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Abstract
Grinding is the main processing method for particle-reinforced composites, and grinding force prediction models are very
important for research on removal mechanisms. In this study, single-abrasive-grain grinding experiments on SiCp/Al composites
were conducted to determine the grinding forces at different grinding process parameters. In addition, a prediction model for the
single-abrasive-grain grinding force was established to study the influence of the grinding process parameters and grinding grain
angle on the grinding force of SiCp/Al composite. Moreover, multi-abrasive-grain grinding experiments were conducted at
different grinding process parameters, which resulted in different grinding forces. The support vector machine (SVM) prediction
method based on particle swarm optimisation (PSO) was used to establish a prediction model for the multi-abrasive-grain
grinding force; the single-abrasive-grain grinding forces at different grinding grain angles were the input, and the average
experimental grain grinding force was the output. The results show that the error between the predicted and experimental grinding
forces is below 12%. Furthermore, the grinding force decreases with increasing wheel speed and increases with increasing feed
velocity and grinding depth. The PSO–SVM algorithm–based grinding force prediction model can accurately predict the
grinding force of SiCp/Al composite and provides theoretical support for improved surface quality.
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1 Introduction

SiCp/Al composite is a typical particle-reinforced composite
with a high elasticity modulus and low thermal expansion
coefficient. It has become an important substitute for glass–
ceramics and quartz glass and is widely used in the aerospace
field. Grinding is the main processing method for particulate-
reinforced composites. Therefore, developing a grinding force
prediction model helps to investigate the removal mechanisms
and usability performance after grinding.

Many researchers have studied the machining process of
SiCp/Al composite. For example, Huang et al. [1, 2] milled
SiCp/Al composite with polycrystalline diamond tools and
discovered that a higher cutting speed mitigates the formation
of built-up edges and scale-stabs. When the cutting speed is

increased, silicon carbide particles are pushed by the cutting
edge and rear face, which causes defects such as cavities on
the surface. Li et al. [3] studied the influence of the milling
parameters of SiCp/Al composite on the milling force and
surface roughness, and the processing conditions for high-
quality SiCp/Al composite surfaces were determined.
Moreover, Han et al. [4] discovered that polycrystalline dia-
mond tools with chamfered edges protect cutting edges from
damage; chamfered edges can effectively strengthen cutting
edges, and a particle size of polycrystalline diamond of 2–
30 μm leads to higher milling surface quality. Wang et al.
[5] studied the precision turning mechanism of SiCp/Al com-
posite with a volume fraction of 30%; the results show that
when the tool acted on top and mid-section particles, they
usually fractured along the direction of the stress concentra-
tion. When the tool acted on bottom particles, they were easily
pulled out from the material matrix, which affected the turning
surface quality of the SiCp/Al composite. Furthermore, Xie
et al. [6–8] used diamond tools to drill SiCp/Al composite
with a volume fraction of 65% and studied the effects of the
drilling speed, drilling depth, and front angle on the drilling
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force and edge defects; the influence of the drilling depth on
the drilling force was the most remarkable, and the drilling
force was closely related to edge defects.

Grinding is an important precision and ultra-precision
processing method in manufacturing. Zhong et al. [9]
grinded SiCp/Al composite with volume fractions of 10%
and 20% using diamond and silicon carbide grinding
wheels: they observed that, when using the silicon carbide
grinding wheel, the grinded surface was coated with alu-
minium alloy; on the contrary, when using the diamond
grinding wheel, the aluminium alloy did not easily adhere
to the surface and a higher surface quality could be obtain-
ed. Ronald et al. [10] adopted the resin bonded and
electroplated diamond wheel to grind SiCp/Al composite
with a volume fraction of 30%. It was found that the resin-
bonded diamond grinding wheel was better than the
electroplated diamond grinding wheel. Shanawaz et al.
[11] studied the electrolytic in-process dressing online
dressing technology of SiCp/Al composite with a volume
fraction of 10% and found that the normal grinding force
curve was periodic and unstable during ELID grinding. As
the electrical current increases, the grinding surface rough-
ness and microhardness of SiCp/Al composite increase too.
Huang and Yu [12] studied the grinding force of SiCp/Al
composite under different grinding conditions: they ob-
served that the grinding force was the highest in low-
temperature environments and the lowest in wet environ-
ments. Zhou et al. [13] analysed the grinding technique of
SiCp/Al composite with a coolant of liquid nitrogen: it was
found that liquid nitrogen cooling could improve the sup-
port ability of the matrix to silicon carbide particles, and
the brittle damage of silicon carbide particles was
inhibited, thus grinding surface quality was improved.
Zha et al. [14] studied the material removal mechanism
of high-volume fraction of SiCp/Al composite by
ultrasonic-assisted grinding experiments. They found that
the removal mode of particles played a decisive role in the
machined surface quality and that appropriate process pa-
rameters could effectively improve the final surface quali-
ty. Liang et al. [15] proposed a new process technology for
ultrasonic-assisted grinding of SiCp/Al composite: the sur-
face quality of the thin-walled workpiece was taken as an
evaluation parameter, the effects of grinding direction and
ultrasonic action on the surface morphology and quality
were studied, and the process performance of ultrasonic-
assisted grinding was also explored. Jia et al. [16] investi-
gated the surface topography of NMQL (nanofluid mini-
mum quantity lubrication) grinding ZrO2 ceramics with
ultrasonic vibration and discovered that the adhesion and
material peeling phenomenon on the workpiece surface can
be evidently reduced compared with that after dry grinding
without ultrasonic vibration. Gao et al. [17] developed a
kinematic model, the grain and workpiece relative motion

trails in 2D ultrasonic vibration-assisted grinding (UVAG)
were simulated at different resultant vibration angles, and
they analysed the grain’s cutting characteristics and found
them conducive to the full infiltration of nanofluids into
the grinding zone. Moreover, Yang et al. [18, 19] devel-
oped the prediction models of minimum chip thickness and
ductile–brittle transition chip thickness during single-
diamond grain grinding of zirconia ceramics under dry
and different lubricating conditions; the size effect was
also considered in the prediction model, and it showed that
the predicted values were consistent with the experimental
values.

