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ARTICLE INFO ABSTRACT

Keywords: SiCp/Al composite is widely used in space shuttle slides, automotive and machine tools. In this paper, ground
SiCp/Al composite surfaces of SiCp/Al composite, obtained with different grinding process parameters, are characterized in terms of
Grinding

friction and wear performances under dry and lubricated conditions. The wear mechanism of SiCp/Al composite
is firstly found the combination of cohesive and abrasive wear, then a method to calculate the wear volume of
SiCp/Al composite is proposed, and a comprehensive wear evaluation system of SiCp/Al composite is estab-
lished, in which the three indicators of friction coefficient, wear depth, and equivalent wear section area are
adopted to evaluate usability performance. The prediction models of the wear indicators were established and
the errors between the experimental and predicted results are within 7%. Finally, the NSGA-II multi-objective
algorithm is used to optimize surface performance of the SiCp/Al composite, and the optimized grinding process
parameters are obtained as the wheel speed of 33 m/s, the table speed of 0.4 m/min and the grinding depth of 9

Friction and wear

pm.

1. Introduction

Innovative materials are being developed to cope with the challenges
of sustainability and increased components durability set by the current
Industry 4.0 framework and environmental sustainability policies, e.g.
the European Green Deal. Cermet, i.e. composites material with a metal
matrix reinforced by ceramic particles, are one of the most appealing
answers to these needs. They are employed both for final components
and coatings to functionalize the surfaces by providing greater hardness
and enhanced tribological properties [1]. Thought, they are hard-to-
machine materials, which challenges grinding and finishing of the sur-
face that is core to control their applications and tribological behavior
[2]. Therefore, they require a thorough characterization [3].

SiCp/Al composite has the characteristics of high thermal expansion
coefficient, low density and high hardness, and is widely used in the
aerospace, military, automotive and machine tools. Surface topography
has great influence on the friction and wear performance in dry condi-
tions, which are becoming increasingly appealing to current industrial
dry machining applications for sustainable processes adoption. It is
meaningful to investigate the friction and wear performance of ground
surface of SiCp/Al composite.

* Corresponding authors.

Many researchers have investigated the manufacturing process of the
SiCp/Al composite. Yin G et al. [4] established the theoretical model of
grinding force and the finite element simulation model of single dia-
mond grain grinding of SiCp/Al composite. They concluded that the
undeformed chip thickness (UCT) has a more significant influence on the
machined surface quality. Liu J et al. [5] proposed a method to realize
the ductile regime machining of the particle and divert away from the
surface defects and improve the surface quality by selecting the cutting
parameters in SiCp/Al composite micro-milling. Zhu C et al. [6] pro-
posed the surface roughness prediction model and adopted the Rapid
Non-dominated Sequencing Genetic Algorithm (NSGA-II) to optimize
grinding process parameters of SiCp/Al composite considering grinding
efficiency and surface roughness. Duan C et al. [7] proved that adding
the minimum quantity of lubrication has good cooling, lubrication, and
fluid flushing effects and is a better method for the machining of SiCp/Al
composite. Zhou L et al. [8] highlighted the relevant role of the fracture
model of silicon carbide particles on surface finishing and the edge
quality. That work provides valuable information for a better under-
standing of the mechanics in the machining of the SiCp/Al composite.
Zhou M et al. [9] carried out rotary ultrasonic grinding experiments of
45% volume fraction SiCp/Al composite to investigate grinding force,
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surface quality, tool wear, and abrasive chip shapes. The related
experimental results indicate that ultrasonic vibration could reduce
grinding force, surface roughness, surface defects and increase the
plastic removal ratio. Huang S et al. [10] found that the critical grinding
depth of ductile-regime removal decreases with the increase of the tip
radius of abrasive grains but increases with the decrease of the volume
fraction of silicon carbide particles. Li J et al. [11] used SEM to analyze
the formation mechanism of typical machined surface defects. They
revealed that the simultaneous increase of cutting depth and feed ve-
locity under the same change of material removal rate enables the
adoption of lower mill-grinding force values.

The surface topography is related to the grinding parameters: when
the feeding velocity and grinding depth are larger, the surface topog-
raphy is more uneven. Yin G et al. [12] found that a common problem is
the formation of voids and delamination on the machined surface in the
grinding of SiCp/Al composite, which is due to reinforced particles
pulling out and aluminum matrix adhesion on the machined surface.
Zhou L et al. [13] indicated that cryogenic cooling is effective in
enhancing the supporting function of the aluminum matrix to the silicon
carbide particles and improving surface quality. Du J et al. [14] dis-
cussed the relevant removal modes and their mechanisms. The experi-
mental results show that the aluminum matrix has larger plastic
deformation, so the aluminum mixed with the surplus silicon carbide
particles is cut from the surface. Zheng W et al. [15] developed a
micromechanics finite element model to simulate the formation mech-
anisms of defects on the machined surface. They found that the cavity
was the main defect on the machined surface. Chen Z et al. [16] showed
that grinding damage can be prevented by silicon carbide particles, and
a 60% volume fraction of silicon carbide particles can limit grinding
depth. Liang G et al. [17] considered that the surface morphology can be
evaluated in terms of the root mean square deviation of three-
dimensional profiles, crushing ratio, and fractal dimension. Huang S
et al. [18] observed the surface morphologies and chip shape after
grinding through scanning electron microscope (SEM). They analyzed
the chips chemical composition through energy density spectrometry
(EDS) and the formation mechanism of different shape chips. Du J et al.
[19] analyzed the removal mode of reinforced particle, aluminum ma-
trix and their influence on the surface topography formation mecha-
nism. They showed that, when the cutting speed increases, silicon
carbide particles break or fracture, but the machined surface becomes
smooth.

