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ARTICLE INFO ABSTRACT

Keywords: The contact performance of ultrasonic-assisted grinding surface is studied in this paper. An improved simplified
Ultrasonic-assisted grinding model of rough surface profile is proposed to find the microscopic feature parameters, such as the curvature
Micromorphology radius of the asperity, which are suitable for contact analysis and calculation. Then a more accurate rough

Contact stiffness

surface contact analysis model is obtained by combining the classical ZMC contact model. Based on the contact
Contact pressure

analysis model, the contact mechanism of ultrasonic-assisted grinding surface is studied. The contact stiffness
and local maximum contact pressure of the surfaces under different cutting depths and ultrasonic amplitudes are
calculated, and the correlation rule between the parameters of ultrasonic-assisted grinding and the contact
performance of the machined surface is obtained: (1) With the increase of the cutting depth, the surface
roughness of the workpiece increases; under the same load, the contact stiffness decreases and the maximum
local contact pressure increases. (2) With the increase of the ultrasonic amplitude, the surface roughness of the
workpiece first decreases and then increases. Under the same load, the contact stiffness increases first and then
decreases, while the maximum local contact pressure resents an opposite variation trend. Under the experi-
mental conditions, the surface contact performance of the workpiece is the best when the ultrasonic amplitude is
4 pm. Additionally, the contact performance of the ultrasonic-assisted grinding surface and the conventional
grinding surface is compared: (1) When the ultrasonic amplitude is 4 um, the surface roughness of the workpiece
is at least 24% lower than that of the conventional grinding surface. (2) Under the same load, the surface contact
stiffness of the ultrasonic-assisted grinding surface is increased by at least 68%, and the maximum local contact
pressure is reduced by at least 17%. It is found that the interference motion of abrasive particles in the ultra-
sonic-assisted grinding process makes the surface height distribution more concentrated and the density of as-
perity increased, which results in a better contact performance compared with the conventional grinding surface.

1. Introduction

The surfaces of mechanical parts are uneven at the micro level,
characterized by a series of discretely distributed contact areas, and the
real contact area which is only part of the smooth nominal contact area
is far smaller than the nominal contact area. The real contact area and
the contact pressure of the contact surface directly affect the bearing
capacity, friction, wear, fatigue and other properties of the transmission
parts [1-4]. For example, the existence of rough surface decreases the
local stiffness of a mechanical structure, which directly affects the static
and dynamic characteristics of the structure, and meanwhile increases
the local contact pressure, which directly affects the fatigue life.

Ultrasonic-assisted grinding is a grinding process formed by ap-
plying ultrasonic vibration during the traditional grinding process. In
ultrasonic-assisted grinding, the effects of micro differentiation,
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rigidity, cutting edge sharpening, cavitation, and stress and energy
concentration will be produced [5], which can decrease the grinding
force [6] and grinding temperature [7], reduce wheel blockage and
wheel wear and improve the integrity of the machined surface [8].
Therefore, ultrasonic-assisted grinding has always been a hot spot of
research.

The workpiece with ultrasonic-assisted grinding has different sur-
face features from the conventional grinding workpiece. Xue [9] stu-
died the ultrasonic-assisted grinding of high performance alloy with the
electroplated grinding wheel. It was found that under certain condi-
tions, the mesh microstructure appeared on the surface of ultrasonic-
assisted grinding and that the mesh microstructure showed different
characteristics under different processing parameters. It was observed
by Chen [10] that the increase of ultrasonic amplitude decreased the
lateral bulge of the mesh microstructure, increased the interference

Received 15 March 2018; Received in revised form 2 July 2018; Accepted 13 August 2018

Available online 14 August 2018
0041-624X/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/0041624X
https://www.elsevier.com/locate/ultras
https://doi.org/10.1016/j.ultras.2018.08.009
https://doi.org/10.1016/j.ultras.2018.08.009
mailto:yuqinwen@csu.edu.cn
https://doi.org/10.1016/j.ultras.2018.08.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultras.2018.08.009&domain=pdf

Y. Wen et al.

degree of adjacent grains, and decreased the surface roughness. In re-
cent years, researchers have focused mainly on the relationship be-
tween parameters of ultrasonic-assisted grinding and surface roughness
of workpiece [11-13]. However, the actual contact performance of
ultrasonic-assisted grinding surfaces under the micro morphology has
not been deeply investigated.