Many researchers have investigated the grinding force pre-
diction models, but few people have applied idea of the big
data and machine learning in the grinding process. In this
study, the grinding process was regarded as a black box.
Single-abrasive-grain grinding experiments were designed,
and the respective grinding forces were measured at different
grinding process parameters. Subsequently, a prediction mod-
el for the single-abrasive-grain grinding force was established
to study the influence of the grinding process parameters and
grinding grain angle on the grinding force of SiCp/Al com-
posite. Furthermore, multi-abrasive-grain grinding experi-
ments were conducted to measure the forces under different
grinding conditions, and the support vector machine (SVM)
prediction method (based on particle swarm optimisation
(PSO)) was used to establish a prediction model for the
multi-abrasive-grain grinding force of SiCp/Al composite.

2 Experimental details

2.1 Materials

The investigated material was SiCp/Al composite (produced
by Xi’an Chuangzheng NewMaterials Company, China), and
its matrix was aluminium alloy A356.2 with a volume content
of silicon carbide of approximately 70%. The material was
produced by pressure die casting; its properties are listed in
Table 1.

Table 1 Properties of SiCp/Al composite

Parameter Value

Thermal conductivity (w/(m k)) 226.4

Diffusivity (mm2/s) 90.105

Density (g/cm3) 2.97

Heat capacity (J/(g k)) 0.846

Elastic modulus (GPa) 190
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2.2 Experimental apparatus

2.2.1 Grinding machine

The CNC surface grinder (Schleifring K-P36 Compact,
Germany) was used for the experiments. The multi-abrasive
grinding wheel was an electroplated diamond grinding wheel
with a diameter of 300 mm, thickness of 30 mm, grain size of
120 mesh, and concentration of 100%; thus, the abrasive layer
had 0.88 g synthetic diamond per square centimetre on aver-
age [20, 21]. The abrasive-grain angle on the grinding wheel
ranged from approximately 90° to 135°.

2.2.2 Single-abrasive-grain grinding system

A single-abrasive grinding wheel was adopted to process the
SiCp/Al composite; its section diagram is shown in Fig. 1. The
diameter and thickness of the grinding wheel (made from
aluminium alloy) were 300 and 30 mm, respectively.

The material of the single-abrasive grain on the grinding
wheel was diamond, such as for the abrasive grinding wheel
used in the multi-abrasive-grain grinding experiments. To
keep the grinding wheel balanced during rotation, the coun-
terweight balance screw was made of the same material as the
pillar. The cylindrical diamond pillar and counterweight bal-
ance screw were inserted into the grinding wheel, and the
grinding wheel was assembled on the grinding machine
spindle.

Moreover, two M10 threaded holes were symmetrically
created in the upper and lower parts of the grinding wheel,
and the cylindrical pillar with diamond top was tapped with a

thread and assembled radially on the side of the single-
abrasive grinding wheel. In the grinding process, the ration
of the normal and tangential grinding forces was between
1.2 and 2.5; therefore, the angles of the abrasive diamond
grain were set to 90°, 105°, 120°, and 135°, respectively.

Figure 2 shows the single-abrasive-grain grinding system
for SiCp/Al composite: it consisted of a fixture, a force sensor,
a signal condition device, an A/D conversion device, and a
computer. The fixture, force sensor, and base were connected
by screws to guarantee ensure meshing strength. The grinding
force was measured using the strain gauge, which transmitted
the value to the signal conditioning device and then the A/D
conversion device; finally, the signal was processed by the
computer. The data acquisition frequency of the grinding
force sensor was 512 Hz.

2.3 Experimental process

In the single-abrasive-grain grinding process with SiCp/Al
composite, the single-abrasive-diamond grain grinding wheel
rotated at the speed vs, the feed velocity was vw, and the grind-
ing depth was ap. The force sensor recorded the grinding force
throughout the experimental process; the recorded force was
then transferred to the computer via an RS485 protocol and
was analysed using LabVIEW.

Figure 3 shows the grinding force of single-abrasive-grain
grinding of SiCp/Al composite when the abrasive-grain angle
is 90°. The normal and tangential forces are approximately
equal. When the abrasive grain contacts the workpiece, the
grinding force increases, and when the abrasive diamond grain
moves away from the SiCp/Al composite workpiece, the

Fig. 1 Single-abrasive grinding
wheel
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grinding force decreases gradually to zero. In this grinding
process, the grinding wheel contacts the workpiece every cy-
cle; therefore, the grinding signal exhibits fluctuations.

2.4 Experiment design

According to the requirements of central composite de-
sign, a three-factor and three-level experimental schedule

was developed; x1 is the wheel speed vs, x2 the feed ve-
locity vw, and x3 the grinding depth ap. The wheel speed
vs ranges from 10 to 30 m/s, the grinding depth ap from
0.05 to 0.15 mm, and the feed velocity vw from 0.3 to 0.9
m/min. In addition, s1, s0, and s−1 represent the 1, 0, and −
1 levels of each processing variable:

xi ¼ si−s0i
Δi

; i ¼ 1; 2; 3;

where xi is the variable code, si the processing variable
parameter, s0i the level zero of the grinding parameter
variable, and Δi the variation interval of the current pa-
rameters. The coding table of the grinding processing pa-
rameters is shown in Table 2.

A total of 15 groups of experiments were designed accord-
ing to the principles of the central composite surface design
(central composite face-centred; CCF), which is an

Table 2 Coding table of grinding processing parameters

Effect Parameter and unit Level

− 1 0 1

A vs (m/s) 10 20 30

B vw (m/min) 0.3 0.6 0.9

C ap (mm) 0.05 0.1 0.15

Fig. 2 Single-abrasive-grain grinding system for SiCp/Al composite

Fig. 3 Single-abrasive-grain grinding force of SiCp/Al composite
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experimental orthogonal-response design method. The results
are listed in Table 3.

