be determined as

Δ ¼ 2:0274μ

ffiffiffiffiffiffiffiffiffiffiffi
π

32−S
3

r
ð4Þ

2.2 Modeling on grinding wheel surface topography

For grinding wheel, the topographic characteristic of grains is
also important as the dimension parameters and structure pa-
rameters. Because the abrasive grain shape has strong ran-
domness, the spherical grain was widely accepted by most
scholars [5, 6, 10, 11, 22, 24]. In order to ensure the correct-
ness, the spherical grain shape was not blindly adopted. As
this consideration, after the failure of the grinding wheel, one

(a) Vertical view     (b) Front view      (c) Oblique view

Fig. 1 The schematic diagram of
equivalent grain diameter

(a) CBN abrasive grains (b) The dimension distribution of grain diameter

Fig. 2 The analysis of the equivalent grain diameter
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of the crack surfaces was taken to the SEM. The surface to-
pography of grinding wheel was observed by scanning elec-
tron microscope, and the result is shown in Fig. 3.

In Fig. 3, the surface of grinding wheel was clearly re-
vealed. The distribution of grains is relatively uniform, and
most grains are irregular polyhedron. The sharp corners and
ridge of grains are very bright. In building the digital grinding
wheel surface, the virtual grinding wheel surface should be
close to the actual grinding wheel surface as far as possible. In
addition, the feasibility also should be considered. Therefore,
the shape of the grain was simplified into octahedron in the
process of modeling.

Through the above analysis, the model of the whole surface
of grinding wheel could be approximately established through
five steps. And, the details are shown in Fig. 4. It is worth
pointing out that the octahedral cells can be established by two
parameters, which are μ and σ. First, the octahedral cells with
random heights (equivalent grain diameters) were generated
by using the two parameters. The distribution of the grain
protrusion heights (octahedral cells’ heights) is described by
a normal distribution with the mean value and standard devi-
ation determined by Anderson–Darling test, and their values
are respectively 109.73 and 17.83 μm. Second, by using the
uniform point method, the surface of octahedral grains uni-
form distribution was established. And, it needs to be pointed
out that the interval between the adjacent two abrasive grains
is the key parameter. Its average valueΔ can be calculated by
Eq. (4). Third, the random heights surface of vitrified bond
was generated. In theory, in the grinding process, only abra-
sive grains play the grinding role. So, in this paper, the estab-
lishing of the surface of vitrified bond makes the established
surface of grinding wheel closer to the actual surface of grind-
ing wheel. Then, the partial grinding wheel’s surface was gen-
erated by coupling the vitrified bond’s surface and the uniform
distribution abrasive grains. At last, the whole surface of

grinding wheel could be obtained through extending the par-
tial surface of the grinding wheel. It needs to be pointed out
that the surface topography of the grinding wheel is not only
related to the shapes of abrasive grains but also related to the
structure number G, the grain size S, and the diameter of the
grinding wheel.

3 Topography analysis of workpiece surface

3.1 Building simulation model

As there are a lot of factors affecting surface quality of the
workpiece, plane grinding process is complex. In order to
facilitate the simulation and calculation, the hypotheses here
are adopted as follows:

1. The effects of sliding and plowing during the grinding
process are not taken into account.

2. There is no vibration during the grinding process.

To simulate the grinding wheel–workpiece interaction, a
Cartesian coordinate system of abrasive grain movement
was established, and the result is shown in Fig. 5, where the
x-direction is the horizontal direction (the feed direction of the
workpiece), the y-direction is along the width of the grinding
wheel, and the z-direction is the vertical direction (the direc-
tion of cutting depth).

The grinding trajectory could be represented as follows
[17]:

xi; j tð Þ ¼ −vwt þ ri; jsin ω−θð Þ
yi; j tð Þ ¼ yi; j
zi; j tð Þ ¼ ri; jcos ωt−θð Þ

8<
: ; 0≤ t≤ tmax ð8Þ

where xi,j(t), yi,j(t), and zi,j(t) are respectively the coordinates of
the i, j− th abrasive grain relative to the workpiece surface at t
moment, vw is the feed rate of workpiece, ri,j is the actual
cutting motion radius of the i, j− th abrasive grain, ω is the
angular velocity of grinding wheel, and tmax is the maximum
cutting time. The subscripts i and j are the serial number of
abrasive grains in the direction of circumferential and axial,
respectively. Furthermore, ri,j and ω could be given by ri,j -
= r−g

max
+gi,j and ω= vs/r, where r is the radius of grinding

wheel, gi,j is the protrusion height of abrasive, and vs is the
grinding speed.

