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Abstract Pneumatic wheel based on softness consolidation
abrasives (SCA) is presented as a key machining tool mainly
for the improvement of finishing efficiency to free-form sur-
face of laser-hardened molds. In this case, though its softness
fits for machining to free-form surface, it cannot keep all abra-
sives within bounds strictly, but it makes abrasives experience
creep deformation, which always leads to unstable machining
characteristics. For research on the working rule of SCA, dy-
namic characteristics of abrasives need to be investigated.
Firstly, soft ball model is brought into analysis of the normal
and shear contact forces between two particles. By introduc-
ing damping coefficient, formulas on displacement and veloc-
ity of SCA are given for theory analysis of creep deformation.
After that, force chains are established by simulation, which
proves that SCA possesses more cutting force than free abra-
sives. At the same time, creep deformation of SCA is con-
firmed in accordance with the analysis of velocity of the single
particle. Subsequently, combined with the modified Preston
formula, comparative machining tests on material removal are

carried on a laser-hardened free-form surface. Experimental
results show that material removal rate of SCA is higher than
that of free abrasive by approximately 34.35 %. Moreover,
abrasive size is discussed as a key parameter respectively ac-
cording to consolidation effects and surface roughness. The
final conclusion is that SCA is certified to improve finishing
efficiency for laser-hardened surfaces as well as suitable for
machining free-form surfaces.

Keywords Laser-hardenedmold .Machining . Creep
deformation .Material removal . Softness consolidation
abrasives

1 Introduction

In mold industry, laser-hardened method can not only signifi-
cantly improve surface hardness, wearing resistance, and cor-
rosion resistance, but can also optimize performance of mold
steel and extend its service life. Qunli and Wang present the
improvement of surface performance by simulations and exper-
iments in laser cladding process [1, 2]. Hong reports micro-
structure and properties of steel in laser remelted and aging
treatment [3]. Dandekar claims that sub-surface damage in
laser-assistedmachining can be predicted bymulti-scalemodel-
ing [4]. What is more, certain part of surface could be extraor-
dinarily strengthened according to specific demands, and thus,
noble metal for mold manufacture could be economized enor-
mously. Kwok proves that laser melting on a certain part of
surface could improve wearing and corrosion resistance of
mold steel [5]. Torkamany presents the excellent effect of laser
welding on a local part of mold steel, especially in microstruc-
ture and mechanical performance [6]. All the findings above
show that laser-hardened methods are playing important role in
mold manufacturing gradually. However, these advantages
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have also brought tremendous difficulties to the finishing pro-
cess of laser-hardened surfaces, which is mainly
reflected in the following three aspects: (1) Bonnet
polishing method prevails in current finishing process
with free abrasives, while freely moving abrasives have
difficulties in efficiently machining surfaces of high
hardness and high wearing resistance reported by Zeng
[7]. (2) In finishing process to free-form surface, Yao
shows that rigid grinding tool is formidable to contact
properly with some irregular surfaces of workpiece,
which can guarantee highly efficient processing [8].
But Sousa shows that abrasive configuration on the
grinding process is not fit for finishing process to irreg-
ular surfaces of workpiece due to limitation of shape
and size of tools [9]. (3) Currently, manual operation
is widely used in dealing with locally deformed surfaces
of high hardness, high wearing resistance, and differ-
ence in hardness, but it is difficult to handle with prop-
er cutting force and dwell time in designated parts,
which may lead to instable machining accuracy and
low efficiency.