3 Grinding force prediction model for SiCp/Al
composite

Figure 4 illustrates the technique route of the grinding force
prediction model for SiCp/Al composite. The single-abrasive-
grain grinding experiments were designed, and the grinding
forces were measured considering different grinding process
parameters. Subsequently, a prediction model for the single-
abrasive-grain grinding force was established to study the in-
fluence of the grinding process parameters and grain angles on

the grinding force of SiCp/Al composite. In addition, multi-
abrasive-grain grinding experiments were conducted under
different grinding conditions, and the resulting forces were
measured. The SVM prediction method based on PSO was
used to establish a multi-abrasive-grain grinding force predic-
tion model for SiCp/Al composite.

3.1 Theoretical prediction model for single-abrasive-
grain grinding force of SiCp/Al composite

3.1.1 Equivalent grinding depth

The thickness of the undeformed grinding chips is random in
the grinding process, and the probability density function can
be adopted to calculate it (Fig. 5). According to the literature
review, the thicknesses of the undeformed grinding chips in
the contact area can be assumed to obey the Rayleigh distri-
bution [22]:

f hð Þ ¼
h
m2

� �
e− h2=2m2ð Þ; h≥0
0; h < 0

8<
: ; ð1Þ

where E hð Þ ¼ ffiffiffi
π
2

p
m and σ hð Þ ¼

ffiffiffiffiffiffi
4−π
2

q
m.

The number of abrasive grains per unit area Ns can be
determined with a microscope, and the contact arc length be-
tween the grinding wheel and workpiece la in Fig. 6 can be
expressed as follows:

la ¼ R⋅arccos
R−ap
R

: ð2Þ

The total number Ntotal of particles in the grinding area per
unit time is as follows:

N total ¼ vsbNs; ð3Þ

Fig. 4 Technique route of grinding force prediction model of SiCp/Al composite

Table 3 Grinding processing parameters of SiCp/Al composite

No. vs (m/s) vw (m/min) ap (mm) x1 x2 x3

1 10 0.9 0.15 − 1 1 1

2 10 0.3 0.15 − 1 − 1 1

3 10 0.9 0.05 − 1 1 − 1

4 10 0.3 0.05 − 1 − 1 − 1

5 10 0.6 0.1 − 1 0 0

6 30 0.3 0.15 1 − 1 1

7 30 0.9 0.15 1 1 1

8 30 0.6 0.1 1 0 0

9 30 0.9 0.05 1 1 − 1

10 30 0.3 0.05 0 − 1 − 1

11 20 0.6 0.15 0 0 1

12 20 0.3 0.1 0 − 1 0

13 20 0.9 0.1 0 1 0

14 20 0.6 0.05 0 0 − 1

15 20 0.6 0.1 0 0 0
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and the cross-sectional area E(A) of the undeformed chip can
be expressed as follows:

E Að Þ ¼ E h2
� �

tanθ: ð4Þ

The volume Vc of the undeformed chip is presented in Eq.
5:

Vc ¼ E h2
� �

tanθla: ð5Þ

The grinding process can be regarded as an abrasive
manufacturing process with a rotating grinding wheel and a
workpiece feeding system below a certain grinding depth. In 1
s, the removal rate V of the grinded material is:

V ¼ bapvw: ð6Þ

Assuming uniform abrasive removal, the material removal
rate V can be expressed as follows:

V ¼ vsNsE Að Þbla; ð7Þ
E Að Þ ¼ apvw

Nsvsla
; ð8Þ

E h2
� � ¼ apvw

Nsvslatanθ
: ð9Þ

Therefore, the equivalent grinding depth of the abrasive
grains is expressed as follows:

E hð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
E h2
� �q

⋅
ffiffiffi
π

p
2

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

πapvw
4Nsvslatanθ

r
: ð10Þ

3.1.2 Single-abrasive-grain grinding force of SiCp/Al
composite

The grinding force of the SiCp/Al composite is mainly com-
posed of chip formation, friction, and cracking forces of the
silicon carbide. Therefore, the overall grinding force can be
expressed as follows:

Fgt ¼ Fct þ Fft þ Frt

Fgn ¼ Fcn þ Ffn þ Frn
;

�
ð11Þ

where Fgt is the total tangential force, Fgn the total normal
force, Fct the chip formation tangential force, Fcn the chip
formation normal force, Fcn the friction tangential force, Fcn

the friction normal force, Frt the cracking tangential force, and
Frn the cracking normal force.

Fig. 6 Schematic of motion
trajectory of abrasive grain

Fig. 5 Chip thickness probability density function curve
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Prediction model for chip formation force of SiCp/Al compos-
ite Figure 7 presents a schematic of the grinding process: a
single-abrasive grain grinds the workpiece, and the pressure
along the surface is not constant. The grinding force can be
calculated with integration equations [23].

The grinding force dFx acting on the abrasive grains of the
X–X section is:

dFx ¼ FpdAcosθcosψ; ð12Þ

where Fp is the unit grinding force, dA the contact area of the
grinding wheel, θ the semi-top angle of the abrasive grain, and
ψ the angle between the grinding force direction and x
direction.