During grinding process, only a small number of the abra-
sive grains on the grinding wheel will contact the workpiece
surface. The grinding schematic is shown as Fig. 6.

In the grinding process, when the abrasive grain movement
was below the surface, they began to participate in cutting.
Such as in Fig. 6a, it clearly reveals the positional relation
between the grinding wheel and the workpiece. ProminentFig. 3 The surface topography of grinding wheel
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grains on relative height will leave the trace of carving on the
workpiece surface, as shown in Fig. 6b. In order to further
explore the regularity of grinding surface topography, the
grinding trajectory model of single grain is established, as
shown in Fig. 6c.

The similar approach has been used to perform simulation
of the conventional grinding process where no ultrasonic vi-
bration is applied to the workpiece. The workpiece is divided
up into grids. Each grid point gi,j is defined in the global
coordinate system o’−xyz, with the subscripts i and j corre-
sponding to the positions of the workpiece surface in the x and
y direction, respectively.When the abrasive grain moves to the

lowest point, its z value in o′- xyz coordinate system can be
represented as

Zi; j;0 ¼ −gi; j þ gmax ð9Þ

In simulating of grinding surface topography, the work-
piece surface is divided into several small elements, and the
interval between the adjacent two elements is Δ. The z value
of point B in o′-xyz coordinate system can be expressed as

Zi; j;k ¼ Zi; j;0 þ lABsinβ ð10Þ

In geometry, the corresponding inscribed angle and central
angle has the following relationship:

β ¼ α
2
¼ kΔ

2r
ð11Þ

On account of ap < < r, the expression lAB ¼ lCB ¼ lAB
could be obtained. In addition, when β is very small,
sinβ≈β. So Eq. (9) can be expressed as

Zi; j;k ¼ −gi; j þ gmax þ
k2Δ2

2r
ð12Þ

During grinding progress, each abrasive grain was mapped
onto the spatial coordinate, and the time-dependent trajecto-
ries could then be obtained by numerically solving Eq. (8). As
it is possible that several abrasive grains may pass over the

Step 1: establish the model of the single grain

Step 4: couple the uniform arrangement grains with the

surface of vitrified bond

Step 5: extend the partial surface of grinding

wheel

Step 3: generate the random heights surface of vitrified

bond

Step 2: generate uniform arrangement of grains

Fig. 4 The generating process of
the whole grinding wheel’s
surface

Fig. 5 Coordinate system of abrasive grain movement
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same y-location, there are generally several solutions for the z-
coordinate. However, it is only the minimum z-coordinate that
contributes to generate the eventually finished workpiece sur-
face. So the surface topography of the workpiece can be de-
scribed by Eq. (14).

In simulating workpiece surface topography, the dis-
tances of adjacent units of workpiece surface are equi-
distant, and the value is Δ. So a conclusion could be
obtained, that is, when the workpiece is fed a unit of
distance, the grinding wheel would turn a longer dis-
tance, and the ratio could be expressed as

u ¼ fix
vs
vw

� �
ð14Þ

For in-depth research on grinding surface topography, the
grinding process is divided into multiple stages, and the basic
time interval is Δt (Δt=Δ/vw). If each stage is independent,
processing surface is formed by a circular arc; the mathemat-
ical model can be described as

wk
m;n ¼ min Zi;n;0

i¼i

� �
þ k2Δ2

2r

¼ min −gi;n
i¼i

 !
þ gmax þ

k2Δ2

2r
;−K ≤k ≤K∩k⊂N ð15Þ

where i=mod{[u(m−1)+1,u(m−1)+2,⋯,um], I}, and

K ¼ fix
ffiffiffiffiffiffiffiffiffi
2rap

p
=Δ

� �
. I is a single week abrasive grain num-

ber, and it can be represented as

I ¼ fix
2πr
Δ

� �
ð16Þ

For a given point wm,n on the workpiece, its coordi-
nate is defined as (wmn

x ,wmn
y ,wm,n

z ), and wm,n
z is obtained

by a reverse calculation. In the whole grinding process,
grinding wheel rotates periodically and abrasive grains
participate in cutting continuously. This is due to the
grinding surface being involved in cutting by all grains.

