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Abstract
Ultraprecision machining of metal matrix composites (MMCs) is observed as a scientific challenge, due to their hard-to-machine
property and often the poor surface finish. This paper presents an experimental investigation on surface generation in ultrapre-
cision machining of Al/B4C/50p MMCs. The machining trials using straight flute polycrystalline diamond (PCD) tools are
conducted on a high precision micro milling machine. Side milling is adopted under varied cutting conditions. Metrology
assessments on the workpiece surface roughness, topography, texture and defects/features are undertaken using a ZYGO 3D
surface profiler and a scanning electron microscope (SEM). Experimental results indicate that process parameters and their
contributions play essential roles in the machining process. By applying the optimal process parameters, e.g. cutting speed of
188.496 m/min, feed rate of 10 μm/rev and axial depth of cut of 150 μm, a better surface generation with surface roughness Ra <
20 nm can be obtained in ultraprecision machining of Al/B4C/50p particulate MMCs.

Keywords Ultraprecision machining . Micro milling . Metal matrix composites . Polycrystalline diamond tools . Surface
roughness

Nomenclature
ANOM Analysis of means
ANOVA Analysis of variance
DOC Depth of cut
MMCs Metal matrix composites
PCD Poly-crystalline diamond
S/N Signal to noise ratio
SEM Scanning electron microscope
Yi Experimental value of surface

roughness in the ith test
n Number of replications

1 Introduction

In the last few decades, particle reinforced metal matrix com-
posites (MMCs) have been increasingly developed.
Incorporation of the reinforced particles enhances the physical
and mechanical properties of MMCs including higher adhe-
sive, abrasive, diffusion wear resistance, thermal stability, im-
proved hardness and stiffness [1, 2]. With these distinctive
characteristics, MMCs have been applied to replace the con-
ventional materials in various high precision engineering areas
such as armoury, nuclear, aerospace, automotive, marine, and
medical engineering, etc. [3, 4]. With increasing demands on
high-performance MMCs and functional products, precision
machining of MMCs and its machinability assessment have
become bottleneck issues and thus drawn extensive attention
in engineering industries. The workpiece surface roughness,
material removal rate and the tool wear and tool life are es-
sential in machinability assessment, especially for high preci-
sion engineering applications, which are heavily dependent on
the machining accuracy, surface quality, production efficiency
and costs. Ultraprecision machining of particle reinforced
MMCs is observed as an even higher challenge both scientif-
ically and technologically due to their complex micro-
structure and hard-to-machine property. Although various
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non-traditional processes have been attempted on machining
MMCs to even produce parts with intricate shape and profiles
[5], the processes are normally inefficient and often limited.
The conventional machining process is still indispensable dur-
ing finish machining [6].

Substantial research has been undertaken on machining
processes and surface generation in ultraprecision machining
of MMCs. Karabulut et al. [7] present an experimental inves-
tigation on the surface roughness in micro milling of B4C/Al
MMCs. In this study, the best surface roughness can be ob-
served at high milling speed, and the lowest feed rate under
dry cutting conditions on Al6061 reinforced with 15 wt%
B4C. Karabulut [8] also contributes to the optimization of
surface roughness in Al2O3 MMC milling process. The
ANOVA results indicate that the most effective control factor
is feed rate, followed by cutting speed and depth of cut.
Moreover, Bian et al. [9] found that the surface roughness
around 0.1 μm Ra, by using small parameters in the range
of a few micro-meters, can be obtained in precision milling
of SiCp/Al composites. However, the high surface roughness
and deterioration and defects of the machined surface signif-
icantly affect the functional performance of engineering com-
ponents, which is becoming one of the major reasons limiting
the widespread application of MMCs in precision engineering
industries. In addition, little research is focused on ultrapreci-
sion machining or micromachining of B4C/Al MMCs; its ma-
chinability is less understood as being progressed so far.

In this paper, a systematic experimental research is carried out
to investigate the surface generation in ultraprecision machining
of particle reinforced MMCs. The well-designed experimental
trials on Al/B4C/50pMMCs using polycrystalline diamond tools
are performed to investigate the effects of cutting process vari-
ables, particularly for the cutting speed, depth of cut and feed
rate, on the machined surface roughness, surface morphology
and surface texture. Moreover, contribution percentage of these
variables are analysed accompanying with adjusting process pa-
rameters so as to achieve better surface quality.