Furthermore, many researchers have investigated the wear mecha-
nism. Ramachandra M et al. [20] carried out the microscopic exami-
nations of the worn surfaces, wear debris, and subsurface of SiCp/Al
composite. The results showed that the base alloy wear primarily due to
the micro-cutting. Dimaki A et al. [21] used the FE method to investigate
the influence of adhesive parameters of both external and internal sur-
faces on the wear. It showed that the wear regime changes from slipping
to the brittle fracture of asperities with the increasing adhesion work.
Huang J et al. [22] conducted friction experiments with copper-based
composite materials and copper rings to study the friction properties
of graphite/copper matrix composites. They found that wear was caused
primarily by adhesion, abrasion, and oxidation in the process of me-
chanical wear without current-carrying. Rajeshkumar G et al. [23]
adopted pin-on-disk wear testing machine to study the tribological
performance of the fiber-reinforced composites based on epoxy. They
showed that the presence of fibers in the composites improved the
tribological performance. Wang Y [24] et al. prepared a metal matrix
composite material mixed with alumina and silicon carbide particles by
squeeze casting, it was found that as the content of silicon carbide
particles increases at room temperature, the wear resistance decreases;
when the temperature rises, the wear resistance of the SiCp/Al com-
posite does not increase.

The literature review shows that, although extended research has
been carried out in SiCp/Al composite, the wear mechanism of SiCp/Al
composite compared with pure material is not clear, the wear
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performance and evaluation of SiCp/Al composite when finished under
different grinding parameters need to be investigated more. In this
paper, the grinding surfaces of SiCp/Al composite manufactured with
different grinding process parameters are obtained, then the friction and
wear tests are carried out under the dry and lubricated conditions. The
wear mechanism of SiCp/Al composite is revealed, then a comprehen-
sive evaluation system of SiCp/Al composite is established, the predic-
tion models of wear indicators in the comprehensive evaluation system
were drawn and verified. Finally, the grinding process parameters are
optimized based on friction and wear performance of SiCp/Al
composite.

2. Methodology

In order to investigate the grinding performance of SiCp/Al com-
posite obtained with different grinding process parameters, the meth-
odology is shown in Fig. 1, which includes five key points:

Firstly, the workpiece of SiCp/Al composite is ground with different
grinding process parameters by grinding machine tool.

Secondly, the friction and wear tests of the ground surface are carried
out under dry and lubricated conditions.

Thirdly, the friction and wear mechanism is investigated by SEM and
EDS analysis.

Fourthly, a comprehensive evaluation system of SiCp/Al composite
is established. Friction coefficient, wear depth, and equivalent wear
section area are adopted to evaluate usability performance.

Fifthly, the prediction models of wear indicators are drawn and
verified, the optimized grinding process parameters are obtained.

2.1. Experimental material

The SiCp/Al composite for the friction and wear experiments has
been produced by Xi'an Chuangzheng New Material Co., Ltd. by die-
casting process. The matrix is aluminum alloy A356.2. The reinforce-
ment particles are silicon carbide particles, with a volume fraction of
about 65%, and an average diameter of 60 pm. The density, thermal
diffusivity, thermal conductivity and elastic modulus of the considered
material are shown in Table 1. Fig. 2 shows the surface morphology of
SiCp/Al composite; the size of the samples for grinding is 40 x 40 x 10
mm, cut by wire saw cutting.

2.2. Experimental apparatus

As shown in Fig. 3(a), a Schleifring grinder (Schleifring K—P36
Compact, Germany) was used to grind SiCp/Al composite. A resin dia-
mond grinding wheel with the characteristics summarized in Table 2
was used.

After the workpieces of SiCp/Al composite are ground, the SEM
(Hitachi, S-3400N, Japan) in Fig. 3(c) is used to observe and analyze the
surface topography of SiCp/Al composite, the grinding surface is
measured by the roughness instrument (Landtek, SRT-200, China),
which is shown in Fig. 3(d). Friction properties have been measured by
reciprocating ball on plate tests, carried on by an Anton Paar, TRB
tribometer (Laboratory of Mechanics at Politecnico di Torino, Italy),
shown in Fig. 3(b). A 10 mm alumina ball was used as counter-body to
wear out the composite samples during friction tests. Friction tests were
performed in dry and lubricated conditions. For the lubricated condi-
tion, Mobile Jet oil II was distributed evenly on the surface of the
workpiece with the aid of a precision pipe, as much to cover the whole
surface. This oil is used for airplane gearboxes; it is a combination of a
highly stable synthetic base fluid and a unique chemical additive
package.

After the friction test of alumina-SiCp/Al composite, the SEM
(Hitachi, S-3400N, Japan) and EDS (EDAX, APOLLOX, USA) in Fig. 3(c)
is used to observe and analyze the surface topography of SiCp/Al com-
posite. For calculating the wear volume, surface topography measuring
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Fig. 1. Methodology of grinding performance of alumina-SiCp/Al composite.

Table 1

Material properties of SiCp/Al composite.
Parameter Value
Thermal conductivity/W/(m-K) 226.4
Diffusivity/mm?/s 90.105
Density/g/cm® 2.97
Heat capacity/J/(g-K) 0.846
Elastic modulus/GPa 190

W

Ny B2
Ripinym alloy?>7

Fig. 2. Surface morphology of SiCp/Al composite.

instrument, i.e. optical topographical microscope, was used to measure
the worn topography. The instrument used is a Zygo NewView 9000, a
coherence scanning interferometry, shown in Fig. 3(e), hosted in the
laboratory of Politecnico di Torino, Italy.