In order to study the contact performance of mechanical parts under
micromorphology more accurately and intensively, the rough surface
contact model based on statistics theory has been widely studied.
Greenwood and Williamson [14] first proposed a rough plane contact
model considering the elastic deformation of the asperity (the GW
model), but the GW model is limited to the assumption of pure elastic
deformation. Zhao et al. [15] used the method of interpolation to es-
tablish a surface contact model (ZMC model) which considers all the
three states: the fully elastic deformation, elastic-plastic deformation
and fully plastic deformation. With constant revisions and improve-
ments, the contact model of rough surfaces based on statistics has been
widely used in rough surface contact analysis. The height distribution,
curvature radius and density of the asperity become the main modeling
parameters. However, studies by Whitehouse and Archard [16] have
found that the curvature radius and density of asperity calculated by
the stochastic process theory cannot represent the intrinsic property of
the surface, but depend on the sampling interval. Greenwood [17]
proposed that the original definition method of asperity peak cannot
reasonably describe the surface asperity, especially when the sampling
interval is very small. In the analysis of contact between the actual
machined rough surfaces, considering that the surface morphology
measured by the optical instrument is affected by the sampling interval
[18], the average curvature radius of the asperity calculated by the
classical three-point method is usually too small so that it is not suitable
for calculation of rough surface contact model.

It can be found from the analysis of existing researches that the
following problems need to be studied further: (1) the relationship
between the surface micromorphology of the workpiece of the ultra-
sonic-assisted grinding and the contact performance; (2) the relation-
ship between the parameters of ultrasonic-assisted grinding and the
contact performance of the machined surface; (3) comparison of contact
performance between surfaces of ultrasonic-assisted grinding and sur-
faces of conventional grinding. An improved simplified model of rough
surface profile is proposed in this paper and the measured micro-
morphology data of ultrasonic-assisted grinding surface is simplified to
find the microscopic feature parameters, such as the curvature radius of
the asperity, which are suitable for contact analysis and calculation.
The contact stiffness and local maximum contact pressure of the sur-
faces under different cutting depths and ultrasonic amplitudes are cal-
culated by combining the classical ZMC contact model, and the corre-
lation rule between the parameters of ultrasonic-assisted grinding and
the contact performance of the machined surface is obtained. The
contact performance of the ultrasonic-assisted grinding surface and the
conventional grinding surface is compared, and the mechanism of im-
provement on contact performance of ultrasonic-assisted grinding sur-
face is studied.

2. Improved simplified model of micro surface profile

To solve the contact problem of rough surfaces, statistical models
have been modified and improved. So far, these models have been
widely used in rough surface contact analysis. However, important
modeling parameters, such as the curvature radius and density of as-
perity, cannot be directly measured by measuring instruments. Usually,
researchers adopt the 3-point method to define the asperity peaks and
calculate the radius of curvature and the density of asperity.
Considering that the surface morphology measured by the optical in-
strument is affected by the sampling interval, the average curvature
radius of the asperity calculated by the classical three-point method is
usually too small and is influenced by the sampling interval so that it is
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not suitable for calculation of rough surface contact model. Based on
the literature [19], a new method of asperity definition based on the
reference line and the height of peak and valley is proposed in this
paper. The real profile of the rough surface is described by parabolas
and they are simulated by ensuring the minimum least square error
between the parabolas and the real profile. The surface profile of the
workpiece is measured by the optical profilometer, and the discrete
points of the surface profile of the workpiece are obtained. Considering
the groove characteristics of the grinding surface, the two-dimensional
profile in the vertical groove direction is simplified by parabolas, so as
to facilitate further contact analysis of the surface of the ultrasonic-
assisted grinding.

2.1. Definition method of asperity

Using tools such as a white light interferometer, the discrete point
height sequence of the profile of rough surface z(i) is obtained. The
average height line of the surface hy is calculated, and it is taken as the
reference line.