A number of scholars have put forward the following pro-
cessing methods: Wu reports that belt grinding possesses high
processing efficiency and enough softness to fit for free-form
surface [10], and Song presents an adaptive modeling method
for a robot belt grinding process [11]. But its structural defi-
ciency constraints copying capacity to irregular surfaces in all
directions, and the grinded surface still needs additional lap-
ping and polishing till meeting accuracy requirement. Tsuneo
focuses on EDM and ECM/ECM-lapping complex machining
technology in lapping process [12], and Chiou presents a nov-
el method of composite electroplating on lap in lapping pro-
cess [13]. However, it works well only in the case of good
match between lapping tool and the surface. Polishing report-
ed by Shi and Han [14, 15] mainly adopts a flexible tool in
conjunctionwith free abrasives, and Ji brings bonnet polishing
technique into mold steel manufacturing [16]. But it can hard-
ly suit for high-efficiency processing of laser-hardened surface
owing to its low material removal capacity. Other scholars
hold that such methods as abrasives flow and abrasives liquid
jet can be applied to process free-form surface. Kuriyagawa
presents electrorheological fluid-assisted polishing for small
three-dimensional parts [17]. Suni reports rheological charac-
terization of magnetorheological polishing fluid [18]. Das an-
alyzes magnetorheological abrasive flow finishing process
[19]. They all focus on fluid control processes. However, to
an irregular workpiece, it is not easy to establish efficient flow
passage or control fluid form for designated laser-hardened
surfaces.

Despite that bonnet polishing leads to mirror-level
processing effects, its low material removal cannot ap-
ply to laser-hardened surfaces of high hardness. In allu-
sion to the difficulties mentioned above, we carried out

researches on a kind of pneumatic wheel tool based on
softness consolidation abrasives (SCA), aiming to rapid-
ly reduce average roughness (Ra) from 0.4~0.6 to 0.06~
0.09 μm as initial finishing process, and aiming to fa-
cilitate further mirror-level processing and thereby en-
hance automatic level and processing efficiency in the
whole finishing process.

2 Design on SCA

Pneumatic wheel with SCA is mainly characterized by the
following aspects: abrasives are consolidated on the outside
surface of hemispherical rubber bonnet by the polymer binder.
Meanwhile, softness of SCA is controlled by internal air pres-
sure so that the pneumatic wheel could enjoy both copying
capacity of bonnet polishing and cutting capacity of rigid
wheel. Figure 1 shows contact between pneumatic wheel
and workpiece and key influence factors. θ is tilting angle, R
is radius of wheel, d is feeding depth, and h is diameter of
contact area. All of the above have been reported by Zeng
already [20].

In a macroscopic view, abrasives consolidated on the out-
side surface of hemispherical rubber bonnet are not as free as
those abrasives in polishing process. But in a microscopic
view, each abrasive acquires elastic support from the binder
all around. When an abrasive is given a force, it will form a
local micro-motion which may affect the surrounding abra-
sives to create force effect of groups. Figure 2 presents the
deformation process of each abrasive from the microscopic
point of view.

When normal force made the binder to deform, abrasives
turn out to be compressive in a macroscopic view. After that,
when tangential force is exercised, abrasives start to slide on
the surface of mold. Due to the elastic support from binder, the
contacting condition of abrasives varies according as binder’s
deformation. This characteristic enables abrasives to be more
efficient and to achieve a stable cutting force. In comparison to

R

h
Workpiece

Fig. 1 Contact between pneumatic wheel and workpiece and key
influence factors
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free abrasive, processing efficiency of surfaces with high
hardness and high wearing resistance could be enhanced.
Moreover, elastic support of SCA and their dynamic con-
straint status not only ensure certain cutting force but also
keep deep-scratches away.

The thickness of SCA as an important factor has a relation-
ship with the cutting force. Different thickness of SCA means
different mount of abrasives consolidated by the binder on outer
layer of wheel. In force passing process from given force to
final cutting force, it would form a temporary and stable force
chain among abrasive particles [7]. So, the dynamic character-
istics of SCA need to be discussed for machining results.

3 Characteristics analysis on SCA

3.1 Mechanics in SCA

According to Fig. 3, SCA generally appear to be a dense
particle system accompany with particles constraining each
other. The contacts between particles cannot happen

instantaneously, but last for a while, which means several
particles may contact with each other spontaneously within a
system. At this moment, force amid particles serves as the key
factor determining deformation and flowing of particles sys-
tem. Therefore, soft ball model is adopted to help us acquire
plenty of dynamic information of force among particles. Fig-
ure 3 shows normal contact model and tangential contact
model of two abrasives [21].

