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Abstract This paper presents a systematical study on poly-
crystalline diamond (PCD) tool performance during high-
speed milling of high volume fraction (65 %) and small size
(nominal size 10 μm) SiC particle-reinforced aluminum,
which is rarely reported before. The influence of milling
parameters (milling speed and feed rate) and PCD particle
size on tool wear were investigated. The results indicated that
the tool wear increased dramatically with the milling speed,
and it was not suitable to mill the material above 300 m/min
for the industrial application. Larger feed rate could achieve
larger removed volume before VC reached 0.6 mm, while the
pattern reverses in terms of milling time. The optimized PCD
particle size is 10μm. Themainwearmodes of PCD tool were
flank wear and crater wear, and the wear mechanism was
analyzed by scanned electronical microscope (SEM), laser
scanning microscope (LSM), and Raman spectroscopy.

Keywords Aluminum-matrix composites .Milling . Tool
wear . Surface roughness . Chip

1 Introduction

Silicon carbide particle-reinforced aluminum-matrix compos-
ites have been proven superior to conventional materials in
terms of high strength to weight ratios, low sensitivity to
temperature variations, high stiffness, and wear resistance
[1]. These superior properties make this class of material
attractive to a wide spectrum of application in the aerospace,

automotive, electronics, and medical industries [2]. However,
due to the presence of hard SiC particles in the aluminum
matrix, machining SiCp/Al composites is encountered with
extremely rapid tool wear, thereby increasing tool cost and
aggravating the surface integrity. These materials are classi-
fied as the difficult-to-machine materials. Although many
engineering components made from SiCp/Al composites are
produced by the near net shape forming and casting processes,
final machining and finishing processes are generally still
required to fabricate a MMC component to the final dimen-
sions [3]. Therefore, a widespread industrial application of
SiCp/Al composites will not be achieved without appropriate
solution to the machining problem.

The machinability of SiCp/Al composites has drawn great
academic and scientific attention over the last several decades.
Ciftci et al. [4] carried out machining tests on two levels of SiC
particles with different mean particle sizes and results indicat-
ed that reinforcement particle size and its weight fraction
together with the cutting speed were found to be the major
factors affecting the tool wear. Weinert and König [5] found
that although cutting speed increased from vc=100 m/min
using cemented carbide to vc=500 m/min using polycrystal-
line diamond (PCD) tool, the wear decreased. And tool wear
was less when using coarser grained PCD for turning an
aluminum alloy with 18 % volume fraction. Davim [6, 7]
conducted an experiment on machining composite A356/20/
SiCp-T6, included both turning and drilling operation, and
obtained the correlation between the cutting force and tool
wear. The results indicated that the force information could be
an indirect method of monitoring the tool wear. Hung et al. [8]
validated several tool wear models and concluded that
roughing with uncoated WC inserts and then finishing with
PCD tools was the most economical way in machining SiC-
reinforced MMCs. Quan and Zhou [9] conducted experiment
on cutting 15 wt% SiCp/Al composites and concluded that the
cutting composites reinforced by coarse SiC particles required
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tools with high hardness, and conventional tools were
only adaptable to cut composites reinforced by fine SiC
particles. Pedersen and Ramulu [10] used TiCN/TiN-coat-
ed carbide cutting tools to study the finish machining of a
silicon carbide particle-reinforced magnesium metal ma-
trix composite and observed that a greater depth of cut
reduced the amount of tool wear for a given volume of
material removed. Li and Seah [11] investigated the effect
of reinforcement phases on the machinability characteris-
tics of SiCp/Al composites and concluded that increase
volume fraction and average size of the reinforcement
phase in MMCs would increase tool wear. The results
agree with the conclusions drawn by Ozben et al. [12].

Generally, the majority of the published research focuses
on turning of SiCp/Al composites with low volume fraction of
reinforcement, i.e., less than 30 %. However, there is a large
application of these materials with high reinforcement content
in electric packaging such as in satellites due to its low heat
expansion and high heat conductivity [13]. In addition, a large
portion of the materials in the components are supposed to be
removed by milling due to the higher processing efficiency,

smaller cutting force, lower surface temperature, and better
surface quality. Recently, Huang et al. [14] and Bian et al. [15]
carried out tests on high-speedmilling of high volume fraction
56 and 65 %, respectively. The SiC particle size in their
research was relatively large (60 μm).