2.3. Experimental process

2.3.1. Grinding experiment

According to the design requirements of the center combination, the
experimental program contains 3 factors and 3 levels. Let x; be the
wheel speed v, x2 be the feed speed v, and x3 be the grinding depth aj,.
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The range of v; is 15-35 m/s, the range of v, is 0.3-0.9 m/min, and the
range of a, is 5-15 pm. Let s_1, So, s1 denote the —1, 0, and 1 levels of
each processing variable, that are encoded as:

Si — Soi

X =
i Ai

7i:172?37 (l)

where x; is the variable code, s; is the machining variable parameter, so;
is the O level of the grinding parameter variable, and A; is the range of
the current parameter. The coding table of grinding parameters is shown
in Table 3:

The orthogonal response experiment design method was used based
on Central Composite Surface Design (CCF): 15 groups of experiments
were designed, as shown in Table 4.

2.3.2. Friction and wear test of SiCp/Al composite

As for the friction and wear test of SiCp/Al composite under different
grinding process parameters, the total sliding distance was 2 m, the
sliding frequency was 2 Hz, the amplitude oscillations 12 mm, the
friction load was 5 N. Each sample was tested three times keeping the
sliding direction always perpendicular to the grain direction. Both the
friction ball and the sample surface were cleaned with the ethyl alcohol
before tests. During the friction and wear test, the load was applied by
dead weights placed on the pin, and the tangential friction force
generated at the ball-sample interface was measured through an LVDT
sensor sensing the displacement of a calibrated spring. The a priori
vertical load knowledge allows calculating the friction coefficient as:

(2

The friction data are processed through the Tribological software to
obtain the friction curves and average values. Bright filed observation
under the optical microscope was exploited to analyze the worn region
and explain the wear mechanisms. Finally, the surface topography of the
worn regions were measured and the wear volume calculated based on
the algorithm proposed in Section 4.
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(d)

Fig. 3. Experimental apparatus of friction and wear test.

Table 2
Parameters of the grinding wheel.
Parameter Value
Type Resin diamond wheel
Diameter/mm 300
Thickness/mm 30
Concentration 100%
Diamond particle size 280#
Table 3
Coding table of grinding parameters.
Factor Parameters and unit Level
-1 0 1
A Wheel speed vy/m/s 15 25 35
B Feed speed v,,/m/min 0.3 0.6 0.9
C Grinding depth a,/pm 5 10 15
Table 4
Grinding parameters of SiCp/Al composite.
No. vs/(m/s) v/ (m/min) a,/pm x1 X2 X3
1 15 0.9 15 -1 1 1
2 15 0.3 10 -1 -1 1
3 15 0.9 5 -1 1 -1
4 15 0.3 5 -1 -1 -1
5 15 0.6 10 -1 0 0
6 35 0.3 15 1 -1 1
7 35 0.9 15 1 1 1
8 35 0.6 10 1 0 0
9 35 0.9 5 1 1 -1
10 35 0.3 5 0 -1 -1
11 25 0.6 15 0 0 1
12 25 0.3 10 0 -1 0
13 25 0.9 10 0 1 0
14 25 0.6 5 0 0 -1
15 25 0.6 10 0 0 0
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3. Friction and wear mechanism of SiCp/Al composite
3.1. Wear mechanism of SiCp/Al composite in dry friction test

A typical friction coefficient curve in the dry friction process (v; = 35
m/s, vy = 0.3 m/min, a, = 10 pm) obtained by the software of the Anton
Paar tribometer is shown in Fig. 4(a). The friction coefficient curve
fluctuates greatly between positive and negative values because of the
linear alternating motion. The maginified area shows that friction co-
efficient value fluctuates severely in the steady-state part of each stroke.
As the frcition process continues, the ground surface will be more
smooth, and the friction coefficient will decrease. The initial friction
coefficient is closely related to the surface topography and adpoted as
the friction coefficient in this paper.

Fig. 4(b) shows a typical worn surface of the alumina ball during the
dry friction process against a SiCp/Al composite. The surface of the
alumina ball is severely damaged during the dry friction test because of
the strong abrasive action of the composite. The black matter inside the
contact region is debris of the SiCp/Al composite welded onto the sur-
face of the alumina ball. With the increase of friction time, wear on the
surface of the alumina ball area gradually increases.

Fig. 5(a-b) shows friction surface of SiCp/Al composite at different
magnifications under the optical microscope. Wear traces break original
grinding lines on the sample surface with an irregular surface inside
which cavities are visible corresponding to the silicon carbide particles
expulsion sites. The elemental spectrum of the local area is analyzed by
EDS (EDAX, APOLLOX, USA) in Fig. 5(b), as shown in Fig. 5(c). It can be
found that silicon carbide particles are mostly in the wear area, and the
content of Si element increased which further illustrates the debonding
of silicon carbide and aluminum alloy.

Wear grooves aligned to the sliding directions are also visible inside
the wear tracks, suggesting a dominating abrasive mechanism during
the interaction. Abrasion is likely generated by the ploughing effect of
both the hard sphere and the free silicon carbide particles at the contact
interface. The black adhered material on the alumina ball is oxidized
aluminum from the composite matrix due to the low hardness of the
aluminum alloy and high hardness of alumina; when the alumina
touches alumina, a cohesive mechanism is dominating. Therefore, the
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wear mechanism of alumina-SiCp/Al composite is the combination of
cohesive and abrasion mechanism.

3.2. Wear mechanism of SiCp/Al composite in lubricated friction test

Fig. 6(a) shows the friction coefficient curve of SiCp/Al composite in
the lubrication friction process (vs = 35 m/s, v, = 0.3 m/min, a, = 10
pm). In lubricated friction tests, the friction coefficient has a lower
average steady state value during each stroke The area @ and @ in Fig. 6
(a) show that the friction curve has slightly lower fluctuations.