When two abrasives collide against each other, their kinetic
energy is consumed via interior friction, elastic wave and de-
formation. The normal contact model of this kind of mutual
effects can be illustrated by the introduction of linear spring
and damper on the contact point between two abrasives. In the
process of machining, abrasive contact resulted from interior
movement of SCA is illustrated by the models above.

In the normal contact model displayed in Fig. 4a, normal
force of two abrasives “i and j” (i, j) is shown as:

Fn;i j ¼
n−knδi jni j−dnvn;i j δi j > 0

0 δi j ≤0
ð1Þ

Where Fn,ij is normal force, kn is rigid coefficient of normal
contact, δ is overlapping thickness of abrasives, dn is normal

Abrasive

Rubber

Binder

F F F F

F
F

F F
No force Normal force

Workpiece

Normal force

Tangential

force

Fig. 2 Deformation processes of
abrasives under normal and
tangential force

(a) (b)

Fig. 3 Normal contact model (a) and tangential contact model (b)
between two abrasives Fig. 4 SCA sample
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damping coefficient, vn,ij is normal relative velocity, and nij is
normal unit vector.

If particles in SCA begin to contact continuously and tend
to move without mutual relative slide, Mohr–Coulomb rule
fails to work and tangential force is obviously smaller than
sliding friction force. In addition, friction between particles
will also lead to energy consumption in tangential direction,
which could be calculated by adding a damper in tangential
direction. The tangential force formula is given as:

Ft;i j ¼ min −ktδt−dtvt;i j; k f

���Fn;i j

���ti j
� �

ð2Þ

Where Ft,ij is tangential force, kt is rigid coefficient of tan-
gential contact, vt,ij is tangential relative velocity, dt is tangen-
tial damping coefficient, tij is tangential unit vector, and kf is
slide friction coefficient.

The analysis of normal force and cutting force among abra-
sives provides a theoretical basis for research on force chain of
SCA.

3.2 Creep deformation of SCA

Without force, SCA are considered in the relaxation phase
I, in which abrasives bonded by a binder constitute a layer
without compression. When the layer is compressed, abra-
sives begin to have creep deformation and contact with
each other. And then they form a relative balance. Here
follows the relaxation phase II. According to dynamic re-
laxation method, the formula of critical damping oscillation
is gradually integrated. Quality damp and rigid damp are
utilized to absorb kinetic energy of the system. When
damping coefficient is slightly smaller than a critical value,
vibration of the system will disappear as fast as possible,
with the function converging at a value at the same time.

The movement formula of ith abrasive at time t is shown in
equation (3), equation (4) and equation (5).

Fi tð Þ ¼ mi
μ
�

tð Þ− μ
�

t−Δtð Þ
Δt

þ β μ� tð Þ ð3Þ

Where Fi(t) is force of ith abrasive at time t, β is global
damp system, m is abrasive weight, Δt is increment of time,
and μ� tð Þ is acceleration formula.

μ
�

tð Þ ¼ 1

mi þ βΔt
μ
�

t−Δtð Þ þ Δt⋅Fi tð Þ
mþ βΔt

ð4Þ

Mi tð Þ ¼ I i
θ
�

i tð Þ−θ
�

i t−Δtð Þ
Δt

þ βθ
�

i tð Þ ð5Þ

In equation (5), Mi(t) is rotational inertia of ith abrasive at

time t and θ
�

i tð Þ is formula of angular acceleration.

