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A wide range of particulate metal matrix composites (PMMCs) of alumina and aluminum powders was formed using powder
metallurgy techniques followed by extrusions at various extrusion ratios. The machining characteristics of the extruded PMMC
were investigated. Results showed significant effects of weight fractions of reinforcement and extrusion ratios on tool wear and
surface integrity of machined surface. The wear rate of cutting tool decreased rapidly with increasing the cutting parameters:
cutting speed, feed, and depth of cut, however cutting speed is shown to be more effective. Sudden breakage of tool inserts occurred
when the experiment started at high cutting speed. Wear rate has also decreased by decreasing volume fraction of reinforcement
particles. Coating carbide tools have significantly improved the tool life. Coated tools showed 5% decrease in flank wear size
compared to uncoated tools. This was valid within tested range of weight fractions and extrusion ratios. The surface finish of
machined surfaces deteriorated when coated carbide tools were used. However, surface finish did not change significantly when
volume fractions or extrusion ratios were altered.

1. Introduction

Metal-matrix composites are used in variety of applications;
space shuttle, commercial airliners, electronic substrates, bi-
cycles, automobiles, golf clubs, and others. The vast majori-
ties of these composites are aluminum matrix composites.
The term metal matrix composite (MMC) covers various
types of systems, and also a wide range of scales and microstr-
uctures. Common to them all is a metallic matrix and rein-
forcing constituents which are in most cases a ceramic. MMC
types are commonly subdivided according to whether the
reinforcement is in the form of (a) particles, which are at least
approximately equiaxed, (b) short fibers (with or without a
degree of alignment), or (c) long aligned fiber matrix and
reinforcement. Compared to monolithic metals, MMCs have
higher strength-to-density ratios, better fatigue resistance,
better elevated temperature properties (such as high strength
and low creep rate), lower coefficients of thermal expansion,
high thermal conductivity, good damping characteristics,
excellent wear properties and flexibility in design attributes.
However, the utilization of the MMC in different industries

is not as generalized as expected due to difficulties encoun-
tered with the machining of MMC materials. Cost-effective
machining of aluminum MMC has not been proven. Studies
of advancements in the materials show promise for machin-
ability. The same holds true for tooling. New coatings for
cutting tools show great promise for advancing the machin-
ability of this class of material but have not been investigated
in detail. In addition to the tool coatings, no optimization
has been done on the presentation of the tool to the material.
Effects of approach geometry (i.e., rake, lead) have not been
incorporated into past studies nor have the geometry of
the cutting edge of the insert [1, 2]. The main problem
when machining MMC is the extensive tools wear caused by
the very hard and abrasive reinforcements. Several studies
have been performed in order to examine the efficiency
of different cutting materials, such as cemented carbide
and diamond, in turning, milling, drilling, reaming, and
threading of MMC materials [3, 4]. The test results showed
the influences of the reinforcement material on tool wear
and the surface integrity of MMC. In the subsurface zone,
when the workpiece was machined with worn cutting tools,
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the reinforcements are fractured. Damage of the reinforce-
ments, caused by the machining process, can lead to signifi-
cant deterioration in the properties of the components [5].
The results obtained from the above-mentioned investiga-
tions indicate that there is a need for more thorough activities
to study the particle behavior in the matrix when it contacts
the cutting tool. Investigating the particle behavior during
machining will help in maximization of tool life and mini-
mization of tool wear. Minimization tool wear and improv-
ing surface finish will eventually reduce the cost of machining
MMC materials. Since the reinforced particles are the main
parameters for cutting tool wear and surface deterioration
of machined surfaces. Further investigations are required to
understand the cohesion, decohesion, and fracture of the
particles in the parent matrix as result of machining and
their relation to composite manufacturing parameters such
as compacting pressure and various extrusion ratios.

2. Experimental

2.1. Fabrication of Composite. Metal matrix composites in-
cluding various weight fractions of Al2O3 particles were pro-
duced by powder metallurgy techniques followed by extru-
sions. Commercial pure aluminum powder with the follow-
ing chemical analysis: 99.4% Al, 0.2% Si, 0.15% Fe, 0.1% Cu,
0.1% Mg, and 0.05% Mn was used as the matrix material;
while Al2O3 particle with an average size of 37 µm were
used as the reinforcement material. The composites were
fabricated by mixing the Al alloy powder with Al2O3 powder
in different weight fractions of 0, 5, 10, and 15%. The mixed
powders were pressed in air as billets under a pressure of
420 MP and sintered at 450◦C for 6 hours. The billet dimen-
sions were 40 mm diameter, 40 mm long, and about 90 pct of
the theoretical density. Extrusion process was developed as
secondary manufacturing process to consolidate (Al-Al2O3)
composites obtained by pressing mixed powders. All of the
compacted billets were extruded in an extrusion machine
with various extrusion ratios (rx); 4.4, 5.5, 7.1, and 9.5 at
temperature 550◦C to reach a fully consolidated state.