To the best of the authors’ knowledge, the papers about
high-speed milling of high volume fraction SiCp/Al com-
posite with small SiC particle size are rarely reported before.
Therefore, the primary objective of this paper is to present
an experimental study on PCD tool performance during
high-speed milling of the material. First, experimental pro-
cedure and materials are introduced in Section 2. Then, in
Section 3, experimental results and analysis are presented
which includes wear curves, surface quality, tool life curve,
wear pattern, and mechanism. Finally, the discussion about
measurement, temperature, and particle size is proposed for
the future research.

2 Experimental design and procedure

2.1 Materials

High-speedmilling tests are conducted on SiCp/Al composite,
which is composed of Al6063 aluminum matrix and SiC
particle reinforcements and fabricated by vacuum infiltration

Fig. 1 Microstructure of the SiCp/Al composites

Fig. 2 Chemical element identification of the machined surface

Table 1 Properties of SiC/Al composites

Properties Value

Thermal conductivity (W/mK) 160–200

Coefficient of thermal expansion (10−6/K) 7–9

Density (g/cm3) 3.1

Elastic modulus (GPa) 130

Passion ratio 0.3

Tensile strength (MPa) 500

Average size of SiC particles (μm) 10

Volume fraction of SiC (%) 65

Table 2 Milling conditions

Items Contents

Insert holder R217.69-1020.RE-09.2AN (SECO)

PCD grain size (μm) 1, 10, 25

Tool diameter (mm) 20

Operation Down milling

Cutting condition Dry milling

Cutting speed (m/min) 100, 300, 400,500

Feed rate (mm/z) 0.025, 0.05, 0.075, 0.15

Axial depth of cut (mm) 0.2

Radial depth of cut (mm) 10
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method. The microstructure and chemical element identifica-
tion are shown in Figs. 1 and 2, respectively. The dark poly-
hedral SiC particles with sharp corners instead of round ones
are surrounded by bright aluminum matrix. The details mate-
rial properties are listed in Table 1.

2.2 Equipment setup

Themachining tests are carried out on aDMU80monoBLOCK
five-axis machining center. Due to the high hardness and severe
abrasive characteristics of SiC particles, PCD tools are the most
suitable tool material for the machining of SiCp/Al composites
[6, 16]. Therefore, the study only focuses on the performance of
PCD inserts for the practical requirement. Single-factor exper-
iments are performed for the study on the influence of cutting
speed, feed rate, and PCD grain size on tool wear andmachined
surface roughness, and the milling conditions are listed in
Table 2.

2.3 Experimental procedure and tool wear measurement

A schematic photo of tool wear test during milling process is
demonstrated in Fig. 3. The initial size of workpiece is
150 mm×10 mm×20 mm. Since the removed volume of
SiCp/Al composite is more valuable than milling time in
practical production, all the horizontal axis in the tool wear
curve are recorded as path number and each path, as shown on

the top surface of workpiece, has a fixed volume of the
removed metal, i.e., 150 mm×10 mm×0.2 mm=300 mm3.
In order to avoid the intersection of the side wall, the milling
tool moves 10 mm perpendicular to feed direction after each
path. In other words, a whole lay of workpiece is removed in
10 paths. All the wear curves in this paper are not as flank
wear curve in the ordinary sense which is plotted as a function
of cutting time. However, the curve can demonstrate a clearer
pattern of the tool performance with respect to the removed
volume of the materials from workpiece. Except for the tests
on the influence of PCD grain size, the PCD grain size of all
the PCD tools is 10 μm.

All tool wear tests are conducted on single-flute PCD insert
accompanying by a balance insert, and the latter insert does
not participate into cutting process during the tests, as shown
in the magnified photo in Fig. 3. The tools are examined by
Zeiss Optical Microscope Discovery V12 after each
predetermined cutting action until they fail. According to the
practical production requirement, the machining accuracy is
an important issue. In order to avoid excessive deformation
during the milling process, all the axial depth of cutting in the
tool wear tests is fixed at 0.2 mm which is similar to the
practical milling parameter. The radius of tool noses is
0.8 mm and the tool wear occurrs at the tool nose. The shape
of the wear area appears to be an inverted triangle below the
corner of the tool, which partially includes the major flank and