2 Experimental trials

2.1 Experimental setup

Figure 1a illustrates the schematic of the micro milling experi-
mental setup. The experiments are conducted on a KERNHSPC
2825 micro milling machine featuring high accuracy, high pre-
cision and high dynamic performance. This enables the dynamic
effects of the machine tool and cutting tool can be reduced to a
minimum during the machining processes. Al/B4C/50p MMC
workpiece is performed in these experiments. Figure 1b shows
the micro-structure of MMCs. The B4C particles with 5-μm
particle size are evenly distributed in the matrix materials. Due
to the high volume fraction of reinforced particles and their

extremely high abrasive properties, polycrystalline diamond
tools are performed better than other tools consistently and wide-
ly applied in MMCmachining [10, 11]. Two straight flutes PCD
end mill with a diameter of 10 mm and a cutting edge radius
around 1.7μm shown in Fig. 1c are performed in the experimen-
tal work. In addition, the PCD end mill used in the experiment
has a 0° rake angel and 15° clearance angle. A schematic of the
machining process is shown in Fig. 1d. Properties of the MMCs
used in this research are shown in Table 1. In order tomonitor the
machine vibration and identify the dynamic response of tool and
workpiece system, a MicroSense 5810 capacitance sensor and a
PCB 352C33 piezotronics accelerometer are mounted on the
spindle and workpiece, respectively, during micro milling
processes.

2.2 Experimental machining procedures

Since the influence of radial depth of cut on surface integrity is
found to be negligible [12], three mainly machining parameters
including milling speed, feed rate and axial depth of cut are
chosen as independent variables that significantly affect the ma-
chined surface roughness. In order to consider the interaction
effect of these three factors, the L27 (33) full factorial experi-
ments based on Pareto ANOVA and Taguchi method are con-
ducted. The process parameters used for identifying the optimum
conditions are shown in Table 2 [13, 14]. In the micro milling
experiments, only one of the machining parameters is varied
while the others are holding constant in order to observe the
effect and contribution of input parameter. Side milling with a
constant radial depth of cut of 3mm is performed in these cutting
trials. In addition, cutting tool and machined surface are perpen-
dicular. The experimental trials are conducted under dry cutting
condition and only air below is applied. The machined surface
roughness, surface profile and topographical features are mea-
sured and adopted by using the ZYGO New View 5000 white
light interferometer and a scanning electron microscope (SEM)
with excellent precision and accuracy. Measurements of surface
roughness are undertaken in feed direction and the average value
of machined surface roughness at five different locations under
each set of milling conditions is captured for further analysis in
order to reduce the measurement uncertainty and assess
repeatability.

3 Experimental results, analysis
and discussion

3.1 Surface roughness

The orthogonal array of cutting parameters and the machined
surface roughness under different settings of cutting parame-
ters are shown in Table 3.
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Fig. 1 Experimental
ultraprecision milling set-up

Table 1 Properties of Al/B4C/50p MMCs workpiece

Material Matrix: Al 2024 Particles: B4C

Thermal conductivity (W/(mK)) 190 42

Density (g/cm3) 2.77 2.52

Elasticity modulus (GPa) 73 460

Poisson’s ratio, ν 0.33 0.19

Specific heat (J/(kgK)) 875 945

Table 2 Levels of independent process parameters

Process parameters Levels

1 2 3

Cutting speed, v (m/min) 94.248 188.496 282.743

Feed rate, f (μm/rev) 5 10 20

Axial depth of cut, ap (μm) 70 150 250
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The arithmetic surface roughness values (Ra) of micro-
milled bottom surface are shown in Fig. 2. Figure 2a presents
the surface roughness as a function of cutting speed at various
feed rate and axial depth of cut. It can be observed that surface
roughness decreases gradually with the increase of cutting
speed; with continuous increase in the cutting speed, surface
roughness slightly increases in most cases. This is due to the
fact that material strain rate increases with the increase of
cutting speed. When machining with higher speed, the higher
strain rate results in the matrix material can be removed with
less deformation that occurs on the machined surface and
generating a surface with smaller roughness [12]. In addition,
the cracks generated on the particles have less time to transfer
or further process into larger cavities due to the reduced tool-
particle interaction time. As a result, particles are cut through
with few defects at higher cutting speed. However, the higher
cutting speed results in the increase of cutting temperature,
which will lead to rapid tool wear and reduce the machined

surface quality [15]. Thus, a better surface performance can be
obtained when increasing the cutting speed properly.