N
ho = (1/N) )} z

i=1

@

In the equation, N is the total number of the discrete points of the
surface profile.

According to the relationship between the measured profile and the
reference line, the continuous discrete points which are higher than the
reference line are regarded as a same asperity, and the discrete points of
the profile are simplified by a parabola. The simplified sketch of the
parabolic asperity is shown in Fig. 1.

As indicated by the new problem found by Kucharski et al. [20], the
location of the reference line will have a huge impact on the simplified
results in the method mentioned above. As shown in Fig. 2, the discrete
points in the figure are all higher than the reference line. If the discrete
points are divided by the reference line only, they will be defined as one
asperity for simplification. However, it is obvious that, in the case
shown in the figure, the simplification error will be smaller if the dis-
crete points are divided into two asperities.

In the rough surface profile, peak points and valley points are im-
portant features which can be determined easily. Therefore, the division
method is discussed by considering the ratio between the height of the
valley point and the height of the peak point. The results show that
when the ratio between the height of the valley point and the height of
the peak point is less than 0.5, the simplification error of dividing into
two asperities is invariably lower than the simplification error of di-
viding into one asperity. Therefore, in order to reduce the simplification
error and simplify the rough surface profile more accurately, on the

L

Fig. 1. Simplified sketch of parabolic asperity.
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Fig. 2. Schematic diagram for division of asperities.
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Fig. 3. Flow chart of asperity division.

basis of the method of dividing the asperity with the reference line, the
corresponding discrete points are divided into a new asperity if the ratio
between the height of the valley point and the height of the peak point
is less than 0.5. If the height of the discrete points z(i) > z(i + 1) and z
(@) > z(i — 1), this point is the peak point. Similarly, if the height of the
discrete points z(i) < z(i + 1) and 2z(i) < z(i — 1), this point is the
valley point. The flow chart of the improved division method is shown
in Fig. 3.

2.2. Asperity simplification and parameter calculation

For a defined asperity, if its profile intersects the reference line at
point xo and x, let the parabola be z = f(x), then the parabolic equation
is expressed as:

(2

where q is the coefficient of the parabolic function, and h, is the height
of the reference line.

Based on the results of Ciulli et al. [19], the best simplified model
can be obtained with the least square approximation. The least mean

z=f(x) = g(x—x0)(x—x1) + h,
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square error of parabola Er is determined by the following equation:

Er = Z [zi—h—q (i=x0) (xi—x) I

i=1

3
The coefficient of the parabolic function g can be obtained by
making the derivative 0Er/0q equal to zero, giving:
_ Z;Ll Zi [xiz—(xo + x)x; + Xox]

Ziyl:l e’ —(xo + x)x; + xox]?

4

The radius of curvature of the simplified asperity R is calculated by
the following equation:

5)

3. Rough surface contact analysis model based on simplified
method

After the profile of rough surfaces is simplified, the geometrical
parameters, such as the curvature radius of asperity which is suitable
for contact analysis, can be obtained, and then the contact state of the
surface can be calculated and analyzed by combining the mechanical
properties of the material and the relevant contact mechanics model.

The curvature radius and height of the asperity are obtained based
on the simplified method of the profile. Then the contact state of the
whole surface can be obtained by calculating the contact of each as-
perity.

3.1. Contact model of asperity

According to Hertz contact theory and the theory of Zhao et al. [15],
the deformation of a single asperity is divided into three stages, namely,
completely elastic stage, elastic-plastic stage and completely plastic
stage, and then the elastic-plastic contact model of the asperity is ob-
tained. As shown in Fig. 4, the deformation of a single asperity when in
contact with a plane is divided into three stages, i.e. completely elastic,
elastic-plastic and completely plastic stages, and the boundary condi-
tion is the normal deformation of the asperity w which is determined by
the following formula:

w=2z-h (6)
where z is the height of the asperity, and h is the average distance
between the surfaces.