150mm

Cutting direction

One path

Cutting InsertBalance Insert

Fig. 3 he schematic photo of tool wear test during milling process

PCD blade

Tool nose

Carbide substrate

Fig. 4 A sample of PCD insert

Fig. 5 The schematic picture of VC measuring method

Fig. 6 The influence of milling speed on tool wear
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the minor flank. It indicates that serious radius and flank
wear occurred in the PCD tool. Therefore, only maximum
wear VC (wear land width of the flank at the tool corner)
is recorded which is similar to the record method in [9]
and [17]. A sample of the cutting insert and typical
schematic of VC measure method are shown in Figs. 4
and 5, respectively.

At the end of each tool wear test, the tool wear character-
istics are examined by scanned electronical microscope
(SEM), laser scanning microscope (LSM), and Raman spec-
troscopy. The machined surface roughness measurements are
taken in feed direction by a TR240 surface roughness tester,
and the final results are obtained by averaging the values from
five locations under each milling condition.

3 Experimental results

3.1 Wear curves

The milling speed has a significant influence on tool perfor-
mance according to Fig. 6. When milling speed is 400 m/min
or higher, the tool wear curve soars with the increasing paths
number without a uniform wear period. However, the wear
curve experiences a uniform wear period within 90 milling

paths when milling speed reduces to 300 m/min. Therefore, it
is not suitable to mill SiCp/Al composite at a milling speed of
400 m/min or higher. The main reason is that the increasing
speed will exaggerate the abrading action of SiC particles
against the cutting tool, thereby reducing tool life. In addition,
the heat generated at high speed can be detrimental to both the
bonding strength and the hot hardness of the tool, which can
lead to the decrease of the wear resistance. The result is in
agreement with the early studies by [18] and [19].

The tool wear reduces when feed rate increases from 0.025
to 0.15 mm/z, as demonstrated in Fig. 7. This is consistent
with the result reported by [20–22]. According to the analysis
by [16], this trend can be attributed to two reasons as follows:
(1) when cutting fixed volume material, high feed rate can
reduce the contact between the cutting edge and abrasive SiC
particles; (2) high feed rate can acquire high thermal temper-
ature in cutting area which makes the workpiece soft, and then
the SiC particles tend to be pressed into the workpiece rather
than cut through. Therefore, almost all the researchers recom-
mend that feed rate should be as high as possible if it can
produce an acceptable surface finish. However, it is worth
pointing out that the variation and amplitude of the periodi-
cally varying milling force during intermittent cutting process
increases with feed rate, which makes the brittle PCD tools
more vulnerable to fracture. Therefore, when choosing a
higher feed rate value, it should be guaranteed that the severe
problem of tool fracture does not occur. In addition, the
surface finish deteriorates with an increase in feed. Larger
feed results in more damage and also a greater damage depth
into the material [23, 24]. Therefore, the surface quality
should also be considered when larger feed is chosen in the
milling process.

In terms of PCD particle size, the tool with 1-μm-
diameter PCD particle does not experience a uniform period
and VC value reaches 0.6 mm at around 38 path number, as
shown in Fig. 8. As for the tool with 10-μm-diameter PCD
particle, the value of path number is around 132 when VC
value reaches 0.6 mm, which is almost three times larger
than that of 1 μm. This can be attributed to the fact that PCD

Fig. 7 The influence of feed rate on tool wear

Fig. 8 The influence of PCD particle size on tool wear
Fig. 9 The variation of machined surface roughness in different milling
speed
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with larger diamond particle normally exhibits better abra-
sion resistance. As the particle size increases further to
25 μm, the PCD particles are supposed to be pulled out
during machining more easily, and the machine tool starts to
experience vibration after 80 milling paths. Therefore, the
optimal PCD grain size is 10 μm in the tests. Lane [19] also
studied the performance of different PCD tools’ grain size
and pointed out that there was an optimal PCD size for the
tool which is 25 μm in his research and further increase in
PCD grain size did not benefit the tool life, but rather caused
significant deterioration in the surface roughness. The dif-
ferent optimal PCD sizes can be attributed to the different
volume fractions and particle sizes of SiC which is out of the
research scope in this paper.