θ
�

i tð Þ ¼ 1

I i þ βΔt
θ
�

i t−Δtð Þ þ Δt⋅Mi tð Þ
I i þ βΔt

ð6Þ

Translational displacement S(t) and rotational displacement
Qi(t) are shown as follows:

S tð Þ ¼ S t−Δtð Þþ μ
�

t−Δtð Þ⋅Δt ð7Þ
Qi tð Þ ¼ Qi t−Δtð Þ þ θ

�

i t−Δtð Þ⋅Δt ð8Þ

3.3 Material removal characteristics

When flexible bonnet provides force, there exist different cut-
ting force between pneumatic wheel of SCA and rigid wheel
of fixed abrasives. At this point, traditional Preston equation
cannot precisely describe material removal characteristics of
SCA [7].

Focusing on characteristics of SCA, combined with
Rabinoweizc’s theory firstly cited from Ji [22], modified Preston
equation concluded by Zeng [7] is presented to describematerial
removal characteristics of SCA, as is shown in the following:

Mr ¼ K 0F
2

.
3
v ð9Þ

Table 1 Parameters of sample abrasives

Length
L/mm

Width
W/mm

Height
H/mm

Diameter
dp/mm

Number
N

Coefficient
μ

10 5 2 0.3 750 0.18

Table 2 Parameters on bond
strength of abrasives Group Normal rigid

coefficient

kn

Tangential rigid
coefficient

kt

Normal damping
coefficient

dn

Tangential damping
coefficient

dt

A 1×108 1×108 0 0

B 1×108 1×108 1.5×105 1.5×105

C 1×108 1×108 3.5×105 3.5×105

D 1×108 1×108 5.0×105 5.0×105
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Where Mr is material removal rate, F is force on the sur-
face, v is velocity of abrasives, and K′ is modified coefficient,
which as reported by Ji could be expressed as follows [23].

K 0 ¼ D dp
� �

Hp

H f
ð10Þ

Where D(dp) is coefficient decided by dp,Hp is hardness of
abrasives, and Hf is surface hardness of workpiece.

Modified Preston equation contributes to explaining rela-
tionship between cutting force and material removal rate. It
verifies the credibility of mechanical analysis of SCA and can
be used for optimization of processing parameters.

4 Numerical stimulation on SCA

4.1 Force chain

Firstly, it is necessary to build up a micro model of
SCA in the stimulation of sample abrasives processing,
with relevant parameters assumed in Table 1. The SCA
sample is established by PFC3D, as shown in Fig. 4.
All parameters are given according to real experimental
parameters. Due to main research target focusing on
dynamic characteristic of SCA, the shape of abrasives
can be considered as spherical model in PFC3D.

In soft ball model, to avoid the calculation error caused by
abrasive wearing, contact overlapping depth of particle is con-
fined as δmax≦3 %dp. In line with parameters in Table 2 re-
ported by Ji [23], force chains of SCA are simulated with
normal force and tangential force.

Set d as 1 mm. The bond strength of abrasives is
described by changing damping coefficient. Figure 5
shows force chains of group B and group D under the
different damping coefficients.

Bond strength, mainly affected by volume fraction of
abrasives and attribute of binder, can be switched to
form corresponding force chain to match with process-
ing requirements to free-form surface. In the process of
transmitting force, the simulation results universally rep-
resent that the bigger damping coefficient in group D
leads to the denser force chain distribution and the
stronger contact force of abrasives in comparison with
group B. This characteristic can be utilized to improve
machining efficiency to local region of high hardness.
In the process of being compressed, plenty of free abra-
sives like in group A are prone to escape (abrasives
without any cutting effect). And force chain fails to
converge for cutting and energy has to be consumed
gradually along with abrasives’ exfoliation from SCA.

Under the experimental conditions mentioned above, force
simulation on a single particle Q selected from sample abra-
sives is conducted which is shown in right column of Table 3.
According to equation 1 and equation 2, results are shown in
middle column of Table 3.

By comparison, it can be found that simulation results are
always lower than theoretical results, which is attributed to
change of relative velocity caused by abrasives’ creep defor-
mation. As a consequence, calculation error can be controlled
within 1 % and theoretical model may be applied for
explaining creep deformation.