Fig. 6(b) shows a typical wear area on the alumina ball. Due to the
presence of lubricating oil, the wear of the alumina ball is much less
severe than that in dry conditions and, even though the size of the worn
region is similar. However, compared with the dry friction condition, no
welded debris on the ball surface is visible inside the contact region and
the worn surface appeared smoother.

The following three interactions occur during the friction between
the alumina ball and the workpiece: the furrowing of the rough peak, the
adhesion of the rough peak, and the furrowing of the wear debris
remaining on the surface. When the lubricating fluid fills the workpiece
surface and the cavities, the wear debris remaining on the surface is
taken away, the adhesion of the rough peaks is significantly reduced,
and the furrowing effect of the rough peaks is basically dominated. In
the process of furrowing with rough peaks, due to the characteristics of
surface cavities, the interior of the cavities is soaked with lubricating
fluid. During the friction process, the surface of the alumina can be kept
coated with lubricating fluid, thereby reducing the furrows of rough
peaks effect.

Fig. 7(a-b) shows the micromorphology of the friction surface of
SiCp/Al composite. Due to the presence of lubricating oil, the surface
wear of the SiCp/Al composite is significantly reduced compared with
dry friction conditions. The elemental spectrum of the local area in Fig. 7
(b) is analyzed by EDS (EDAX, APOLLOX, USA), as shown in Fig. 7(e),
(f), the elemental energy spectrum is similar to the elemental energy
spectrum of the original SiCp/Al composite material. The silicon carbide
particles are not significantly damaged, and the aluminum alloy is
slightly damaged.

3.3. Comparison of wear mechanism of SiCp/Al composite in dry and
lubricated friction test

Adhesive wear and abrasive wear are the most common wear type.
The resulting topographies are particularly complex, and their quanti-
tative characterization is challenging [3,25,26]. Abrasive wear is char-
acterized by the presence of obvious scratches or furrows on the worn

Journal of Manufacturing Processes 76 (2022) 796-811

surface, and the worn debris is strips or chips. Conversely, surface
generated by adhesive wear features fine scratches, significant material
transfer, and wear debris are mostly flakes. The two relatively sliding
surfaces undergo plastic strain under the action of friction, the surface
oxide film is broken, the fresh metal surface is exposed to the surface,
and the molecular force causes the surface to be welded.

If the external force is greater than the binding force, the external
force will cause shear fracture [27]. Shearing occurs on the side with
lower strength, while the metal surface with higher strength will adhere
to the metal material on the opposite surface, and material transfer will
occur. Some attachments can fall off the metal surface during repeated
friction, forming wear debris.

In this work, the wear mechanism is going to be illustrated at the
three wear stages considering microscopic change.

There are three wear stages for the friction process of alumina-SiCp/
Al composite, namely, running-in stage, stable wear stage, and severe
wear stage.

3.3.1. First stage: running-in stage

The alumina ball starts to touch with aluminum alloy and silicon
carbide particles. In this stage, aluminum alloy starts to experience shear
plastic deformation, silicon carbide particles start to generate crack.

3.3.2. Second stage: stable wear stage

The debris of aluminum alloy occurs and starts to adhere to the
surface of alumina. The wear rate increases and aluminum alloy causes
adhesive wear; some silicon carbide particles cause crack and cause
abrasive wear. The cracks then expand under the high pressure, and
some interfaces of aluminum alloy and silicon carbide particles start to
fail.

3.3.3. Third stage: severe wear stage

With the increase of wear depth, the alumina ball adheres to
aluminum alloy more severely. The friction area is enlarged, some sili-
con carbide particles are cracked while some are pushed outside the
friction area, debris is generated in the whole friction process.

In the dry friction process, the wear rate increases from running in
stage to severe wear stage, debris is generated in the whole friction
process. In the lubricated friction process, due to the presence of lubri-
cating oil, compared with dry friction conditions, there is no visible
debris on the surface of the alumina ball in the contact area. The running
in stage is very long; therefore, the wear of alumina ball and SiCp/Al
composite is slight compared with that in the dry friction process.
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Fig. 6. Friction coefficient curve and worn surface of alumina ball in the lubricated friction process ((a) Friction coefficient curve (b) Worn surface on alumina ball).
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4. Evaluation method for wear volume of alumina ball and SiCp/
Al composite

4.1. Surface topography reconstructed by point cloud

The bilinear interpolation algorithm was adopted to draw the con-
tour map [28], to segment the point cloud measured by the surface
topography measuring instrument Zygo NewView 9000 in the labora-
tory of Polytechnic of Turin. A diagram of the bilinear interpolation
algorithm is provided in Fig. 8.

Sim,n) Sim+1,n)

a(f (mn+ 1)— f(m,n) <_|

f(m,y) o——re0

J (m,y))

Sfim+1,y)
B(f(m+1,y)—

Jim,n+1)

Fig. 8. Bilinear interpolation algorithm.

Sim+1,n+1)

802

The value of f(x,y) was calculated based on four neighboring points
in the bilinear interpolation algorithm, and the coefficients o« and $ could
be determined by Eq. (3):

The value of f(m,y) was calculated by the bilinear interpolation of f
(m,n) and f(m,n +1) in Eq. (4):

fm,y) =f(m,n)+alf(m,n) —f(m,n+1)]. 4)

The value of f{m + 1,y) was calculated by the bilinear interpolation
of flm + 1,n) and f(m + 1,n + 1) in Eq. (5):

f(m+1,y) —fm+1,n+1)]. (5)

The value of f(x,y) can be calculated by the bilinear interpolation of f
(m,y) and f(m + 1,y) in Eq. (6):

Fx,y) =f(m,y) +plf(m+1.y) —f(m,y)]. (6)
Therefore, Eq. (5) was substituted into Eq. (6), and Eq. (7) was
obtained:

fx,y) =f(m,y)+Blf (m+1,n)
—f(m,n)—f(m+1,n+1)].

a=x—m
p=y—-n’

3

=f(m+1,n)+alf(m+1,n)

—f(m,n)|+ap[f(m+1,n)+f(m,n+1)
@
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For the grinding surface point cloud, the wear track surface topog-
raphy could be segmented conveniently by means of the bilinear inter-
polation algorithm.