3.2 Surface quality and tool life curve

In order to define an appropriate tool life criterion, i.e., the
allowable tool wear value before tool rejection, the influence
of path number on the machined surface roughness is inves-
tigated, as shown in Fig. 9. With the increase of the milling
path number, all the curves in Fig. 8 witness a dramatic drop of
surface roughness prior to reaching a low-surface roughness
state. There is vast difference among the durations of low-
surface roughness state for different milling speeds, and only
at 300 m/min, there is the longest and stable low-surface

roughness state. Since each new tool wear test started with
the poor machined surface generated by the last worn tool and
a layer of whole surface can be removed in 10 paths, all the
surface roughness value are quite high in the first 10 paths. In
the meantime, it is worth mentioning that generally when the
VC value reaches around 0.6 mm, the surface roughness starts
to experience a dramatic increase. Therefore, the effective tool
life could be determined based on the following criteria: (1)
VC reaches 0.6 mm and (2) excessive chipping/fracture of the
cutting edge occurs.

In the conventional representation of the tool life curve, the
log-log scale is utilized in both horizontal and vertical axial so
as to achieve an approximate curve in the form of linear
function. In this way, tool life curves at different milling
speeds and feed rates are shown in Fig. 10 based on the
abovementioned tool life criterion, i.e., VC=0.6 mm. In order
to get more accurate results, each figure includes one more
point based on two new tool wear tests. Tool life decreases
dramatically when milling speed increases which consistent
with the pattern of tool wear curve. In terms of feed rate, tool
life curve witnesses a moderate decrease with the increasing
feed rate. It is interesting to find that if the tool life is consid-
ered in terms of milling time, a different pattern experiences
for feed rate. This apparent contradiction might cause confu-
sion to the consumers and clearly warrants an explanation. An
approach based on rewriting the Taylor equation is a good

(a) Tool life vs. milling speed                (b) Tool life vs. feed rate 

Fig. 10 Taylor Tool life curves for high speed milling of SiCp/Al composite. a Tool life vs. milling speed. b Tool life vs. feed rate

100μm

B

Chipping

100μm 20μm

A

20μm

(a) Flank face           (b) Magnification A        (c) Rake face           (d) Magnification B 

Fig. 11 Micrographs of worn tool with 1-μm particle size at VC=0.867 mm. a Flank face. b Magnification A. c Rake face. d Magnification B
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solution and the details can be found in [25]. In order to
calculate the tool life at different milling speeds and feed rates,
tool life equations are achieved by using least square fitting
technique, which are shown:

T ¼ 1010:32vc
−3:50R2 ¼ 0:97 ð1Þ

T ¼ 100:76 f z
−0:87R2 ¼ 0:84 ð2Þ

3.3 Wear pattern and mechanism

Typical micrographs of the worn tool with 1-, 10-, and 25-μm
particle sizes are shown in Figs. 11, 12, and 13, respectively,
laser scanning microscope. According to these photos, the
prominent failure modes in milling SiCp/Al composite are
flank and crater wear. Micro chipping can be witnessed on
cutting edge, but it is not severe in the worn tools, as shown in
Figs. 11c and 13c. However, the scenario is quite different
from the report by [15], in which microchipping and cleavage
were witnessed on the tool tip and the tool corner geometry
has totally changed due to the wear on tool tip, although the
fraction volume of SiC particle is the same. The main reason
can be attributed to the different cutting tools and reinforce-
ment size. Specifically, the cutting tool is monocrystalline
diamond in [15] and its crystallographic orientation is fixed,
while PCD tool in these tests is constituted of numerous tiny
diamonds and its crystallographic orientation is random.

Therefore, PCD tool has a high hardness (slightly less than
monocrystalline diamond), while its toughness and bending
strength are higher than monocrystalline diamond according
to [26], making microchipping rarely occurred in the test.
Furthermore, the SiC particle size in this test is relatively
smaller (10 μm) than that of [15] (60–80 μm). Research by
[9] indicated that when SiC particle is coarse, it is difficult for
the tool to press the SiC particles into the chip or the machined
surface due to the large resistance of the matrix. Coarse SiC
particles are more likely to turn, break, and fall out which
make them scratch on cutting edge more intensively, thereby
leading more microchipping in their tests.