Fig. 5 Force chains of group B (a) and group D (b)

Table 3 Analysis on force of particle Q

Group Theoretical force F/N Simulated force F′/N

B 0.142×10−4 0.135×10′4

C 0.503×10′4 0.498×10′4

D 1.203×10′4 1.196×10′4
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4.2 Creep deformation of SCA

In a macroscopic view, the movement of SCA keeps pace with
pneumatic wheel. However, in a microscopic view, rapid al-
teration of binder (tension or compression) triggers changes of
displacement between particles, which causes abrasives’ creep
deformation.

The movement of abrasive can be divided into two
stages: in stage I, abrasives are compressed and the
statement of whole system turns from relaxation to ten-
sion; and in stage II, when abrasives are moving at a
certain speed, SCA alter from a static balance to a new
dynamic balance. This process has also been simulated
for discussion. Set rotational speed (ω) of pneumatic
wheel as 500 mm/s and the feeding depth (d) as

1 mm. For a better observation of creep deformation,
machining area comprised of axis x and axis y is
established and take vz (velocity in direction of axis z)
of particle P. Simulations on free abrasives and SCA are
respectively carried out, as shown in Fig. 6.

Figure 6a shows Vz of particle P in direction of axis z. In
stage I, Vz shows intensely variation and fluctuation. And then
it appears to be stable at the end of stage I by degrees. Entering
into stage II, Vz keeps a certain value all the time. That means
that particle P has escaped from free abrasives group and it
cannot be used for cutting any more. Figure 6b shows Vz of
particle P in SCA. In stage I, it keeps variation and fluctuation
as Fig. 6a. When it enters into stage II, Vz of particle P fluc-
tuates around 0. That means particle P is under the constraint
of bond. This creep deformation phenomenon manifests that

t /s

Stage I Stage II

v
z/

(m
/s

)

t /s

v
z/

(m
/s

)

Stage I Stage II

(a) (b) 

Fig. 6 Simulated velocity in direction of the axis z of free abrasives (a) and SCA (b)

Fig. 7 Displacement of free abrasives (a) and SCA (b)
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particle P will always play a role for cutting and it will be
adjusted according to contact gesture between pneumatic
wheel and workpiece.

4.3 Analysis of cutting force

Figure 7 shows the displacements simulation results of SCA
and free abrasives in machining process.

Without constraints, free abrasives are prone to es-
cape from system as shown in Fig. 7a, which weakens
cutting force for material removal. However, due to
constraints to abrasives from binder, SCA can ensure
concentrated cutting force to a given region of surface
as shown in Fig. 7b. Creep deformation of abrasives
causes effective compression to outer layer abrasives.
Figure 8 shows the simulated cutting force curve of free
abrasives and SCA.

Generally speaking, in stage I, cutting force increases
rapidly until there is a static balance. In stage II, force
reduces slightly and stays in a certain range until
reaching a dynamic balance. Under the simulation con-
ditions above, average pressure intensity of free abra-
sives to surface finally keeps a value of approximately
0.16 MPa (Fig. 8a), while that of SCA eventually main-
tains a value of approximately 0.26 MPa (Fig. 8b).

Through the simulation analysis above, we may draw
a conclusion that force chain of abrasive could be en-
hanced by changing intensity of bonding to form con-
centrated force for higher-efficient machining. Accord-
ing to the analysis on a single particle, the credibility
of theoretical model is confirmed. By our simulation
researches on both micromovement and macromovement
of particles, creep deformation of SCA which happens
in machining process has been confirmed. This charac-
teristic can be used for highlighting the benefits of an
enhanced cutting force of abrasives.

p n
/P

a

t /s

Stage I Stage II

t /s

p n
/P

a

Stage I Stage II

(a)                                     (b)

Fig. 8 Cutting force curves of free abrasives (a) and SCA (b)