4.2. Closed contour area in contour map

The authors formerly proposed the comprehensive evaluation system
of cavity features of the SiCp/Al composite [28], the surface cavity has
the feature like a hole, which has small width and large length. In this
research, the wear area has the feature of small length and large depth.
The proposed algorithm is modified in this paper, and the specific pro-
cess is as follows.

Fig. 9(a) illustrates an example of constructing a wear surface, Fig. 9
(b) illustrates the contour map of the wear surface. The surface topog-
raphy has the similar feature of a cavity: a deep cavity at the center, and
a gradually descending surrounding area.

The total length of the wear track is L, which is split into n parts, the
contour corresponding to the length ; is:

L 2L iL nL

L=t =" = L= ®)
I’l n n

Then, the assemble Q of the contour is:

Q:{q(Ll)vq(L’l)7"'7Q(Ln) }7 (€)]

, q(lp) are the contours corresponding to
I, they have the similar shape with the

where q(ly), ql2), ...
different lengths LI, ...,
rectangular.

Fig. 10(b) depicts one closed contour in the contour map of Fig. 10
(a), where A is the left point, B is the right point, C is the bottom point, F
is the projection of A on the x axis, the abscissa of F is xy, E is the pro-
jection of B on the x axis, and the abscissa of E is x;,. The upper part is the
line AB, while the lower part is the line CD. The area S; is defined as
equal to Sypgp, the area S is defined as equal to Sacpper, and the closed
contour area S = Sacpp = S1-S2. The calculation process of S is provided
in Eq. (10):

n

> (5 —x) (i +YJ)/2

s=""

*Z Xit1 — y1+l +y:)/2

where x; is the abscissa of the point on the upper curve AB, from xy to
Xy, and X; is the abscissa of the point on the lower curve ACDB, also from
Xo to Xp.

For the length L;, the section contour corresponding to this length can

(10)
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be divided into k parts, the maximum of each wear height can be
calculated. Then, the average value of section contour, corresponding to
different lengths, can be considered as the wear height, and can be
expressed as:

> Max(hiy, hiz, .., hi)

H==: ) 11
n

The wear volume can be calculated based on the integration algo-
rithm. The total wear volume V can be expressed as:

V=Y SAL. 12)
i=1

When the n is large enough, the wear volume can be transformed
into:

L

= / S;dL. 13)

0

Equivalent wear section area S is defined as the wear volume V
divided by the friction length L:

S=1 a4

The Zygo NewView 9000 surface topography measuring instrument
was used to collect the point cloud of the surface, then the point cloud
was reconstructed by the bilinear algorithm. Fig. 11(a), (b) demonstrate
the wear contour map of SiCp/Al composite and section view of wear
topography when the wheel speed v; is 35 m/s, the feed velocity v,, is 0.3
m/min, and the grinding depth a, is 10 pm. The three wear tracks,
corresponding to the replicated experiments, can be found in the point;
the volume of each can be calculated according to the proposed
algorithm.

Based on the above algorithm, the three indicators of friction coef-
ficient, wear height, and equivalent wear section area can be obtained to
indicate the wear degree of SiCp/Al composite.

5. Prediction model of wear indicators in friction process of
alumina-SiCp/Al composite

In the following part, wear indicators for SiCp/Al composite surfaces,
obtained with different grinding parameters, are investigated. Because it
is difficult to obtain the wear height and section area of SiCp/Al com-
posite in lubricated condition, which are too small, the relationship
between wear indicators and grinding parameters in lubricated

45 16
40 Direction 14
35 12
30 10
Yimm 25 8
20
6
15
4
10
5 2
0
5 10 15 20 25
XImm

(b)

Fig. 9. Principal of constructing a wear surface ((a) An example of constructing a wear surface (b) Contour map of the wear surface in (a)).
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Fig. 11. Wear contour map and section view of SiCp/Al composite in dry
friction process ((a) Wear contour map of SiCp/Al composite (b) Section view of
wear topography in (a)).
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(b)

Fig. 10. Calculation process of area S ((a) An example of constructing a wear contour (b) One closed contour in (a)).

condition is not obvious. Therefore, in this section, prediction model of
wear indicators of alumina-SiCp/Al composite in dry friction process is
established.

5.1. Wear indicators of alumina-SiCp/Al composite in dry friction process

Friction and wear performance is significant for the application
guidance of SiCp/Al composite. The comprehensive evaluation system is
important for the friction and wear performance of SiCp/Al composite.
In fact, the traditional evaluation indicators like surface roughness,
surface profile height cannot express usability adequately. A compre-
hensive evaluation system of SiCp/Al composite is proposed, in which
friction coefficient, wear height, and equivalent wear section area are
considered.

5.2. Friction and wear indicators of alumina-SiCp/Al composite in dry
friction process

5.2.1. Friction coefficient of alumina-SiCp/Al composite in dry friction
process

Response surface methodology is a statistical test method that relies
on the design of experiment to explore the empirical relationship be-
tween continuous responses and (test) input factors [29]. It is often
exploited to optimize manufacturing processes with respect to one or
several responses [30].

Tribometer Demo 8.1.5 software was used to analyze and obtain the
friction coefficient curve, whose absolute average was considered as
friction coefficient. The least-squares estimation of each coefficient in
the standard regression equation of the friction coefficient in the dry
friction process is determined with the software Design Expert 8.0 in the
Table 5, it can be found the p value of the quadric regression model is
less than 0.0001, which means there is a significant relationship be-
tween the friction coefficient and grinding parameters.