In terms of the flank wear, deep grooves parallel to cutting
direction can be witnessed on all the three tools, as shown in
Figs. 11b, 12b, and 13b, which serve as the typical evidence
for abrasive wear. Since the hardness of PCD (8000 HV) is
much higher than SiC (3000 HV), the groove phenomenon is
unexpected. However, almost all the research on tool wear
during cutting SiC-reinforced composite observed abrasive
wear on the flank surface. It could be attributed into two main
reasons: (1) highly frequent impact and scratch by SiC under
high temperature and stress and (2) three-body abrasive wear
due to the detached grain PCD from tool and SiC from
workpiece. In addition, due to the high temperature and pres-
sure in tertiary cutting zone, the adhered aluminummatrix can
be observed on the flank surfaces as well. However, the
adhesive wear is not obvious in the flank surface from the
images.

In terms of the rake wear, the results from EDS analysis
indicate that the rake surface near cutting edge is covered by
aluminum matrix. In the meantime, the wear region near the

100μm 20μm 100μm

C

D
20μm

(a) Flank surface       (b) Magnification C     (c) Rake surface        (d) Magnification D

Fig. 12 Micrographs of worn tool with 10-μm particle size at VC=1.032 mm. a Flank surface. b Magnification C. c Rake surface. dMagnification D

100μm 20μm

Chipping

100μm

E

F
20μm

(a) Flank surface        (b) Magnification E          (c) Rake surface     (d) Magnification F

Fig. 13 Micrographs of worn tool with 25-μm particle size at VC=0.481 mm. a Flank surface. bMagnification E. c Rake surface. d Magnification F
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cutting edge is quite rough, as shown in Figs. 11d, 12d, and
13d. Therefore, the one wear mechanism can be attributed to
adhesive wear. The adhered phenomenon can be more clearly
observed in 3D image as shown in Fig. 14. However, the
grooves are not obvious in the all three (d) images which are
unexpected. In order to provide more information about the
rake surface, SEM is utilized to analyze the micromorphology
around B, D and F in larger magnification as shown in Fig. 15:

In Fig. 15a, the rake surface is eroded by NaOH solution
and the aluminum material is removed. It is interesting to find
that there are many pits at the similar size (1μm) of PCD grain
on the wear land, which can be attributed to the pull out of the
PCD grain. As for Fig. 14b, c without erosion, although
aluminum material can still be observed on the rake surface,
there are obvious deep grooves on it, which can serve as the
evidence of abrasive wear. The wear process of the rake
surface can be described as a cycle consisted of three parts:
(1) the new surface is scratched by the hard SiC and detached
PCD, thereby generating grooves along cutting direction; (2)
due to high temperature and pressure in the milling process,
the grooves will be covered by aluminum material soon when
milling operation continues; (3) the adhered aluminum mate-
rial is scratched by SiC and detached PCD, which can lead to
the pull out of PCD grain. Then the rough surface will be
covered soon again by aluminum material and the cycle goes
on and on.

Since PCD tool tends to experience diamond-graphite
phase transformation during high-speed milling, Raman spec-
troscopy was utilized to study the phenomenon on a rake
surface of worn PCD tool cutting. As shown in Fig. 16, there
is a sharp peak around 1338 cm−1 before transformation,
which indicates that the diamond content is quite high. How-
ever, the peak vanishes on the worn rake surface which means
that almost all the diamond on the measured point trans-
formed. In the meantime, it is interesting to find that there
are obvious two peaks (1340 and 1580) indicating that the
diamond-graphite phase transformation occurred. The results
can be attributed to two reasons: (1) The high temperature
occurred during high-speed milling, especially when the tool
wearing occurred. (2) The metal catalyses exist on rake sur-
face, Co as the binding material of PCD tool and Cu as a
component from the workpiece. The research by [27] indi-
cates that copper is the most active for diamond-graphite
phase transformation among Ni, Co, Fe, and Ti.