Table 4 Machining parameters

Parameters Value

Feeding depth d/mm 1

Tilting angle θ/° 30

Rotational velocity ω/mm/min 50

Diameter Dp/μm 75

Gas pressure p/Mpa 0.1

Rubber SBR

Abrasives particles Silicon carbide

Table 5 Different parameters among free abrasives, fixed abrasives,
and SCA

Parameters Free abrasives Fixed abrasives SCA

Damping
coefficient

0 – 1.5×105

Abrasives
consolidation
method

No
constraint

Laser
sintering

Stocked with
silicone sealant
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5 Experiment and discussion

5.1 Compositions of the machining system

Components of SCA machining system has been report-
ed in our previous papers which mainly present machin-
ing process of SCA [7, 20]. The pneumatic wheel is
fixed on the end of robot arm. The industrial robot
MOTOMAN-HP20 is employed to control machining
pneumatics wheel. The positioning accuracy of the ro-
botic arm is in range of −0.06 to 0.06 mm. Especially,
it has wide sphere of activity enough to fit for finishing
large molds. This system can make full use of assisting
advantages of robot and effectively overcome the

shortcomings of manual polishing, such as poor work-
ing environment, low efficiency, and instable quality.

5.2 Machining effects

The empirical parameters are listed in Tables 4 and 5. The
workpiece is made of die steel which has been hardened by
laser with the hardness of 434 HV.

Figure 9 showed curves of material removal in a 3-
min machining with free abrasives (bonnet polishing)
and SCA (soft grinding). The dates were measured by
precise electronic balance whose accuracy is 0.1 mg. In
the machining process, material removal capacity of the-
se two methods above showed a downward trend with t
gradually because free abrasives cutting capacity de-
creased with plenty of abrasives running away and some
abrasives in SCA were worn away and blunt gradually.
However, it could be found that material removal of
SCA is higher than that of free abrasives by approxi-
mately 34.35 %.

Obviously, SCA machining possessed higher material
removal capacity than free abrasives over process time.
This characteristic made SCA machining suitable for
dealing with high hardness surface. Focus was also giv-
en to the surface roughness. Subsequently, comparative
machining trials to curved surface were carried out re-
spectively with free abrasives, fixed abrasives (grind-
ing), and SCA by utilization of the parameters listed
in Table 4. Machining time was set as 1 min, and

M
r

/m
g

Increase by 34.35%

o        SCA
*        Free abrasives

t /s

Fig. 9 Comparison of material removal rate between SCA and free
abrasives

Fig. 10 Comparison on machining effects: initial surface (a), machining with free abrasives (b), machining by fixed abrasives (c), and machining by
SCA (d)
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processed area was a circle. Roughness of surface was
recorded by ZYGO as shown in Fig. 10.

Comparative machining trials were asked to deal with
initial surface as shown in Fig. 10a. Obviously, process-
ing result with free abrasives did not show improvement
of roughness in Fig. 10b. Its weak cutting ability led to
low machining efficiency, especially when it faced with
high surface hardness. Figure 10c indicated that rigid
wheel with fixed abrasives failed to adapt to complicat-
ed curvature surface whose partial areas were excessive-
ly embedded by abrasives, which caused damage to lo-
cal surface. However, owning to creep deformation of
abrasives and interior controllable air pressure of pneu-
matic wheel, SCA method could not only ensure ma-
chining efficiency, but also avoid deep scratches as
shown in Fig. 10d.

5.3 Influence of abrasive size

Usually, the final processing effect depended strongly
on abrasive particle size. Therefore, for researching on
effects of abrasive size, experimental conditions were
shown in Table 4. Alundum was selected as abrasive
and particle size was listed in Table 6. Machining ex-
periments were carried out individually by free abra-
sives method and SCA method with the same size par-
ticles for 3 min.

Machining results indicated differences inmaterial removal
under different groups as shown in Fig. 11. From group C to
group F, material removal of SCA machining apparently

exceeded that of free abrasives. However, improvement of
machining efficiency with SCA was rarely evident in group
B and group A shows the same machining low-efficiency be-
tween SCA method and free abrasives method.