(1) Completely elastic stage (w < w;):

Real contact area:
A; = mRw 7

Average contact pressure:

T Surface before
Surface after — — =— = deform;ntnon
s - S
deformation
N
The average height

of surface peak

Fig. 4. Contact of a single asperity with a rigid smooth surface.
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4E (w2
- E(E) (8)
where ©; = the critical normal deformation of the initial yield point,
E = the elastic modulus, R = radius of the asperities.

by

(2) Completely plastic stage (w > w,):

Real contact area:

A; = 27Rw 9
Average contact pressure:
ps=H (10)

where w, = the critical normal deformation of the complete plastic
deformation point, H = the hardness of the softer material.

(3) Elastic-plastic stage (w; < @ < @,):

Real contactarea: A, = 7Rw([1 + f(w)] a1
© |2
Average contact pressure: p, = kH(—) X [1-f (w)] + Hf (w)
w1 (12)
f(w) is the interpolation function and
w-w Y w-w \
ooz (322
s w2 - W w3 - W 13)

H is the hardness of the softer material, and its value is about 2.8 times
of the yield strength of the material; k is the average contact pressure
coefficient, and its value is related to Poisson’s ratio of the softer ma-
terial [21]. The critical normal deformation of the initial yield point
and the critical normal deformation of the complete plastic deformation
point are determined by the following formulas [15]:

(37rkH )2

1= R

4E (14)
W,y = 1100w, (15)

3.2. Rough surface contact model

As shown in Fig. 5, the contact between two rough surfaces can be
replaced by the contact between a rough surface and a rigid smooth
surface. Accordingly, the contact between a rough surface and a rigid
smooth surface is considered. For each simplified asperity, the contact
length L ; is determined by the following formula:

A

i

Vs

Li=2 16)

As shown in Fig. 5, for a given surface contact distance h, according
to Egs. (6)-(15), the average contact pressure p; and the contact area A;
of each asperity can be calculated. Therefore, the total contact length
and the total load can be obtained by superimposing the results of each
asperity. For comparison, the total contact length per unit width L,” and
the total load per unit width W,” is computed according to the profile

Contact surface

he averjage Reight of
surface p

Fig. 5. Contact between a rigid smooth plane and a rough plane.
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length L,
L = ZLi

L 17)
W= > Lip;

! L (18)

Considering the contact between a rough surface and a rigid smooth
surface, the equivalent elastic modulus is determined by the following
formula:

E
1—\)2 (19)

where E is the elastic modulus of the material, and v is the Poisson's
ratio of the material.

The maximum local contact pressure is determined by the following
formula since the contact state of each asperity in contact can be ob-
tained:

E

Prmax = max{p;} (20)

The normal contact stiffness is the ability to resist the normal de-
formation of the joint under the external force. In the rough surface
contact model, the normal contact stiffness of the joint is the ratio of the
normal load increment to the normal deformation increment. Therefor,
the contact stiffness per unit width K is:

_dwy
T —dn

K

(21)

4. Calculation and analysis of contact performance of ultrasonic-
assisted grinding

4.1. Experiment and measurement

In order to compare the difference in contact performance between
the ultrasonic-assisted grinding surface and the conventional grinding
surface, and explore the correlation rule between the ultrasonic am-
plitude and the contact performance of the machined surface, four
groups of plane workpiece are studied, which are conventional grinding
(amplitude = 0 ym) and ultrasonic-assisted grinding
(amplitude = 4 um, 7 um, 10 um). To ensure the rationality and scien-
tificity of the law, each group contains three workpieces under different
depths of cut (depth of cut = 5um, 15 um, 25 pm). The machine tool
used in the experiment is VMC850E vertical machining center.
Ultrasonic-assisted grinding equipment is an ultrasonic-assisted
grinding system for general machine tools developed in cooperation.
Fig. 6 shows the process of ultrasonic-assisted grinding with the ex-
perimental equipment (see Table 1).

The micromorphology data of the workpiece surface is measured by
the white light interferometer Wyko NT9100. Fig. 7 shows the surface

Fig. 6. Experimental equipment for ultrasonic-assisted grinding.
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Table 1
Major machining parameters.