Thus, a prediction model for the friction coefficient is established
with wheel speed, feed velocity and grinding depth as variables:

pt = 0.585 — 0.021v, +0.07v,, +0.00149a, + 0.0155v,.a, +0.00037+2.  (15)
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Table 5

Quadric regression model of friction coefficient x4 in the dry friction process.
Model Sum of squares Mean square Probability F value p-Value

0.091 0.018 50.04 <0.0001

Vs 4.813E-003 4.813E-003 13.21 0.0027
Vw 0.046 0.046 125.63 <0.0001
a, 0.029 0.029 80.17 <0.0001
Vi ap 4.340E-003 4.340E-003 11.92 0.0039
v 7.011E-003 7.011E-003 19.25 0.0006
Residual 5.099E-003 3.642E-004
Lack of fit 3.928E-003 4.364E-004
Cor total 0.096

5.2.2. Wear height and section area of SiCp/Al composite in dry friction
process

Wear height and equivalent wear section area are two important
indicators to assess wear properties of the SiCp/Al composite. The least
squares estimation of each coefficient in the standard regression equa-
tion of the wear height in the dry friction process is obtained using the
software Design Expert 8.0 in the Table 6. It can be found the p-value of
the whole model is less than 0.0001, which means there is a statistically
significant relationship between the wear height H in the dry friction
process and grinding parameters.

Thus, a prediction model of wear height H in the dry friction process
is established in Eq. (16):

e 18.98 + 0.367v, — 0.259v,, + 0.329a, — 0.015v,v,,

16
—0.0139v7 + 0.223v,v7, (16)

Each coefficient in the standard regression equation of the equivalent
wear section area S in the dry friction process is determined with the
software Design Expert 8.0 in the Table 7, the p value of the quadric
regression model is less than 0.0001, which means that the relationship
between the equivalent wear section area S in the dry friction process
and grinding parameters is significant.

Thus, a prediction model of equivalent wear section area S in the dry
friction process is established in Eq. (17):

§ =5.389 — 0.126v, — 0.035v,, — 0.182a, + 0.00726v,a,

17
+0.211v,a, — 0.00649v,v,.a, + 0.00142v?v,, — 0.00651v,V2. a7

The residuals' normal probability plots of friction coefficient pre-
diction model are shown in Fig. 12(a-b). The points are almost in a line;
thus, it can be concluded that the prediction models of friction coeffi-
cient are suitable. Similar conclusions can be drawn for wear height and
equivalent wear section area, from the residuals of the related prediction
models that are shown in Fig. 12(c-d) and (e-f), respectively.

5.3. Validation of prediction model of wear indicators of alumina-SiCp/
Al composite

Six experiments are conducted randomly to validate the prediction
model of wear indicators. The grinding parameters of SiCp/Al composite
are shown in the Table 8, and the experiments are conducted in the dry

Table 6

Quadric regression model of wear height H in the dry friction process.
Model Sum of squares Mean square Probability F value p-Value

149.49 18.79 31.74 <0.0001

Vs 50.90 50.90 66.10 <0.0001
Vw 33.06 33.06 42.92 <0.0001
a, 27.10 27.10 35.19 <0.0001
VsV 4.60 4.60 5.97 0.0295
v 5.96 5.80 7.74 0.0155
Vv 17.17 17.17 22.29 0.0004
Residual 10.01 0.77
Lack of fit 10.01 1.25
Cor total 156.68
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Table 7
Quadric regression model of equivalent wear section area S in the dry friction
process.

Model Sum of squares Mean square Probability F value p-Value
4.94 0.62 56.22 <0.0001
A 0.11 0.11 10.06 0.0089
Vi 0.093 0.093 8.44 0.0143
a, 0.21 0.21 19.32 0.0011
vs*ay 0.23 0.23 20.64 0.0008
V' 0.043 0.043 3.92 0.0734
VsV ta, 0.060 0.060 5.47 0.0392
Vs Vi 0.068 0.068 6.16 0.0305
Y 0.20 0.20 18.28 0.0013
Residual 0.12 0.020
Lack of fit 0.12 0
Cor total 5.06

friction process.

The wear indicators of surface roughness, friction coefficient, wear
height and equivalent wear section area are calculated and compared
with the prediction of the related models obtained in Section 4.1 (see
Fig. 13). The absolute error between the predicted and experimental
results is within 7%, which proves that the prediction model of wear
indicators of SiCp/Al composite is feasible [31], and can be applied in
the actual prediction of wear indicators in the industry.

5.4. Influence of grinding process parameters of SiCp/Al composite on
wear indicators of SiCp/Al composite

5.4.1. Influence of grinding process parameters on friction coefficient in dry
and lubricated friction process

The broken line in Fig. 14(a—c) shows the influence of grinding
process parameters on the friction coefficient in dry friction process, the
surface friction coefficient of SiCp/Al composite grinding increases with
the increase of the feed speed and grinding depth, but decrease with the
increase of the wheel speed.

Generally speaking, the correlation between the friction coefficient
and the wheel speed is less than the grinding depth and the feed speed.
When the grinding wheel speed range is between 15 and 35 m/s, the
feed speed range is 0.3-0.9 m/min, the grinding depth is between 5 and
15 pm, the SiCp/Al composite grinding surface has different degrees of
cavities characteristics. Due to the cavities characteristics, the friction
coefficient is increased during the dry friction process, and the wear of
SiCp/Al composite and alumina pellets worsens.