Therefore, the final grinding surface topography could
be described as follows:

wx
mn ¼ m Δ

wy
mn ¼ n Δ

wz
mn ¼ min wk

m;n

h i
k¼‐K;− K−1ð Þ;⋯−2;−1;0;1;2⋯ K−1ð Þ;K

; ap

0
@

1
A

8>>>><
>>>>:

ð17Þ

3.2 Influence of grinding parameters on surface
topography

The final surface topography generated on a grinding wheel is
influenced and determined by the dressing conditions. The
main parameters affecting the grinding process are grinding
speed, feed rate, and cutting depth. As is known to all, a higher
grinding speed should reduce the individual chip volume as
chip thickness was decreased with increasing of the grinding
speed in surface grinding. In order to better understand the
influence of grinding speed on the activation of the grinding
surface topography, a series of simulations were tried by using
the example model. And, the structure number, grain size, and
wheel’s diameter are, respectively, 5, 120, and 200 mm. Based
on established surface of the grinding wheel and the motion
equations of abrasive grains, the topography of grinding sur-
face was obtained by Matlab simulation as shown in Fig. 7.

Surface topography of the workpiece has a close relation-
ship with the grinding speed and the feed rate. At a constant
feed rate, surface roughness value becomes smaller with in-
creasing of grinding speed. In an ideal situation with no inter-
ference of other factors, when the ratio between grinding
speed and feed rate is large enough, the surface will appear
as a smooth peak valley which is like a plane surface. Using
the same grinding wheel and ignoring the disturbance of other
factors, the roughness value of grinding surface keeps a pro-
portional relationship with grinding speed. With increasing of
grinding speed, the roughness value of grinding surface tends
to approach the minimum value.

The action of feed rate is similar to the grinding speed, with
increasing of feed rate, grinding efficiency is improved signif-
icantly, and the number of effective abrasive grains increases

(a) Grinding trajectory of wheel (b) Cutting topography of single-grain (c) Grinding trajectory of single-grain

Fig. 6 Grinding schematic
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at the same time. So more abrasive grains participate in cut-
ting, it makes the grinding surface topographymore abundant,
and the detailed information is shown in Fig. 8.

Figure 8 shows, with the increasing of feed rate, the grind-
ing track of single-grain growths effectively, and the uneven-
ness of grinding surface increases. For efficiency, the single
cycle cutting volume of single grain increases significantly,
which will make the grinding force increase in the actual ma-
chining. At the same time, the plastic deformation of cutting
chips increases, and the tear on the surface also increases.

The cutting depth is the most direct realization of grinding
parameters. When the cutting depth is very small, the contact
area between the abrasive grain and workpiece is less, the
number of effective abrasive grain is less, and the grinding
force acting on the workpiece is relatively small. With increas-
ing of the cutting depth, the contact area between the abrasive
grain and workpiece gradually increases; the number of effec-
tive abrasive grain and the grinding force also increase. So that
the surface stress and plastic deformation will increase accord-
ingly. Compressive residual stresses strongly depend on the
grinding direction, and significant gradient in the thickness
direction. With further increasing of the cutting depth, the
portion of material perpendicular to the cutting direction is

deformed more plastically than that parallel to the cutting di-
rection by plowing [18]. The specific grinding surface topog-
raphy under different cutting depths is shown in Fig. 9.

The influence of cutting depth on surface topography
was clearly revealed in Fig. 9. When the cutting depth
ap = 2μm, there were only some scratches on the grind-
ing surface, and the surface is smooth. This was be-
cause the cutting depth was so small that some parts
of the surface cannot be continually ground; that is
called intermittent grinding. When the cutting depth
ap = 5μm, almost the whole surface was cut by abrasive
grains, but the height difference of the surface contour
was equal to the cutting depth. With further increasing
of the cutting depth, the surface roughness increased,
and the height difference of surface contour was less
than the cutting depth.

3.3 Influence of vibration on surface topography

In the actual grinding process, when the spindle rotates at high
speed, the vibrations of the grinding wheel will be caused by a
slight imbalance due to the imbalance mass. This vibration
occurs periodically with rotation of the spindle. Then, the

(a) s w p10m/s, 5m/ min, 10µmv v a (b) s w p30m/s, 5m/ min, 10µmv v a

(c) s w p60m/s, 5m/ min, 10µmv v a (d) s w p90m/s, 5m/ min, 10µmv v a
Fig. 7 The influence of grinding speed on surface topography
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abrasive grain trajectories, as well as the surface topography,
change correspondingly [2]. The height of the workpiece sur-
face can be expressed as follows:

wk
m;n ¼ min

i¼i
−gi;n þ

k2Δ2

2r
þ Asin

u m−1ð Þ þ iþ kð ÞωΔt
u

−φ
� �� �

þ gmax

ð18Þ

With generating of the vibration, the grinding wheel fluc-
tuates up and down, which makes the surface in the grinding
process become a wavy surface. The vibration equation of the
grinding wheel center can be described as