The contact area is as follows:

dA ¼ 1

2
ρ2sin2θdψ; ð13Þ

and the grinding force dFx can be expressed as follows:

dFx ¼ 1

2
ρ2Fpsinθcosθcosψdψ: ð14Þ

Owing to the following expression

dFt ¼ dFxcosθ
dFn ¼ dFxsinθ

�
; ð15Þ

the grinding forces dFx and dFn can be expressed as follows:

dFt ¼ 1

2
ρ2Fpsinθcos

2θcosψdψ

dFn ¼ 1

2
ρ2Fpsin

2θcosθcosψdψ
:

8><
>: ð16Þ

The grinding forces acting on the single-abrasive grain are
as follows:

Fig. 7 Schematic diagram of
single-abrasive-grain grinding. a
Section diagram of single-
abrasive-grain grinding. b Top
view of single-abrasive-grain
grinding
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Fct ¼ ∫
π
2

−π
2

dFt

dψ
dψ ¼ π

4
ρ2Fpsinθcos

2θ ¼ π
4
h
2
Fpsinθ

Fcn ¼ ∫
π
2

−π
2

dFn

dψ
dψ ¼ ρ2Fpsinθcos

2θ ¼ Fph
2
sinθtanθ

;

8>>>><
>>>>:

ð17Þ

where h represents the average chip thickness. Thus, the
grinding force acting on the single-abrasive grain can be writ-
ten as follows:

Fct ¼ π
4

Fpapvw
Nsvsla

cosθ ¼ C1
apvw
Nsvsla

cosθ

Fcn ¼ Fpapvw
Nsvsla

sinθ ¼ C1
4

π

apvw
Nsvsla

sinθ

8>><
>>: : ð18Þ

Where C1 is a constant because different abrasive angles
may cause different working contact conditions, the coeffi-
cients k1 and k2 were adopted to modify the chip formation
force:

Fct ¼ k1
apvw
Nsvsla

Fcn ¼ k2
apvw
Nsvsla

8><
>: : ð19Þ

Friction force prediction model for SiCp/Al composite
According to the grinding principle:

Fft ¼ μδΔp
Ffn ¼ δΔp

�
; ð20Þ

where Δp is the pressure between the contact surface and
sample surface, and μ is the friction coefficient between the
abrasive grain and workpiece. In the high-speed grinding ex-
periment, the friction coefficient μ can be determined by
fitting the measured grinding force.

The average pressure p between the contact and workpiece
surfaces is presented based on [23]:

p ¼ p0V ¼ 4p0vw
dsvs

; ð21Þ

where p0 is a constant that can be determined by fitting the
experimental results.

The friction force components can be expressed as follows:

Fft ¼ 4πa2pp0vwtanθμ= dsvsð Þ
Ffn ¼ 4πa2pp0vwtanθ= dsvsð Þ

(
: ð22Þ

Because different abrasive angles may cause different fric-
tion conditions, the coefficients k3 and k4 are adopted to mod-
ify the friction force:

k3 ¼ 4πp0μ
k4 ¼ 4πp0

�
:

Consequently, the friction force can be expressed as fol-
lows:

Fft ¼ k3a2pvw= dsvsð Þ
Ffn ¼ k4a2pvw= dsvsð Þ :

(
ð23Þ

Cracking force prediction model for SiCp/Al composite In the
grinding process of SiCp/Al composite, the silicon carbide is
sheared by the abrasive grain. As a result, horizontal and ver-
tical cracks can easily occur, and the silicon carbide can easily
break into pieces; thus, the cracking force of silicon carbide
should be considered [24, 25].

According to Griffith’s theory, the change in the potential
energy caused by the debonding damage is related to the vol-
ume fraction of silicon carbide and its material properties [26]:

G ¼ dU
dS

¼ K2 1−v2ð Þ
E

; ð24Þ

K2 ¼ πσ2l; ð25Þ
dS ¼ wdl; ð26Þ

σ ¼ KICffiffiffi
d

p ; ð27Þ

where U is the strain energy, S the interface crack area, K
the stress intensity, E the elastic modulus, v Poisson’s ratio, l
the interface crack length, w the initial interface crack width,
KIC the fracture toughness, and d the size of the silicon carbide
particles.

The initial length li of the interface crack and initial widthw
of the interface crack are assumed to be 1 μm; thus, the strain
energy consumed for fracture can be expressed as follows:

U ¼ ∫
li

l f πwK2
IC 1−v2ð Þ
Ed

ldl: ð28Þ

The fracture fraction of silicon carbide is equal to the vol-
ume fraction [27, 28], and the number of fractured or
debonding silicon carbide particles can be expressed as fol-
lows:

nf ¼ 1

4

3
π

d
2

� �3 v
2
d ; ð29Þ

where vd is the volume fraction of silicon carbide.
According to the energy conservation law, the relationship

between the fracture force and strain energy consumed for
fracture can be expressed as follows:

Fcn

Fcn
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F f ¼ nf Ubap: ð30Þ

Because different abrasive angles may cause different
strain energies, the coefficients k5 and k6 are adopted to mod-
ify the fracture force:

Fkt ¼ k5bap
Fkn ¼ k5bap

�
: ð31Þ

3.1.3 Prediction model for single-abrasive-grain grinding
force of SiCp/Al composite

The single-abrasive-grain grinding force of SiCp/Al compos-
ite consists of the chip formation force, the friction force, and
the cracking force, and different abrasive grain angles may
have different effects on the grinding force.

Based on the chip formation force, the friction force, and
the cracking force prediction model of SiCp/Al composite, the
single-abrasive-grain grinding force prediction model for
SiCp/Al composite can be formulated as:

Fgt ¼ k1
apvw
Nsvsla

þ k3a2pvw= dsvsð Þ þ k5bap

Fgn ¼ k2
apvw
Nsvsla

þ k4a2pvw= dsvsð Þ þ k6bap

8><
>: : ð32Þ

Subsequently, the least squares method is adopted to deter-
mine the best parameters. After fitting, the prediction model
for the single-abrasive-grain grinding force (angle of 90°) of
the SiCp/Al composite can be expressed as follows:

Fgt ¼ 1:959� 102
apvw
Nsvsla

þ 1:398� 105a2pvw= dsvsð Þ þ 0:207bap

Fgn ¼ 2:092� 102
apvw
Nsvsla

þ 2:263� 105a2pvw= dsvsð Þ þ 0:193bap

8><
>: :

ð33Þ

The predictionmodel for the single-abrasive-grain grinding
force (angle of 105°) of the SiCp/Al composite can be written
as follows:

Fgt ¼ 1:671� 102
apvw
Nsvsla

þ 2:289� 105a2pvw= dsvsð Þ þ 0:309bap

Fgn ¼ 2:239� 102
apvw
Nsvsla

þ 3:759� 105a2pvw= dsvsð Þ þ 0:343bap

8><
>: :