The bar graph in Fig. 14(a—c) shows the influence of grinding process
parameters on the friction coefficient under lubricating friction condi-
tions. It can be found that the friction coefficient in the dry friction
process is greater than the friction coefficient in the lubrication friction
process, and the relationship between the friction coefficient and the
grinding process parameters in the lubrication process is different from
that in the dry friction process.

When a lubrication is present, the cavity stores the lubricating fluid,
and the contact friction coefficient between the cavity surface and the
alumina surface is greatly reduced, thus reducing the process of the
cavity being smoothed. On the other hand, during the lubricated friction
process of the small ball, alumina sometimes contacts the SiCp/Al
composite plane for regular friction, and sometimes performs uncon-
ventional friction with the concave surface. In the process of uncon-
ventional friction with cavity surface, the surface of almina ball can be
coated with lubricating fluid once and once again by the lubricating
fluid storing in the cavities, thus the friction coefficient is small, which
can reduce the flatting process of cavity surface and conventional
surface.

5.4.2. Influence of grinding process parameters on the wear height and
equivalent wear cross-sectional area in dry and lubricated friction process
Fig. 15(a—c) shows the influence of grinding process parameters on
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Table 8
Grinding parameters of SiCp/Al composite.
No. vs/(m/s) Vy/(m/min) a,/pm

1 15 0.4 15
2 35 0.7 12
3 25 0.9 8
4 15 0.3 6
5 25 0.6 6
6 35 0.8 5

the wear height and equivalent wear cross-sectional area in the dry
friction process. The trend of the wear height and the equivalent wear
cross-sectional area and the grinding process parameters is such that the
equivalent wear section area increases with the increase of the feed
speed and the grinding depth; the wear height and the equivalent wear
section area do not change much.

The performance of SiCp/Al composite is of great significance for
practical applications in industry. The correlation between the wear
height and equivalent wear cross-sectional area of SiCp/Al composite
and the grinding wheel speed is less than the grinding depth and the feed
speed. When the grinding wheel speed ranges from 15 m/s to 35 m/s,
the feed speed ranges from 0.3 m/min to 0.9 m/min, the grinding depth
ranges from 5 pm to 15 pm, the grinding surface of SiCp/Al composite
has different degrees of cavity characteristics. Due to the cavity char-
acteristics, the frictional heat aggravates the wear of SiCp/Al composite
and alumina pellets during the dry friction process. Then the cavities on
the grinding surface of the SiCp/Al composite are gradually smoothed,
the friction surface gradually becomes flat-curved.

Compared with dry friction process, the wear height and equivalent
wear cross-sectional area of SiCp/Al composite in the lubricated friction
process are significantly reduced. It is difficult to obtain the specific
value. The relationship between wear indicators and grinding parame-
ters in lubricated condition is not obvious. The grinding surface is prone
to generate cavity features. Due to the cavity characteristics, the lubri-
cating fluid can often be stored, which is beneficial to the friction per-
formance improvement of the grinding surface. During the friction
process, the friction coefficient of lubrication has been improved to a
certain extent, which is conducive to reducing the wear degree.

Therefore, as for the lubricated friction process, the friction co-
efficients of grinding surfaces change not obviously when the grinding
process parameters are within these ranges. As for the dry friction pro-
cess, in the range of these grinding process parameters, the friction co-
efficients, the wear heights and equivalent wear cross-sectional areas of
grinding surfaces change obviously, it is meaningful to optimize the
grinding parameters based on wear indicators.
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5.5. Optimization of grinding process parameters of SiCp/Al composite

5.5.1. Grinding parameters of SiCp/Al composite based on wear indicators

The NSGA-II algorithm was proposed on the basis of the non-
dominated sorting genetic algorithm (NSGA) [32]. On the basis of the
non-dominated sorting genetic algorithm (NSGA), it accelerates the non-
dominated sorting process and introduces the concept of crowding de-
gree operator. In addition, the core operator of the algorithm includes
the elite selection operator. The basic core idea is to use the quick sorting
operator to stratify the population. Then the crowding degree operator
can be used to keep the excellent individuals until the next iteration,
which greatly improves the algorithm speed and accuracy.

A vector f(}}) = (fl ()}) ,f; ()}) 7--~,;‘n ()}) ) composed of N target
components f; (i = 1,2,3, ...,n), given two decision variables: }}u, }}V eU.
Ifvie {1, -~-,n},ﬁ-<)§u>‘ <fl-()zv>, then )Eu dominates )Ev;

If Vi € {1,--,n}, fi()fu) gfi()f‘,), and at least one j € {1,---,n},
ﬁ()fu) = ﬁ()zv), then )Eu weakly dominates )E,,;
If 3i € {1,~,n}, ﬁ()?u). <fi()fv), aje{1,---,n}ﬁ(§u),>ﬁ(iv),

then )Eu does not dominate X;V;

If a solution X;u is a Pareto solution, no )}V € U dominates X;u.
The specific process of NSGA-II non-dominated sorting genetic al-
gorithm is shown in Fig. 16, it includes three aspects:

(1) Initialize the population, generate N individuals according to the
setting, and become the initial parent population, use the fast
non-dominated operator to sort in the population;

(2) Calculate the degree of individual congestion, determine its level
by the congestion degree, select the appropriate individual to put
into the mating pool through the selection operator, perform
operations such as crossover and mutation on the individual to
generate the next generation of population;

(3) Repeat the above process with the obtained individual as the new
parent through the elite selection operator, and finally, reach the
termination condition.

5.5.2. TOPSIS decision method

In the process of multi-objective optimization, the optimal solution
needs to be selected from the feasible solution set. The TOPSIS decision
method is used to take such a decision on the Pareto optimal solution set
in the NSGA-II algorithm. In the process of decision-making, different
objectives need to be processed without reference to their dimensions, so
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Fig. 13. Comparison of experimental and predicted wear indicators.
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Fig. 14. Relationship between friction coefficient and grinding process parameters of SiCp/Al composite ((a) vs and a, (b) v; and v, (c) v, and ap).

that the dimensionality of the target space is unified [33].