Figure 2b illustrates the surface roughness as a function of
feed rate at various cutting speed and axial depth of cut. The
experimental results indicate that the tendency is towards
smaller roughness value with the increases of feed rate when
feed rate is smaller than 10 μm/rev. However, when the feed
rate is larger than 10 μm/rev, the roughness value increases
with the increase of feed rate and the tendency rate is similar to
that feed rate is smaller than 10 μm/rev. Due to the fact that
milling tool has two flutes, the feed rate of each tooth is
2.5 μm/tooth, 5 μm/tooth and 10 μm/tooth, respectively, in
three levels. Thus, better surface quality can be obtained when
the feed rate is equal or close to the particle size, which is
5 μm. This is due to the fact that surface has been pre-
machined in each cutting path; when the feed rate is equal to
the particle size, most of the particles will be totally removed
or perfectly cutting through along the cutting line rather than

Table 3 Orthogonal array of cutting parameters and the machined surface roughness

Experimental number Spindle speed (rpm) Cutting speed (m/min) Feed rate (μm/rev) Axial depth of
cut (μm)

Surface roughness
(nm)

S/N ratio

1 3000 94.248 5 70 69 − 36.777
2 3000 94.248 5 150 64 − 36.1236
3 3000 94.248 5 250 52 − 34.3201
4 3000 94.248 10 70 46 − 33.2552
5 3000 94.248 10 150 28 − 28.9432
6 3000 94.248 10 250 33 − 30.3703
7 3000 94.248 20 70 75 − 37.5012
8 3000 94.248 20 150 51 − 34.1514
9 3000 94.248 20 250 60 − 35.563
10 6000 188.496 5 70 35 − 30.8814
11 6000 188.496 5 150 34 − 30.6296
12 6000 188.496 5 250 45 − 33.0643
13 6000 188.496 10 70 28 − 28.9432
14 6000 188.496 10 150 20 − 26.0206
15 6000 188.496 10 250 44 − 32.8691
16 6000 188.496 20 70 50 − 33.9794
17 6000 188.496 20 150 35 − 30.8814
18 6000 188.496 20 250 50 − 33.9794
19 9000 282.743 5 70 33 − 30.3703
20 9000 282.743 5 150 32 − 30.103
21 9000 282.743 5 250 68 − 36.6502
22 9000 282.743 10 70 72 − 37.1466
23 9000 282.743 10 150 25 − 27.9588
24 9000 282.743 10 250 43 − 32.6694
25 9000 282.743 20 70 113 − 41.0616
26 9000 282.743 20 150 71 − 37.0252
27 9000 282.743 20 250 78 − 37.8419
Workpiece material: Al/B4C/50p MMCs; radial depth of cut: 3 mm
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badly fractured or even pulled out. In addition, the amount of
plastic deformation will be increased along with the continu-
ous increase of feed rate and this will finally facilitate the
formation of large cracks on the reminded matrix material
and pits on the matrix-particle bonding area.

Figure 2c demonstrates the surface roughness Ra as a func-
tion of axial depth of cut (DOC) at various cutting speed and
feed rate. The experimental results present that surface rough-
ness decreases with the increase of DOCwhenDOC is smaller
than 150 μm, while the roughness value increases when the
DOC is over 150 μm. This can be attributed to the chatter
stability of cutting tool is low and cutting process vibrations
are high duringmilling operation. Damping, as the main factor
in MMC micro milling due to the existing high volume parti-
cles, is able to stable end milling operations by raising the
critical axial depth of cut and the damping is more effective

at higher DOC [16–18]. While, due to the cutting force in-
creases with the continue increase of DOC, the cutting process
vibrations increase and significantly reduce the surface quali-
ty. However, in most cases, the influence of DOC on surface
roughness is smaller compared to cutting speed and feed rate,
a proper larger DOC will contribute to the efficiency in micro
machining of MMCs.

According to the experimental results, cutting speed of
188.496 m/min, feed rate of 10 μm/rev and axial depth of
cut of 150 μm are visualised as the optimal cutting condition
to obtain the best surface quality with surface roughness Ra <
20 nm in MMC micro milling processes.

(1) Analysis of means (ANOM)

The effects of cutting parameters on surface roughness
values are further evaluated through Taguchi method. The

Surface roughness vs Cutting speed

Surface roughness vs Feed rate

Surface roughness vs Depth of cut

a

b

c

Fig. 2 Surface roughness obtained under various cutting parameters. a Surface roughness vs cutting speed. b Surface roughness vs feed rate. c Surface
roughness vs depth of cut
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S/N ratios, which are known as the signal-to-noise ratios, are
shown in Table 3. As the aim of this research is to make the
machined surface roughness response as small as possible,
“smaller the better” characteristic is applied to predict the
S/N ratio against each level of initial parameters and can be
expressed by

S
Nsmaller

¼ −10log10
1

n
∑n

i¼1Y i
2

� �
ð1Þ

where Yi is the experimental value of surface roughness in the
ith test and n is the number of replications.