ð34Þ

Moreover, that of the single-abrasive-grain grinding force
at a grain angle of 120° can be expressed as follows:

Fgt ¼ 2:463� 102
apvw
Nsvsla

þ 2:799� 105a2pvw= dsvsð Þ þ 0:322bap

Fgn ¼ 3:067� 102
apvw
Nsvsla

þ 4:378� 105a2pvw= dsvsð Þ þ 0:551bap
;

8><
>:

ð35Þ
and that of the single-abrasive-grain grinding force at a grain
angle of 135° can be expressed as follows:

Fgt ¼ 2:815� 102
apvw
Nsvsla

þ 2:834� 105a2pvw= dsvsð Þ þ 0:384bap

Fgn ¼ 4:137� 102
apvw
Nsvsla

þ 4:672� 105a2pvw= dsvsð Þ þ 0:561bap
:

8><
>:

ð36Þ

Fig. 8 Comparison of predicted and experimental grinding forces of
single-abrasive grain. a Tangential grinding force. b Normal grinding
force

Fgn
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3.1.4 Evaluation of prediction model for single-abrasive-grain
grinding force of SiCp/Al composite

Six experiments were conducted to verify the theoretical pre-
diction model for the single-abrasive-grain grinding force of
SiCp/Al composite. Figure 8 compares the predicted and ex-
perimental grinding forces; evidently, the predicted single-
abrasive-grain tangential and normal grinding forces are in
good agreement with the experimental results. Therefore, the
theoretical prediction model can be applied to predict the
single-abrasive-grain grinding force of SiCp/Al composite.

3.2 Grinding force prediction model for SiCp/Al
composite

As demonstrated in Fig. 9, in the traditional grinding force
prediction model, the wheel speed, feed velocity, and grinding
depth are the input parameters. In this study, the grinding
process was regarded as a black box with many grinding fac-
tors such as the dynamic effect and abrasive-grain distribution
in the grinding process; the output is the grinding force.

Moreover, the abrasive-grain angle was removed and
considered from the grinding black box. Figure 10 pre-
sents the grinding force prediction model based on single-
abrasive-grain grinding. Based on the total grinding force
of the SiCp/Al composite, the average single-abrasive-
grain grinding force can be calculated. In addition, based
on the single-abrasive-grain grinding experiments, the
grinding forces of the abrasive grain with angles of 90°,
105°, 120°, and 135° can be determined. The resulting
grinding force has a nonlinear relationship with the exper-
imental average grinding force of the single-abrasive
grain. The SVM prediction method based on PSO can
establish a nonlinear mathematic model, which can be
used to create a grinding force prediction model for the
SiCp/Al composite.

3.2.1 Particle swarm optimisation algorithm

PSO is an evolutionary computational algorithm based on the
behavioural study of bird predation. Its basic idea is finding
the optimal solution through the cooperation and information
sharing among individuals in the group.

Figure 11 shows how the PSO algorithm works.
When an optimisation problem is regarded as a foraging
bird flock in PSO, food is the optimal solution in the
problem, and every foraging bird flying in the air is a
searching particle in the solution space of the PSO
algorithm.

For a search in an N-dimensional space, the information of
the ith particle can be represented by a two-dimensional
vector.

The position of the ith particle can be expressed as follows:

xi ¼ xi1; xi2;⋯xiNð ÞT ;

and its speed is as follows:

vi ¼ vi1; vi2;⋯viNð ÞT :

After finding the two optimal solutions, the particles can
update their speed and position according to the following
relations:

vkþ1
id ¼ vkid þ c1 � randk1 � Pbestkid−x

k
id

� �
þ c2 � randk2 � Gbestkid−x

k
id

� � ; ð37Þ

xkþ1
id ¼ xkid þ vkþ1

id ; ð38Þ
where vkþ1

id is the velocity of the ith particle in the dth dimen-
sion at the kth iteration, and xkþ1

id is the position of the ith
particle in the dth dimension at the kth iteration; if the values
of the c1 and c2 learning factors are feasible, they can acceler-
ate convergence and prevent the PSO from falling into a local
optimum; moreover, Pbestkid is the position of the ith particle
at the individual extreme point of the dth dimension, and

Fig. 9 Schematic diagram of
traditional grinding force
prediction model
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Gbestkid is the position of the entire population at the global
extreme point of the dth dimension.

When the number of reiterations is below the set maxi-
mum, the particle velocity and position are continuously up-
dated to determine the corresponding fitness value. When the
number of iterations reaches the set maximum, the optimal
fitness value is reached: the corresponding particle velocity
and position are the output and considered the optimal
solution.

3.2.2 Support vector machine algorithm

The SVM algorithm is based on statistical learning. By con-
structing the optimal hyperplane, the classification error for
unknown samples is consequently minimised. According to
structural risk minimisation, the SVMminimises the VC con-
fidence by constructing optimal hyperplanes under the condi-
tions of a fixed learning experience risk [29] (Fig. 12).