M€zþ Czþ Kz ¼ meωsin ωtð Þ ð19Þ
z tð Þ ¼ Asin ωt−φð Þ ð20Þ
where M, K, and C are, respectively, the total mass, rigid-
ity, and damping of the grinding wheel system, ω is the
rotation angular velocity of the spindle, and e is the eccen-
tricity. Relationships among them could be described by
A ¼ mer2

M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−λ2ð Þ2þ 2ζλð Þ2

q , φ ¼ arctan 2ζλ
1−λ2 , ζ ¼ C

2
ffiffiffiffiffiffi
MK

p , λ ¼ ω
ωn
,

and ωn ¼
ffiffiffiffi
K
M

q
, where A is the amplitude, φ is the initial

phase angle, ζ is the damping ratio, λ is the frequency
ratio, and ωn is the natural frequency.

For precise grinding machines, the operating speed is far
less than the natural angular frequency, which means λ<<1.
Therefore,

A ¼ me
Mωn

⋅ω2 ¼ αω2 ð21Þ

It is clearly shown from Eq. (21) that the amplitude of the
grinding wheel is proportional to the square of the angular
velocity. Assuming α=2×10‐ 11m ⋅ s2/rad2 and the workpiece
feed rate keeps constant at vw=5m/min, surface topography
under different grinding speed was calculated and is shown in
Fig. 10.

It is shown in Fig. 10 that surface quality is tightly related to
the grinding speed. At lower speed, the vibration is not signif-
icant, and the surface topography of the workpiece mainly
depends on the surface topography of grinding wheel. With
increasing of the grinding speed, the influence of vibration
becomes increasingly prominent, and the directivity of peak
valley appears increasingly obvious on the surface. But, the
values of peak valley are lesser.

With increasing of the grinding speed, the amplitude of
grinding wheel gradually increases, which makes the actual
cutting depth increases significantly. That point is clearly re-
vealed in Fig. 10. Without considering the compressional de-
formation in the grinding process, the grinding surface topog-
raphy change is not very obvious, and the characteristic is

(a) s w p20m/s, 1m/ min, 10µmv v a (b) s w p20m/s, 2m/ min, 10µmv v a

(a) s w p20m/s, 3m/ min, 10µmv v a (b) s w p20m/s, 4m/ min, 10µmv v a

Fig. 8 The influence of feeding
rate on surface topography
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different from no vibration machining. In addition, the vibra-
tion must be taken into account; otherwise, it is difficult to
guarantee the dimensional precision in grinding process.
Due to the large cutting depth, the excessive extrusion and
tear are out of control.

4 Results and discussion

The grinding experiments were carried out on a multi-function
grinder (Shenyang Machine Tool (Group) Co., Ltd., M7150),
and the grinding wheel used for the experimentation was a
medium-grade CBN grinding wheel with a grain size number
of 120. The experimental purpose is to study the friction in-
teractions. The maximum running on the wheel was checked
and found to be less than 1.5 m. The job specimen, 60 mm
long, 25 mm deep, and 20 mm wide, was held in a specially
designed fixture. Experimental conditions are specified in
Table 1. The grinding surface for all the grinding parameters
was studied under a super depth of field three-dimensional
display system (VHX-1000E).

The grinding material was titanium alloy Ti-6Al-4V, and
the machining tool was CBN grinding wheel. During

experiments, the cutting depth ap, the grinding speed vs, and
feed rate vw were considered. The workpiece surface change
under the microscope is shown in Fig. 11. In a small cutting
depth, the cutting force and the normal force are smaller, and it
is easy to form the cutting. With increasing of the cutting
depth, the cutting force increases continuously, and the elastic
deformation of cutting increases accordingly. Cutting under
large cutting, cutting will be sticky on the surface of grinding
wheel in different degrees and may even clog pores. And then,
tear will appear on the workpiece’s surface. This point is re-
vealed clearly in Fig. 11a–c.

Under the condition of the cutting depth unchanged, the
increasing of grinding speed is helpful for improving the
grinding surface quality. With increasing of the grinding
speed, the number of effective grinding increased in per unit
time and per unit area. In addition, the plastic deformation
could be reduced effectively at high grinding speed, and the
material adhesion could be also reduced. The details are
shown in Fig. 11d–f.