The variations of response due to the change of cutting
parameters are shown in Table 4 and Table 5 as below.
These tables illustrate that feed rate has the most influence
on the surface roughness, followed by cutting speed and the
effect of depth of cut is minimal. This will be further validated
through analysis of variance (ANOVA).

The response parameters are presented by the S/N ratio and
the main effects are plotted from themean value of Ra and S/N
ratio. Figure 3a, b below indicates that the level of these three
cutting parameters increases; significant response can be ob-
served on surface roughness and S/N ratios. According to the
Taguchi method, the lower surface roughness due to the
smaller-the-better characteristic and higher S/N ratio, which
means that the signal level is much higher than the noise level
and further leads to an optimal machined surface, is applied.
As a result, a level of factor with the lowest mean value of Ra
and the highest mean value of S/N ratio is observed as the
optimal cutting parameter. Thus, the optimal cutting condi-
tions in this MMCs micro milling process, i.e. cutting speed
of 188.496 m/min, feed rate of 10 μm/rev and axial depth of
cut of 150 μm, are adopted to achieve the lowest surface
roughness. This shows a good agreement with the presented
analytical results of machined surface roughness.

(2) Analysis of variance (ANOVA)

Figure 3a, b implies that these three cutting parameters
have similar effects on the surface roughness; however, their
contribution on the machined surface is contrast and can be
achieved through analysis of variance (ANOVA). ANOVA, as
a confirmation test used with the identified optimum levels of
all the parameters, is conducted in Matlab. This method is

applied to identify the factor significance on response and
influence of each factor on the resultant surface roughness.
The approach is carried out for a confidence level of 95%,
which means that the factors with a P value less than 0.05
are considered to have significant influence on resultant sur-
face roughness. In addition, the contribution percentages of
cutting parameters are presented to find the most effective
factor.

According to the statistical results shown in Table 6, cutting
speed, feed rate and axial depth of cut are observed to have a P
value less than 0.05. This indicates that cutting speed, feed
rate and axial depth of cut have significant contribution to the
machined surface performance. Based on the specific value,
feed rate has the highest influence onmachined surface rough-
ness, followed by cutting speed, interaction of cutting speed
and feed rate, and axial depth of cut, whereas the effects of
interaction of these factors, particularly for axial depth of cut,
on surface roughness are minimal.

According to the statistical results shown in Table 6, cutting
speed, feed rate and axial depth of cut are observed to have a P
value less than 0.05. This indicates that cutting speed, feed
rate and axial depth of cut have significant contribution to the
machined surface performance. Based on the specific value,
feed rate has the highest influence onmachined surface rough-
ness, followed by cutting speed, interaction of cutting speed
and feed rate and axial depth of cut, whereas the effects of
interaction of these factors, particularly for axial depth of cut,
on surface roughness are minimal.

3.2 Surface morphology

The surface roughness chart indicates that surface quality de-
teriorates dramatically due to the distinct micro-structure of
MMCs. As the Ra value cannot exactly depict the character-
istics of machined surface, the surface profile and surface
defects are further measured by 3D profiler and SEM.

Figure 4 shows the machined surface morphology. As can
be observed from the images, the feed marks are noticeable
which means most of particles are perfectly cut through rather
than badly fractured or pulled out. Significant burrs can be
seen on the machined surface particularly along the tool paths
shown in Fig. 4b, d. Small pits are visible on the machined
surface and the size of these pits is approximately 5 μm as

Table 4 Response for S/N ratios

Level v f ap

1 53.11111 48 57.88889

2 37.88889 37.66667 40

3 59.44444 64.77778 49

Delta 21.55556 27.11111 17.88889

Rank 2 1 3

Table 5 Response for surface roughness

Level v f ap

1 − 34.1117 − 33.2133 − 34.4351

2 − 31.2498 − 30.9085 − 31.3152
3 − 34.5363 − 35.776 − 34.1475

Delta 3.2865 4.867579 3.119901

Rank 2 1 3
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shown in Fig. 4a, c. This may be formed by the particles
pulled out from Al matrix.