Moreover, each set of experimental parameters constitutes
a sample dataset x ið Þ; Fif gni¼1; the prediction model can be

expressed as follows:

y xð Þ ¼ yF xð Þ ¼ wTφ xð Þ þ b; ð39Þ

where wT is a vector, φ(x) a high-dimensional space vector
obtained by the nonlinear mapping of the vector x, and y(x) a
hyperplane; the deviation b can be determined as follows:

min R yð Þ ¼ min wk k2 þ μ
1

2
∑
n

i¼1
L yi; yFð Þ

� �
ð40Þ

where L(yi, yRa) is the loss function and μ the penalty coeffi-
cient, which are mainly used to balance the training errors and
model complexity. To ensure high accuracy of the SVM-
based prediction model, a small positive number ε is intro-
duced:

yi−y xð Þj j ¼ Fi−yF xð Þj j≤ε ð41Þ

For the hyperplane, finding the optimal solution means that
the splitting gap is maximal. The slack variables ξ and ξ∗ are

Fig. 10 Schematic diagram of
grinding force prediction model
based on single-abrasive-grain
grinding

Fig. 11 Schematic diagram of
PSO algorithm
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introduced to ensure that the problem has a solution. The
computation process of the optimal solution is as follows:

minR w; bð Þ ¼ min
1

2
wk k2 þ 1

2
μ ∑

n

i¼1
ξi þ ξ*i
� �� �

; ð42Þ

s:t: wTφ xð Þ þ b−yi ≤εþ ξi
yi−w

Tφ xð Þ−b≤ εþ ξi
*

ξi; ξi
*≥0

i ¼ 1; 2;⋯; n

;

which represents a quadratic programming problem.
Therefore, a Lagrange operator is introduced:

L ¼ 1

2
wk k2 þ 1

2
μ ∑

n

i¼1
ξi þ ξ*i
� �

− ∑
n

i¼1
λi εþ ξi−wTφ xð Þ−bþ yi
� �

− ∑
n

i¼1
λi

* εþ ξi
* þ wTφ xð Þ þ b−yi

� �
:

ð43Þ
where λi and λ*

i are Lagrange multipliers. Under the KKT
condition, Eq. 41 can be transformed into a dual optimisation
problem:

min
1

2
∑
n

i¼1
∑
n

j¼1
λi−λi

*� �
λ j−λ j

*� �
k xi; x j
� �

þε ∑
n

i¼1
λi þ λi

*� �
− ∑

n

i¼1
yi λi−λi

*� �
:

ð44Þ

s:t: ∑
n

i¼1

�
λi −λ*

i

	
¼ 0;

0≤λ1;λ
*
1≤μ:

According to Mercer’s condition:

k xi; x j
� � ¼ φT xið Þ⋅φ x j

� �
; ð45Þ

where k(xi, xj) is the kernel function. Because the grinding

process of SiCp/Al composite exhibits significant nonlinear-
ities, the radial basis kernel function is more suitable for this
case.

The Gaussian kernel function is presented below with g as
the width:

k xi; x j
� � ¼ exp −g xi−x j



 

2� 	
: ð46Þ

Then, tangential and normal grinding force prediction
models for the SiCp/Al composite can be deduced using the
same method. They are defined as follows:

yFt xð Þ ¼ ∑
n

i¼1
λ1i−λ*

1i

� �
k1 xi; x j
� �þ b1; (47)

yFn xð Þ ¼ ∑
n

i¼1
λ2i−λ*

2i

� �
k2 xi; x j
� �þ b2: (48)

3.2.3 Support vector machine prediction model based
on particle swarm optimisation algorithm

The PSO algorithm was chosen to optimise the kernel func-
tion width g, punishment factor μ, and sensitivity coefficient
ε. The initial value was randomly chosen, and the maximal
hereditary algebra was set to 200. Moreover, the mean-
squared error between the prediction and experimental values
was adopted as the fitness value; the fitness function E( f ) can
be expressed as follows:

E fð Þ ¼ ∑
n

i¼1
jyi−yF xð Þj ð49Þ

The main steps in the algorithm flow of the PSO–SVM
prediction model are as follows:

(1) The grinding process parameters of the SiCp/Al compos-
ite are normalised and inserted into the model for
training.

(2) Once the initial velocity and position of the particle
swarm are set, the width g, penalty factor μ, and sensi-
tivity coefficient ε are determined for each iteration, and
the PSO algorithm is improved.

(3) The iterated kernel width g, penalty factor μ, and sensi-
tivity coefficient ε are substituted into the training data of
the vector machine, and the predicted value is obtained.
The variance between the prediction and expected values
is used as the individual fitness value.

(4) When the number of iterations does not exceed the max-
imum, the velocity and position of each particle are iter-
ated to generate a new kernel function width g, penalty
factor μ, and sensitivity coefficient ε, and the procedure
is continued to train the SVM model.

(5) Steps (3) and (4) are repeated until the maximal heredi-
tary algebra is reached; the results are the optimal g, μ,
and ε.

Fig. 12 Scheme diagram of SVM optimisation process
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3.2.4 Grinding force prediction model for SiCp/Al composite

In the actual grinding process, the wheel speed, feed
velocity, and grinding depth are determined, and the
abrasive grain action during grinding is random. In this
study, triangular abrasive grains with angles of 90°,
105°, 120°, and 135° were used. Based on the four
predicted abrasive-grain grinding forces at the same
grinding process parameters, the prediction model for
the single-abrasive-grain grinding force was established.

In the single-abrasive-grain grinding experiments, the
grinding depth was set to 0.05–0.15 mm to obtain a
more accurate grinding force. In the multi-abrasive-
grain grinding experiments, the grinding depth was usu-
ally between 0.005 and 0.015 mm, and the single-
abrasive-grain grinding force was calculated with the
prediction model. Thus, the four predicted abrasive-
grain grinding forces can be interpreted as feature rec-
ognition vectors, and the average experimental grinding
force can be calculated by dividing the multi-abrasive-
grain grinding force by the total number of abrasive
grains (result is used as output vector). Moreover, the
SVM prediction model based on the kernel function was
used to predict the multi-abrasive-grain grinding forces
at different grinding process parameters. The main tech-
nique route is shown in Fig. 13.

The grinding wheel can be modelled as a set of
abrasive grains with different properties. Therefore, four
triangular abrasive grains with different angles were
considered, and the obtained corresponding sets of
grinding forces were used as feature recognition vectors
to synthesise the multi-abrasive particles.

The traditional process parameters are the wheel
speed, feed velocity, and grinding depth, which have
limitations regarding the prediction of the grinding
force. In this study, abrasive grain angle was

considered. By integrating all factors, four sets of grind-
ing force recognition vectors can be obtained, and the
multi-abrasive-grain grinding force can be predicted.