The TOPSIS decision-making method adopts dimensionless method.
The target matrix composed of points on the Pareto frontier is repre-
sented by fj;, where i represents each point on the Pareto frontier, and j
represents the dimension of the target space. Therefore, the target ma-
trix is defined as:

X;j

m ’
2
Z Xij
i=1

As shown in Fig. 17, in the TOPSIS decision-making process, the ideal
point is that each objective function has reached the optimal value, and
the non-ideal point is that each objective function has reached the worst
value. In fact, the ideal point and the non-ideal point do not exist. The
distances between each point on the Pareto front and both the ideal
point and the non-ideal point are used as the selection criterion for the
optimal solution:

myj=1,... (18)

fi= i=12,.. .

diy (19

() (20)

j=1

where d;, is the distance from each point on the Pareto front to the
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ideal point, d;_ is the distance from each point on the Pareto front to the
non-ideal point, n is the number of objective functions, fji is the optimal
value of the j-th objective function under a single objective, f" is the
worst value of the j-th objective function under a single objective.
A comprehensive evaluation function Y; is established:
_ d

Y,' .
diy +di_

2D

The solution that minimizes Y; is selected as the optimal solution

(22)

iﬁnal =1 S max(Y,), i= 1, e

,m.

5.5.3. Optimization of grinding process parameters based on wear
indicators

In the industrial manufacturing process, the friction and wear per-
formance is important for the actual application of the SiCp/Al com-
posite. Friction coefficient, wear height and equivalent wear section
area are important indicators. Considering the grinding time and energy
consumption, the grinding efficiency should be as higher as possible.
Some constraint conditions should be considered, to balance the friction
and wear performance and grinding efficiency. For the grinding process
parameters, the constraint conditions are:

15m/s < vy < 35m/s
0.3 m/min < vy < 0.9m/min .
Spum < a, < 15ym

(23)
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In the grinding process of SiCp/Al composite, b is the thickness of the
grinding wheel, and the grinding efficiency Q can be expressed as:

0= bapvvw 24)

When the grinding process parameters are within this range, the
normalized function of grinding efficiency Q is:

! 1/Q71/dex
1 =
/Q l/Qmin_l/Qmax

Based on the prediction model of wear indicators of SiCp/Al com-
posite in Egs. (15), (16) and (17), the normalized function of wear in-
dicators are:

(25)

w= w7 (26)
Hmax — Hmin
, H — Hpy;
H=——"" 27
Hmax - Hmin’ ( )
! S - Smin
S =—"--—. 28
Smax - Smin ( )

For the equivalent wear section area and wear height, the hybrid
function is established to reflect wear degree, which is shown in Eq. (29):

W =0.5H +0.55. (29)
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Fig. 15. Relationship between wear height and equivalent wear cross-sectional area and grinding process parameters of SiCp/Al composite ((a) v; and a, (b) vs and v,
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The non-dominated sorting algorithm (NSGA-II) was used to opti-
mize the grinding process parameters of SiCp/Al composite. The three
target function is Egs. (26), (27) and (29) respectively. With the help of
the mathematical tool software MATLAB 2019b, the NSGA-II algorithm
is used for multi-objective optimization. The related parameter settings
are shown in Table 9.

Results of the TOPSIS decision method are shown in Fig. 18. The
genetic algorithm computed the best grinding process parameters that
ensure the lowest wear indicators and the highest efficiency in the
grinding process of SiCp/Al composite. The optimum grinding process
parameters are shown in Table 10.

The lowest friction coefficient, the highest grinding efficiency are
obtained when wheel speed is 33 m/s, with a table speed of 0.4 m/min
and a grinding depth of 9 pm. The optimized grinding parameters are
input into the Response Surface prediction model to verify the optimized
wear indicators of SiCp/Al composite [30]. It is found that the predicted
results are consistent with the experimental results in Table 11, within
the acceptable error of the prediction model.

6. Conclusion
(1) The friction and wear tests of alumina-SiCp/Al composite are

carried out; the dominant wear mechanism of SiCp/Al composite
is the combination of cohesive and abrasive wear.
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Table 9

Table of NSGA-II algorithm parameters.
Parameter name Set value
Population 600
Connection pool size 200
Maximum number of iterations 500
Cross distribution index 20
Variation Distribution Index 20

(2) A comprehensive evaluation system of SiCp/Al composite is
established, in which the three indicators of friction coefficient,
wear height, and equivalent wear section area are adopted to
evaluate the usability performance.

The comprehensive evaluation system's prediction models of

wear indicators were established and verified, and the absolute

(3)
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Fig. 18. Prediction convergence of SiCp/Al composite grinding pro-
cess parameters.

Table 10
Optimized grinding parameters.

Grinding parameters Optimized results

Wheel speed v;/m/s 33
Table speed v,,/(m/min) 0.4
Grinding depth a,/pm 9

Removal rate V/(mm®/s) 1.8

Table 11

Experimental and predicted results with optimized grinding parameters.
Wear indicators Experiment Predicted Error

results results (%)
Friction coefficient u 0.407 0.392 3.78
Wear height H/mm 19.163 18.367 —4.33
Equivalent wear section area S/ 2.197 2.379 7.65
mm?

error between the predicted and experimental results is within
7%.

(4) NSGA-II multi-objective algorithm is adopted to optimize the
friction and wear performance of the SiCp/Al composite, the
optimized grinding process parameters are obtained as the wheel
speed of 33 m/s, the table speed of 0.4 m/min and the grinding
depth of 9 pm.
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