4 Discussions

In terms of VC measurement, it is worth pointing out that
when VC becomes large as milling test continues, the adhered
alumnium film can occur on the flank surface and it exerts
great influence on measuring VC value due to the

20μm

50.0μm

40.0μm

30.0μm

20.0μm

10.0μm

0.0μm

Rake surface Rake surface Rake surface

Background 

Cutting edge
Cutting edge

Cutting edge

Background Background 20μm 20μm

(a) 1μm particle size       (b) 10μm particle size         (b) 25μm particle size 

Fig. 14 The 3D morphology of the worn rake surfaces. a 1-μm particle size. b 10-μm particle size. c 25-μm particle size

Eroded by NaOH solu�on

(a) Magnification B             (b) Magnification D         (c) Magnification F 

Fig. 15 Micromorphology of worn rake surface by SEM. a Magnification B. b Magnification D. c Magnification F
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corresponding difficulty in distinguishing the boundary.
Therefore, the accuracy of the wear curve versus path number
can be improved if the influence can be eliminated. Research
by [17] indicated that the flank wear band-width after etching
was in 30 % smaller than that before etching. In addition, two
of the tool wear curves stopped recording before VC reached
0.6 mm in the tool wear tests since the vibration of machine
tool is out of the normal working range. It is of great value to
explore the dynamic feature of the machine tool when high-
speed milling the material in the future.

In terms of the temperature during the milling process, it is
important to estimate the value since it plays an important role
in the diamond-graphite phase trsansformation. As it is known
to all, it is quite difficult tomeasure it accurately through direct
experiment methods, some researchers have already explored
several new approaches. Ge et al. [26] utlized a theoretical
method to estimate the teperature at the interface based on the
chip mrophology and the increased temperature could be
derived as 505 °C. In their research, the fraction volume of
the reinforcement is relatively low (15 %) and the chip was
achieved through ultra-precision turning. However, if the
fraction volume increases to 65 % and the workpiece is
machined by milling rather than turning, the chip is helical
and fragile which makes it extremely difficult to achieve the
metallographic preparation. The finite element method tech-
nique is another promising approach. However, there are a
vast number of obstacles. First, it is not appropriate to treat the
SiCp/Al composite as an equivalent homogenous material
properties, which means that the model should include the
material properties of SiC particle and aluminiummatrix at the
same time. Second, the interface properties between particle
and matrix is still an uncertain field which necessitates further
investigation. In addition, since the milling processing is
mainly accomplished by tool corner (axial depth of cutting
is 0.2 mm and the radius value to tool corner is 0.4 mm), the
model can not simplizfied into plain-strain model, and only
3Dmodel is suitable, thereby increasing the complexity of the
model dramatically.

In terms of the PCD grain size, the individual tools in this
test has a fixed size, such as 1 or 25 μm. It is acknowledged

that the coarse diamond exhibits greater abrasion resistance
and hardness than that of fine diamond, while it usually suffers
from relatively low toughness and rough cutting edge. In order
to achieve the optimal comprehensive performance of the
PCD tool, a promising directions is to combine diamond
particle of different sizes (for example, 1 and 25 μm) in the
mixture to increase the diamond packing density [28]. It is
worth exploring the research on the performance of the mix-
ture size PCD tools milling SiCp/Al composite in the future.

5 Conclusions

PCD tool performance during high speed milling of SiCp/Al
composite is experimentally investigated in this paper. The
volume fraction is 65 % and particle nominal size is 10 μm.
The following conclusions can be drawn from above analysis:

For the sake of both machining quality and economy, high-
speed milling under a milling speed of 300 m/min with a tool
refreshment criterion of VC=0.6 mm is reasonable. By com-
bining with a feed rate less than 0.075 mm/z, a satisfactory
machining surface with Ra≤0.4 μm is produced during the
whole tool life. It deserves special attention that higher milling
speed is followed by shorter tool life and higher frequency of
tool replacement.

PCD grain size plays an important role in tool performance.
The coarser of the PCD grain, the higher of the abrasion
resistance and hardness, whereas the lower of the toughness.
Due to the high hardness and frequent impact effect of SiC
particles, an optimized PCD grain size is 10 μm, which is on
the same level of the nominal size of SiC particles.

The dominated tool wear modes in milling SiCp/Al com-
posite are flank wear and crater wear. In terms of flank face,
the main wear mechanism is abrasive wear; while in terms of
rake surface, the main wear mechanisms are abrasive and
adhesive wear. In addition, the results measured by Raman
spectroscopy indicate that diamond-graphite phase transfor-
mation occur in the rake surface as well. The phenomenon of
microchipping is not severe in PCD tool during all the tests.
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