Grinding wheel

Radius of grinding wheel
Workpiece

Grinding conditions

CBN (the grit size of 120)

100 mm

12CrNi4A (9 X 9 X 16 mm)

Wheel velocity 1500 r/min; workpiece velocity
200 mm/min; depth of cut 5-25 um

Grinding process Surface grinding

Coolant 1201/mim, emulsion (Castrol Syntilo 2000)
Direction of ultrasonic Cross feed direction
vibration
Ultrasonic vibration Frequency 20 kHz; amplitude 0-10 pm
conditions

I BRERNRERRE

TTTTTI T

T T
0.2 0.25

0.35

T

T
0.05 0.1 0.15 0.3 0.4 0.45 0.5

®) 5

{
T
0.45 0.5

R S B
0.05 0.1

[rrTT T T

0.2 0.25 0.3

[T
0.35

T
0.4

p

0 0
Fig. 7. Surface micromorphology (a) common grinding; (b) ultrasonic-assisted
grinding (amplitude of 4 ym).

morphology of the ultrasonic-assisted grinding surface and the common
grinding surface when the depth of cut is 5 um.

4.2. Calculation of contact performance

Considering the groove characteristics of the grinding surface, the
two-dimensional profile in the vertical groove direction is simplified by
parabolas based on the improved simplified model of rough surface
profile. Then the micromorphology parameters such as the curvature
radius and height of the asperity of the grinding workpiece surface are
obtained. The example of local enlargement of simplified surface profile
is shown in Fig. 8.

Fig. 8 shows the effectiveness of the simplified method. The surface
height is dimensionless, and the ordinate of the figure is z/0. The
standard deviations of height distribution o of two surfaces are 1.35 ym
and 0.51 pm respectively, so the actual difference of height distribution
and roughness of the two profiles is very large. The profile (a) is much
more rough. Besides, the distribution of the asperities on the profile (b)
is more uniform, and there are fewer deep valley and high peaks on the
profile (b).

The relation between the surface roughness of the workpiece and
the machining parameters is shown in Fig. 9. It can be seen that the
surface roughness of the workpiece increases with the increase of the
cutting depth, which is in line with the change law of the surface
roughness of the workpiece under the grinding process. Under the same
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Fig. 8. Simplification of surface profile (a) common grinding; (b) ultrasonic-

assisted grinding (amplitude of 4 pm).

Ra/um

0.4

—e— depth of cut=5um

0.2 —e— depth of cut=15um
—e— depth of cut=25um
00 7 10

Amplittde/um

Fig. 9. Relationship between roughness and machining parameters.

cutting depth, the surface roughness of the workpiece decreases first
and then increases with the increase of the ultrasonic amplitude. When
the amplitude is large, the surface roughness of the workpiece will be
even higher than that of the ordinary grinding surface. In general, ul-
trasonic vibration can improve the surface properties of workpiece, but
the amplitude is not the bigger the better. The axial ultrasonic vibration
is added to the machining process, but because of the large wheel,
Poisson effect will be generated, which will cause additional radial
vibration. The radial vibration will hammer the surface of the work-
piece and cause additional damage. When the amplitude is large, the
radial vibration will also be large, which will cause damage to the
surface. So it will increase the surface roughness when the amplitude is
large. Chen et al. [12,22] has also studied related issues. Therefore,
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Fig. 10. Relation between surface contact stiffness and machining parameters.

under different processing parameters and different processing condi-
tions, there may be a most suitable amplitude and the smallest rough-
ness can be obtained. Under the three sets of cutting depth, the surface
roughness of the workpiece under the ultrasonic amplitude of 4 um is
the smallest, which is 59%, 29% and 24% lower than the surface
roughness of the commom grinding workpiece, and the smaller the
cutting depth is, the better the effect of surface improvement is.

Based on the simplified profile of the workpiece, the contact cal-
culation and analysis of each work piece are carried out according to
the method proposed in this paper. For the convenience of comparison,
the contact stiffness and the maximum local contact pressure of each
piece of workpiece under constant unit area load are calculated.
P = 100N is taken to calculate the contact stiffness and the maximum
local contact pressure on the area of 1 mm? and the comparison is
made. In order to ensure the accuracy of the results, all the profiles at
the vertical groove direction obtained from measurements on 1 mm?
are calculated, and the average value is obtained for the final result.
The relation between the surface contact stiffness and the machining
parameters is shown in Fig. 10. The relationship between the local
maximum contact pressure and the machining parameters is shown in
Fig. 11.