Figures 5a, b demonstrates the micro-structures and surface
profiles of the un-machined and machined surfaces by using
the optimal cutting conditions, i.e. cutting speed of
188.496 m/min, feed rate of 10 μm/rev and axial depth of
cut of 150 μm, respectively, through SEM images. From the
images, it is found that the reinforced B4C particles can be
distinguished from the Al matrix by different colour scale. It
can be observed that particles are fractured into small pieces
while Al matrix still bonded to the particles and machined
surface quality enhanced. This implies that the plastically

deformed aluminium fills the gaps of small particles which
formed during machining. In addition, the cracks and pits
formed on the fractured particles are also covered by the de-
formed aluminium. Thus, the machined surface areas are
smoother.

4 Conclusions

Ultraprecision machining of particle reinforced MMCs with
PCD end mill is performed to experimentally investigate the
surface generation and the best surface roughness to be
achieved against the process conditions. A series of ultrapre-
cision milling experiments are conducted based on the L27
orthogonal array and the optimal cutting parameters are iden-
tified towards lower surface roughness and better surface mor-
phology. The following conclusions can be drawn from the
experimental results and analysis:

(1) Cutting speed, feed rate and axial depth of cut are ob-
served as the most influencing factors for the machined
surface roughness and surface quality.

(2) According to the experimental results, the optimal cut-
ting conditions, i.e. cutting speed of 188.496 m/min, feed
rate of 10 μm/rev and axial depth of cut of 150 μm, lead
to the smallest value of surface roughness Ra < 20 nm.

(3) Analysis of means (ANOM) results reveal that these
three cutting parameters have similar effects on the

Main effects plot for the S/N ratio 

Main effects plot for the surface roughness 

a

b

Fig. 3 Main effects plotted from the mean value of Ra and S/N ratio. a Main effect plot for the surface roughness. b Main effect plot for the S/N ratio

Table 6 ANOVA values for different factors

Analysis of variance

Source Sum Sq. df Mean Sq. F ratio P value Contribution

v 2209.4 2 1104.7 8.12 0.0119 19.2%

f 3369.9 2 1684.93 12.38 0.0036 29.3%

ap 1518.3 2 759.15 5.58 0.0304 13.2%

v*f 1816.1 4 454.04 3.34 0.0691 15.8%

v* ap 776.4 4 194.09 1.43 0.3094 6.7%

f* ap 736.6 4 184.15 1.35 0.3309 6.4%

Error 1088.7 8 136.09 9.4%

Total 11,515.4 26 100%

Indicates statistically full significant factors at 95% confidence level
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surface roughness and the optimal cutting conditions via
roughness analysis are confirmed by ANOM.

(4) Analysis of variance (ANOVA) results indicate that con-
tribution percentages of these parameters on the ma-
chined surface are contrast. Feed rate, as the dominate
factor, has the highest influence on the responses, follow-
ed by cutting speed and depth of cut. Interaction of these

factors has the minimal effects on the machined surface
roughness.

(5) For the surface morphology, feed marks, burrs and pits
are noticeable. Some of the reinforced particles are
pulled out during the machining, while most are perfectly
cut through. Plastically deformed aluminium fills the
gaps and covers the cracks and pits generated on the

Cutting speed of 188.496 m/min, feed rate of 10µm/revand axial depth of cut of 150µm

Cutting speed of 282.743m/min, feed rate of 10µm/revand axial depth of cut of 150µm

a b

c d

Fig. 4 Surface morphology of the
machined Al/B4C/50p MMCs
workpiece. Cutting speed of
188.496 m/min, feed rate of
10 μm/rev and axial depth of cut
of 150 μm. Cutting speed of
282.743 m/min, feed rate of
10 μm/rev and axial depth of cut
of 150 μm

SEM images of the un-machined surface: (i) B4C/Al, (ii) Al matrix, (iii) B4C particles

SEM images of the machined surface: (i) B4C/Al, (ii) Al matrix, (iii) B4C particles 

(i)

(i)

(ii)

(ii)

(iii)

(iii)

a

b

Fig. 5 SEM images of the un-
machined and machined MMC
workpiece surfaces. a SEM
images of the un-machined
surface: (i) B4C/Al, (ii) Al matrix,
(iii) B4C particles. b SEM images
of the machined surface: (i) B4C/
Al, (ii) Al matrix, (iii) B4C
particles
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fractured particles, which helps result in a smooth surface
roughness and better surface quality to some extent.
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