Owing to the large number of random factors in the
cutting processes, the grinding forces are considerably
affected by the grinding grain angles. Therefore, grind-
ing can be regarded as training a black box with many
experiments: the forces measured at different single-
grinding grain angles are used as input to predict the
total grinding force in the overall contact area. This
method ensures better prediction precision than the tra-
ditional grinding four-factor prediction model.

In the SiCp/Al composite grinding process, the wheel
speeds were 10, 17.5, 25, and 32.5 m/s; the feed velocities
were 0.3, 0.6, and 0.9 m/min; the grinding depths were 5,
10, 15, and 20 μm; and the shapes of the abrasive grains
were triangular with angles of 90°, 105°, 120°, and 135°.
Table 4 shows the predicted force of single-abrasive-grain
grinding for different grinding process parameters based
on Eqs. 33–36.

After the grinding experiments of the SiCp/Al com-
posite, the number of abrasive grains was calculated,
and the grinding forces of the SiCp/Al composite at
different process parameters were obtained. The
resulting average single-abrasive-grain grinding forces
are listed in Table 5.

Figure 14 illustrates the convergence iteration dia-
gram of the PSO algorithm–based SVM, and the devia-
tion prediction for the test group data is shown in Fig.
14. The residual error converges in the 249th and 800th
steps of the calculation. Once the iterative process is
completed, the optimal parameters of the tangential
grinding force prediction model with single-abrasive
grain can be determined:

g1 ¼ 0:386;μ1 ¼ 199:97; ε1 ¼ 0:01:

Fig. 13 Details of grinding force prediction model for SiCp/Al composite based on SVM–PSO algorithm
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Table 4 Single-grain grinding
force of SiCp/Al composite at
different grinding process
parameters

No. vs (m/s) vw (m/min) ap (μm) Grain angle Single grain Ft (N) Single grain Fn (N)

1 10 0.3 5 90 0.014 0.016

2 10 0.3 5 105 0.017 0.020

3 10 0.3 5 120 0.021 0.028

4 10 0.3 5 135 0.024 0.035

5 10 0.3 10 90 0.022 0.025

6 10 0.3 10 105 0.025 0.031

7 10 0.3 10 120 0.032 0.045

8 10 0.3 10 135 0.037 0.055

… … … … … … …

113 25 0.6 10 90 0.020 0.021

114 25 0.6 10 105 0.022 0.027

115 25 0.6 10 120 0.028 0.039

116 25 0.6 10 135 0.032 0.047

117 25 0.6 15 90 0.027 0.027

118 25 0.6 15 105 0.029 0.035

119 25 0.6 15 120 0.037 0.052

120 25 0.6 15 135 0.043 0.062

… … … … … … …

185 32.5 0.9 15 90 0.029 0.030

186 32.5 0.9 15 105 0.032 0.039

187 32.5 0.9 15 120 0.040 0.056

188 32.5 0.9 15 135 0.047 0.069

189 32.5 0.9 20 90 0.036 0.038

190 32.5 0.9 20 105 0.039 0.047

191 32.5 0.9 20 120 0.048 0.069

192 32.5 0.9 20 135 0.056 0.083

Table 5 Average single-abrasive-
grain grinding forces of SiCp/Al
composite under different
working conditions

vs (m/s) vw (m/min) ap (μm) Total Ft (N) Total Fn (N) Average Ft′ (N) Average FN′ (N)

10 0.3 5 6.57 12.02 0.031 0.052

10 0.3 10 8.78 14.42 0.030 0.048

10 0.3 15 10.46 16.31 0.027 0.044

10 0.3 20 12.99 18.79 0.028 0.043

10 0.6 5 8.13 14.06 0.036 0.063

10 0.6 10 10.33 16.70 0.035 0.053

10 0.6 15 12.92 18.32 0.034 0.048

… … … … … … …

25 0.3 5 5.62 11.81 0.025 0.052

25 0.3 10 7.28 13.29 0.023 0.043

25 0.3 15 8.93 15.21 0.023 0.040

25 0.3 20 10.08 18.03 0.022 0.041

… … … … … … …

32.5 0.6 15 8.84 17.57 0.022 0.047

32.5 0.6 20 10.59 19.97 0.021 0.044

32.5 0.9 5 5.98 13.67 0.028 0.062

32.5 0.9 10 7.05 17.40 0.023 0.056

32.5 0.9 15 8.98 19.98 0.024 0.053

32.5 0.9 20 10.59 21.64 0.023 0.047
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In addition, the optimal parameters of the normal grinding
force prediction model with single-abrasive grain can be com-
puted:

g2 ¼ 0:026;μ2 ¼ 49:79; ε2 ¼ 0:011:

Subsequently, the identified optimal parameters for the
normal and tangential grinding forces are inserted into the
SVM model.

3.3 Evaluation of grinding force prediction model of
SiCp/Al composite

As shown in Table 6, eight groups of experiments were
randomly chosen to evaluate the predicted results. The
tangential force in the single-abrasive-grain grinding
process predicted with the PSO–SVM agrees well with
the experimental values; the relative errors are below
12% (Fig. 15a). In addition, the predicted and experi-
mental normal forces agree well (Fig. 15b).

4 Results and discussion

4.1 Influence of process parameters on single-
abrasive-grain grinding force of SiCp/Al composite

The influence of different process parameters on the
single-abrasive-grain grinding forces for abrasive grains
with angles of 90° is presented in this section; Figs. 16
a–c present the relationships between the single-
abrasive-grain grinding forces of the SiCp/Al composite
and wheel speed, feed velocity, and grinding depth, re-
spectively. For abrasive grains with an angle of 90°, the
normal-to-tangential grinding ratio is approximately 1.

Evidently, the tangential and normal forces in the
single-abrasive-grain grinding process decrease with in-
creasing wheel speed and increase with increasing feed
velocity and grinding depth. In addition, the predicted
normal force and experimental results agree well.