As shown in Fig. 10, with the increase of the cutting depth, the
contact stiffness of the workpiece surface is reduced. Under the same
machining parameters, the surface contact stiffness of the ultrasonic
grinding is almost all higher than that of the commom grinding surface,
which indicates a better load carrying capacity.

As shown in Fig. 11, for the commom grinding surface, the max-
imum local contact pressure increases with the increase of the depth of
cut. For the ultrasonic-assisted grinding surface, the change of the
maximum local contact pressure is disorderly when the amplitude is

—e— Depth of cut=5um
—e— Depth of cut=15um
—e— Depth of cut=25um

Local maximum contact pressure/MPa

4 7 10
Amplitude/um

Fig. 11. Relationship between local maximum contact pressure and machining
parameters.
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larger and the depth of cut is smaller. Under the experimental condi-
tions, the maximum local contact pressure of the workpiece surface
with the ultrasonic amplitude of 4 um is the smallest, which is 17%,
28% and 30% lower than that of the commom grinding surface, and the
larger the depth of cut is, the more obvious the reduction effect is.

5. Mechanism analysis of difference in surface contact
performance

Through calculation and comparison of the contact performance, it
is known that under proper machining parameters, the contact per-
formance of the ultrasonic-assisted grinding surface is more optimum
because of low roughness, high contact stiffness and low wear. In order
to further study the causes of the difference in contact performance,
combined with the surface generation mechanism of ultrasonic-assisted
grinding, the difference between ultrasonic-assisted grinding surface
and common grinding surface is analyzed from two aspects: the height
distribution of surface and the distribution of asperities. The calculation
results show that the difference of the contact performance between the
ultrasonic-assisted grinding surface and the common grinding surface is
the greatest when the ultrasonic amplitude is 4 um. Therefore, this
section mainly compares the ultrasonic-assisted grinding surface under
this condition and the commom grinding surface.

5.1. Analysis of surface height distribution

The height distribution of the rough surface has a direct influence
on the contact and wear properties of the surface. Under the same
normal deformation, the height distribution of rough surface directly
affects the actual contact area. The more concentrated the surface
height is, the better ability to resist deformation and wear the surface
will have. Fig. 12 shows the height probability density distribution of
ultrasonic-assisted grinding surface and commom grinding surface
under different depths of cut.

As shown in Fig. 12, under the same cutting depth, the height dis-
tribution of the ultrasonic-assisted grinding surface is more con-
centrated than that of the common grinding surface. This shows that
under the same normal deformation, ultrasonic vibration assists the
grinding surface with greater bearing length ratios. That is to say, under
the same nominal contact area, the actual contact area of the ultrasonic-
assisted grinding surface is larger so that the surface has a stronger
ability to resist deformation and a larger contact stiffness, which is
consistent with the calculation results of contact stiffness.

5.2. Analysis of asperity distribution

In addition to the surface height distribution, the asperity dis-
tribution also affects the surface contact performance. Under the same

12000

Common griding
— a_.=5um

ed
10000 Ultrasonic assisted ||
—grinding aed=5um

Common griding
— a_=15um
ed
Ultrasonic assisted
~—grinding aed=15um I
Common griding
a, d=25um

8000}
£ so00f

40001 Ultrasonic assisted |

grinding a, d=25um

2000

5 25 0
Height/um

-2.5 -5

Fig. 12. Height probability density distribution of ultrasonic-assisted grinding
surface and commom grinding surface.
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load, the more the asperities are involved in contact, the more uniform
distribution of contact pressure is and the better the contact fatigue
performance of the surface is. Based on the proposed simplified model
of rough surface profile, the density of asperities on different workpiece
surfaces is calculated. Fig. 13 shows the density of asperities on the
ultrasonic-assisted grinding surface and the common grinding surface
under different cutting depths.