In addition, with increasing of the feed rate, the
grinding efficiency is obviously improved, but the work-
piece surface quality becomes lower, and the detailed
results are shown in Fig. 11h, i.

(a) s w p20m/s, 5m/ min, 2µmv v a (b) s w p20m/s, 5m/ min, 5µmv v a

(c) s w p20m/s, 5m/ min, 10µmv v a (d) s w p20m/s, 5m/ min, 20µmv v a

Fig. 9 The influence of grinding
depth on surface topography
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Grinding topography simulations were realized by using
profile modeling method. But, the scratch and tear could not
be simulated by using this method. The grinding simulation
method is more suitable for high-speed small depth grinding,
and the plastic of the grinding material should not be
dominant.

To further verify the reliability of the proposed simulation
model, a series of grinding experiments were designed. With a
constant cutting depth ap =10 μm, by changing the grinding
speed and feed rate, the surface roughness values were obtain-
ed and are shown in Fig. 12. Only small errors were found
between simulation results and experimental results, and the

experimental results were all slightly higher than the simula-
tion results.

The results of simulation and experiment of this paper
showed that actual transition point was larger than that derived
from the quasi-static condition. During actual grinding pro-
cess, there are many other factors influencing the surface qual-
ity, such as the hardness of grinding wheel, hardness of mate-
rial, and grinding depth. However, in this report, only the
topography of grinding wheel was considered. Therefore, it
is important to point out that the as-proposed model is only
applicable to small depth grinding. Next, the comparative
study was verified under the small depth grinding. The results
are shown in Fig. 13.

According to Fig. 13, the values of surface roughness in-
creased with increasing of the cutting depth ap. In the initial
phase, the trends of simulation results and experimental results
were consistent; only the values of simulation were slightly
higher than experimental values. But, with further increasing
of the cutting depth, the differences between the simulation
results and experimental results increased gradually. The rea-
son was that the undeformed cutting thickness of single abra-
sive grain increased along with increasing of the cutting depth,
and the cutting force also increased, and then the impact force
between grinding wheel and workpiece was great, so the value
of surface roughness was large. The results further showed

(a) s w p10m/s, 5m/ min, 10µmv v a (b) s w p30m/s, 5m/ min, 10µmv v a

(c) s w p60m/s, 5m/ min, 10µmv v a (d) s w p90m/s, 5m/ min, 10µmv v a

Fig. 10 Surface topography
considering vibration

Table 1 The details of grinding conditions

Grinding mode Plunge surface grinding, down cut

Grinding wheel P 200 × 10× 32 CBN 120 VJ50

State of grinding wheel Fresh (dressing by diamond roller)

Workpiece Titanium alloy Ti-6Al-4V 50× 20× 25 (mm)

Wheel speed 10, 20, 30 (m/s)

Feed rate 1, 2, 3,4,5 (m/min)

Cutting depth 1, 2, 5, 8, 10, 20, 30,40(μm)

Environments Dry
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that the topography simulation is suitable for small depth
grinding. To expand the applicability of the simulation, it is

necessary to further consider the influence of other factors on
the grinding surface topography.

Fig. 11 The effects of grinding parameters on ground surface topography

Fig. 12 The surface roughness under different grinding speeds and
different feed rates (ap = 10 μm) Fig. 13 The surface roughness under different cutting depths
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5 Conclusion

In this paper, a fast and feasible simulation method was pro-
posed to visually simulate grinding surface topography and
predict grinding surface roughness. The topography charac-
teristics of grinding surface was found to be closely related
with the grinding parameters. At small cutting depth, the sur-
face microstructure was improved with increasing of the ratio
between grinding speed and feed rate (vs/vw). As the speed
ratio approached a certain value, the directivity of surface peak
valley would show up obviously.

The theory of topography analysis was further proved by
vibration analysis, where the model is more close to actual
grinding process. With constant grinding wheel diameter, am-
plitude of surface wave depended on the grinding speed, while
the frequency depended on the ratio between grinding speed
and feed rate. Waviness of the grinding surface could be con-
trolled by adjusting radius of the grinding wheel.

The simulation results showed the surface’s characteristics
of the grinding wheel and the workpiece. A numerical method
was proposed for the kinematic simulation of the grinding
process. The method took into consideration the complex na-
ture of the grinding wheel–workpiece interaction by assuming
that the attack angle of the abrasive grain would decide the
interaction mode. The workpiece surface was updated accord-
ing to the estimated material removal mode. The agreement
between the simulation results and experimental result
showed that the method was effective.
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