After many repeated tests, it might be concluded that
improvement of machining efficiency with SCA of par-
ticle diameter from 60 to 170 μm was obvious. Mean-
time, surface roughness was improved along with de-
crease of particle diameter. If particle diameter exceeded
170 μm, SCA were prone to cause deep scratches lead-
ing to decrease surface roughness. When particle diam-
eter was lower than 60 μm, abrasives consolidation ef-
fect could be hindered by excessive small size of abra-
sive, which might lead to easy shaking-off of abrasives
in machining process and weaken machining efficiency.

To research on surface roughness with SCA, initial Ra of
0.643 μm was processed under the experimental parameters
as shown in Tables 4 and 5. Statistics of surface roughness
were shown in Fig. 12.

When particle diameter exceeds 75 μm in the exper-
iments carried out, free abrasives machining and SCA
machining yield approximately identical Ra values.
However, if particle diameter was less than 75 μm,
SCA generally resulted in invalid machining. Figure 13
showed the respective machining effects with SCA of
particle diameters of 38 and 75 μm.

It was obviously that machining effects in Fig. 13b
(Ra =75 nm) was better than that in Fig. 13a (Ra =
482 nm). The major reason of different machining effects
was that outer abrasives of SCA escape away with move-
ment of wheel in machining process. It reduced major
cutting area of SCA gradually. Without additional supple-
ment of abrasives, machining of SCA would become ves-
tigial by degrees. The above results reveal that SCA pos-
sess higher efficiency than free abrasives. To freeform
surfaces, its flexibility can avoid damage which is always
produced by rigid wheel. Meantime, SCA supplies high
efficient material removal for high-hardness workpieces.

Table 6 Particle size
Experimental group Diameter D/μm

A 15

B 38

C 75

D 124

E 150

F 178

M
r

/m
g

D /µm

Free-form abrasives machining

SCA machining

Fig. 11 Comparison on material removal

D /μm

R a
/μ

m

Invalid machining

Free-form abrasives machining

SCA machining

Fig. 12 Surface roughness Ra
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6 Conclusions

To resolve problems in machining free-form surfaces of
high hardness and high wear resistance efficiently, the
paper analyzes mechanical characteristics of SCA and
the following conclusions have been drawn via simula-
tion and experiments.

1) In force chain of SCA, by utilizing soft ball model of
abrasives and taking energy consumption into consider-
ation, calculation method on normal and tangential force
is given for analysis on contact model. Simulation results
indicate that calculation error could be controlled within
1 %. Furthermore, it is concluded that damping coeffi-
cient of abrasives is vital factor for force transmission.
SCA enjoys much denser force chain than free abrasives.
Moreover it is likely to obtain higher efficient material
removal effect.

2) Creep deformation of SCA is explained by simula-
tion. According to global damping coefficient, the
formulas of displacement and velocity of SCA are
given in machining process. The creep deformation

of SCA is confirmed in accordance with the veloc-
ity analysis of vz of the single particle. Plenty of
free abrasives have been confirmed to escape away
in machining process. The simulation results indi-
cate that the machining force of SCA enormously
exceeds that of free abrasives.

3) Machining experiments on laser-hardened free-form
surface has been carried out. The results show that
material removal of SCA is higher than that of free
abrasives by approximately 34.35 %. On the free-
form surface, SCA also can avoid deep scratches
which are always caused by rigid wheel. The com-
parison tests on abrasive size indicate that abrasives
of smaller size (diameter less than 75 μm) are likely
to fall away from SCA in machining process.
Aiming to ensure both abrasives consolidation effect
and machining efficiency, in SCA, abrasive size in a
certain range (diameter from 75 to 150 μm) can
help to improve material removal ability and control
Ra within a range from 0.075 to 0.2 μm. In sum-
mary, SCA can be surely used in initial finishing
processes to laser-hardened free-form surface.

50 50

Initial surface After machining

After machining

(a) D=38 µm

50 50

Initial surface 

(b) D=75 µm 

Fig. 13 Comparison of
machining effects using abrasives
of 38 μm diameters and abrasives
of 75 μm diameters
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