4.2 Influence of grain angle on single-abrasive-grain
grinding force of SiCp/Al composite

Figure 17 shows the influence of different grain angles
on the single-abrasive-grain grinding forces of SiCp/Al
composite. The normal-to-tangential grinding force ratio
for a grain angle of 135° ranges between 1.8 and 2.4.
When the grain angle is 120°, the normal-to-tangential
grinding force ratio is approximately 1.5–1.8. Moreover,
for a grain angle of 105°, the ratio is approximately
1.1–1.5. When the grinding depth is constant, the great-
er the grain angle is, the greater are the tangential force
and single-abrasive-grain normal grinding force.

Fig. 14 Convergence graph of PSO–SVM prediction model. a Tangential grinding force. b Normal grinding force

Table 6 Evaluation of
grinding force prediction
model of SiCp/Al
composite

No. vs (m/s) vw (m/min) ap (μm)

1 18 0.6 8

2 18 0.5 10

3 20 0.6 8

4 18 0.2 6

5 24 0.6 8

6 18 0.4 4

7 30 0.6 8

8 18 0.9 12
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4.3 Influence of process parameters on multi-
abrasive-grain grinding force of SiCp/Al composite

Furthermore, the influences of the different process pa-
rameters on the grinding force were investigated.
Figures 18 a–c show the relationships between the
multi-abrasive-grain grinding forces and wheel speed,
feed velocity, and grinding depth of SiCp/Al composite
processing, respectively. The tangential and normal
forces decrease with increasing wheel speed and

increase with increasing feed velocity and grinding
depth. In addition, the normal multi-abrasive-grain
grinding force of the SiCp/Al composite is slightly
higher than the tangential grinding force (ratio of 1.2–
2.2). In the single-abrasive-grain grinding experiments,
the average angles of the abrasive grains range from 90°
to 135°, and in the multi-abrasive-grain grinding exper-
iments, the average angles of the abrasive grains range
from 90° to 135°. In this grinding parameter range, the

Fig. 16 Influence of process
parameters on single-abrasive-
grain grinding force of SiCp/Al
composite. a vw = 0.6 m/min, ap =
0.1 mm. b vs = 20 m/s, ap = 0.1
mm. c vs = 20m/s, vw = 0.6 m/min

Fig. 15 Comparison of predicted and experimental single-abrasive-grain grinding forces. a Tangential grinding force. b Normal grinding force
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multi-abrasive-grain grinding force of the SiCp/Al com-
posite changes only slightly.

4.4 Roles of theoretical model and PSO–SVM in the
grinding force prediction model

Based on the idea of big data, grinding can be regarded as
training a black box with several experiments. In the grinding
process, the trained black box contains many unknown factors
such as the abrasive-grain distribution, contact conditions, and
dynamic effect. The grinding forces are considerably affected
by the grinding grain angles. In this study, the abrasive-grain
angle effect on the grinding force of SiCp/Al composite was
considered. Therefore, the abrasive-grain angle was excluded
from the black box.

The theoretical prediction model for the single-
abrasive-grain grinding force for the abrasive-grain angle
effect was established first. In the multi-abrasive-grain
grinding experiments, the total abrasive grinding force
can be obtained, and the average single-abrasive-grain
grinding force can be calculated based on the number of
abrasive grains. The grinding force of abrasive grains with
angles of 90°, 105°, 120°, and 135° has a nonlinear rela-
tionship with the experimental average single-abrasive-
grain grinding force. By adopting the PSO–SVM algo-
rithm, the nonlinear relationship between the grinding
force of abrasive grains with angles of 90°, 105°, 120°,
and 135° and the experimental average single-abrasive-
grain grinding forces was determined. Moreover, the
forces measured at different single-grain grinding abrasive

Fig. 17 Influence of grain angle
on single-abrasive-grain grinding
force of SiCp/Al composite. a, b
vw = 0.6 m/min, ap = 0.1 mm. c, d
vs = 20 m/s, ap = 0.1 mm. e, f vs =
20 m/s, vw = 0.6 m/min
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grain angles were used as input to predict the total grind-
ing force in the overall contact area.

For the traditional prediction model of grinding force,
the input parameters are wheel speed, feed velocity, and
grinding depth; here, the abrasive grain angle was consid-
ered and tried to make the grinding black box more clear.
This method ensures better prediction precision than the
traditional grinding force prediction model.

5 Conclusion

(1) In this study, grinding experiments with single-abrasive
grains on SiCp/Al composite were designed and con-
ducted, and a prediction model for the single-abrasive-
grain grinding force was developed to study the influ-
ence of the process parameters and grain angles on the
grinding force of SiCp/Al composite.

(2) Furthermore, multi-abrasive-grain grinding experiments
were conducted under different grinding conditions to
determine the multi-abrasive-grain grinding force, and a
PSO-based SVM prediction method was used to estab-
lish a prediction model for the multi-abrasive-grain
grinding force of SiCp/Al composite.

(3) The error between the predicted and experimental grind-
ing forces is below 12%. Thus, the grinding force pre-
diction model based on the PSO–SVM algorithm can
accurately predict grinding forces of SiCp/Al composite
machining.

(4) The prediction model for the grinding force of SiCp/Al
composite provides theoretical support for the study of
grinding micro-mechanisms.

6 Future work

In this study, single- and multi-abrasive-grain grinding exper-
iments were conducted; in the latter case, the grinding process
was regarded as a black box, which includes the dynamic
effect and other grinding factors. The multi-abrasive-grain
grinding force can be determined based on the single-
abrasive-grain grinding force. In the future, the dynamic effect
and other factors of the abrasive grain in the grinding process
will be removed from the black box (such as the abrasive-
grain angle in this study) to investigate the grinding processes
of materials based on the geometric and dynamic effects more
thoroughly.

Fig. 18 Influence of process
parameters on multi-abrasive-
grain grinding force of SiCp/Al
composite. a vw = 0.6 m/min, ap =
0.014 mm. b vs = 25 m/s, ap =
0.014 mm. c vs = 25 m/s, vw = 0.6
m/min
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