As can be seen from Fig. 13, under the same cutting depth, the
density of asperities of the ultrasonic-assisted grinding surface is greater
than that of the common grinding surface. This shows that under the
same load, more asperities of the ultrasonic-assisted grinding surface
will be in contact, the pressure distribution is more uniform and the
maximum contact pressure can be reduced effectively. Accordingly, the
surface has a better contact fatigue performance, which agrees with the
calculation results of the maximum local contact pressure.

The interference motion of abrasive particles in the ultrasonic-as-
sisted grinding process is the main reason for the difference of the
surface height distribution and the distribution of asperities. Fig. 14
shows the contrast of grinding trajectories of abrasive particles in the
ultrasonic-assisted grinding process and common grinding process. As
shown in Fig. 14, during the common grinding process, the abrasive
particles are moving in a straight line with the surface of the workpiece.
However, during the ultrasonic-assisted grinding process, the abrasive
particles have sinusoidal movement relative to the surface of the
workpiece. The interference motion of abrasive particles leads to more
asperities on the grinding surface, which makes the surface pressure
distribution more uniform and reduces the peak of local maximum
contact pressure.

In order to show the influence of the interference motion of abrasive
particles on the surface topography more clearly, the surface topo-
graphy of the ultrasonic-assisted grinding is added as shown in Fig. 15.
It can be seen from the figure that the surface of ultrasonic-assisted
grinding has obvious special crosshatch microstructure, which is caused
by the interference motion of abrasive particles.

Ultrasonic assisted
grinding trajectory

Common grinding

Common
grinding

Ultrasonic
assisted grinding

Fig. 14. Comparison of grinding trajectories of abrasive particles.
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um

Fig. 15. Surface topography of the ultrasonic assisted grinding (a) overhead
view; (b) 3-dimensional view.

Fig. 16. Cross section of interference motion of abrasive particles in ultrasonic-
assisted grinding process.

The interference motion of abrasive particles in ultrasonic-assisted
grinding is further analyzed. Fig. 16 shows the cross section of inter-
ference motion of abrasive particles in the ultrasonic-assisted grinding
process. As shown in Fig. 16, during the ultrasonic-assisted grinding
process, the interference of three abrasive trajectories leads to a sig-
nificant increase of the material removal rate and a decrease in the
width and height of the grinding surface. That is to say, the surface
roughness decreases and the surface height distribution is more con-
centrated, so that the surface has a stronger anti deformation ability
and the contact stiffness of the workpiece surface improves.

6. Conclusion

(1) A new method of asperity definition based on the reference line and
the height of peak and valley is proposed in this paper. The real
profile of the rough surface is described by parabolas and they are
simulated by ensuring the minimum least square error between the
parabolas and the real profile. The contact analysis model of rough
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surface is further obtained, which improves the accuracy of contact
analysis.

(2) Under the experimental conditions, the surface contact perfor-
mance of the workpiece is the best when the ultrasonic amplitude is
4 um. The surface roughness of the workpiece is at least 24% lower
than that of the conventional grinding surface. Under the same
load, the surface contact stiffness of ultrasonic-assisted grinding
surface is increased by at least 68%, and the maximum local contact
pressure is reduced by at least 17%, which indicates a better contact
fatigue performance.

(3) With the increase of cutting depth, the surface roughness of the
workpiece increases. Under the same load, the contact stiffness
decreases, and the maximum local contact pressure increases.

(4) With the increase of ultrasonic amplitude, the surface roughness
decreases first and then increases. Under the same load, the contact
stiffness increases first and then decreases, while the local max-
imum contact pressure presents an opposite variation trend. The
contact performance of the ultrasonic-assisted grinding surface is
not always better than that of the common grinding surface. In the
case of larger ultrasonic amplitudes, the contact performance of the
ultrasonic-assisted grinding surface is obviously decreases.

(5) It is found that under the appropriate ultrasonic amplitude, the
mechanism of ultrasonic-assisted grinding to improve the contact
performance of the workpiece surface is that the interference mo-
tion of abrasive particles makes the height distribution of the
workpiece surface more concentrated and the density of asperity
increased.
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