2.2. Cutting Conditions. The machining investigation was
carried out using Al2O3 particle-reinforced aluminum alloy
composites. The composites used in the present work were
shaped in the form of cylinder of 12 mm outer diameter and
height of 70 mm and were fabricated by extrusion process.
For manufacturing of MMCs, 5, 10, and 15 wt.% Al2O3

particles and extrusion ratios, 4.4, 5.5, 7.1, and 9.5 were used.
An unreinforced alloy bar was also produced by an identical
method. Machining tests were carried out to determine the
tool wear or tool life and surface roughness under various
cutting conditions when cutting three types of composites
and their alloy matrix. The tests were conducted under differ-
ent cutting conditions using a center lathe machine, which
is 7.5 main motor horsepower, 16 spindle rotational speeds
(ranges from 25 to 2000 rev/min), and 15 longitudinal
feeds rate (ranges from 0.04 to 1 mm/rev) used for turning
the workpieces. The cutting speed was derived from the
measured spindle speed and the diameter of the surface of

Table 1: Cutting tools used in the experiments.

Type of the tool
Cutting tool
designation

Cutting
fluids

Cutting
speed

(m/min)

Depth of
cut (mm)

Carbide tool TPUN110408 116 Dry 54, 67, 80 0.1

Coating tool TPUN110408 116 Dry 54, 67, 80 0.1

the workpiece. All tests were carried out without coolant at a
depth of cut equal to 0.1 mm and feed rate of 0.03 mm/rev.
The cutting conditions and tool geometry used in the exper-
iment are listed in Table 1. The inserts were clamped mecha-
nically in a rigid tool holder of CTOPR 1212F11 type. The
work material to be machined is the Al2O3 reinforced MMCs.
After each test, the worn cutting tool is measured with the
optical tool microscope to determine the degree of flank wear
and surface roughness of workpiece is measured.

3. Results and Discussion

3.1. Effect of Machining Parameters on Tool Wear and Surface
Roughness. Most data from tool-life testing have been com-
plied by carrying out simple lathe-turning tests, using tools
with standard geometry, and measuring the width of the
flank wear land. The results are sometimes presented using
what is called Taylor equation (VTn = C) where V cutt-
ing speed, T cutting time corresponding to flank wear of
0.5 mm, and n and C are parameters whose values depends
on fee, depth of cut, and work material. These tests could also
be used for the evaluation of the uncoated and coated cutting
tool materials. Use of coated tools is expanding for improved
tool life and higher cutting speeds. In machining MMC’s, the
evaluation of machining parameters such as cutting speed,
feed, and depth of cut is very important in determine the tool
life. However, the effect of cutting speed is greater than both
feed and depth of cut. Therefore, in our work, the effect of
cutting speed on various tools and work materials is carried
out. Results of initial experiments showed that parameters of
higher feed rate or larger depths of cut make the cutting tools
suffer failure and workpiece surface deteriorates. Therefore,
feed of 0.03 mm/revolution and depth of cut of 0.1 mm and
same tool geometry were selected as the cutting condition
and kept constant through all coming tests. Flank wear mea-
surements as tool life criterion and surface finish as work-
piece surface quality have been carried out and evaluated.

Figures 1 and 2 show the effect of cutting speed on tool
flank wear for three cutting speeds, when machining the Al-
10% Al2O3 composite with extrusion ratio = 4.4. Figure 1
shows the results when uncoated carbide cutting tool is used.
If coated tool is used the results appear as in Figure 2. Tests
were carried out under three various cutting speeds 54, 67
and 80 m/min. As cutting proceeds, the various wear mech-
anisms results in increasing levels of wear in cutting tool.
Two regions can be identified in each curve. The first is the
break-in period, in which sharp cutting edge wears rapidly at
the beginning of its use. The break-in period is followed by
the steady-state wear region, in which wear occurs at fairly
uniform rate. In our figures, this region is figured as a linear
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Figure 1: Flank-wear versus machining time at different cutting
speeds using uncoated cutting tool (Al-10% Al2O3, Extrusion ratio
= 4.4).
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Figure 2: Flank-wear versus machining time at different cutting
speeds using coated cutting tool. (Al-10% Al2O3, Extrusion ratio
= 4.4).

or nearly linear function of time. Finally, wear reaches a level
at which wear accelerates. This marks the beginning of failure
region. However, in production, it is often a disadvantage to
use the tool until failure region occurs because of difficulty
of tool resharpening and problem of work quality. The
failure region was not seen in case of uncoated tool since
time required to reach 0.5 mm (tool life criterion) was very
short. Coated carbide tool has showed better performance
in decreasing wear rate than that of the uncoated one. The
time required to reach the same level of tool wear (0.5 mm) in
coated tool was 4 minutes compared to 1.2 minutes in case of
using uncoated tool (at cutting speed of 80 m/min). Coated
tools can increase the tool life with more than 3.3 times of
uncoated tools. Coatings are generally applied on cutting
tools and inserts by chemical-vapor-deposition (CVD) tech-
nique. The coated tools with coating such as TiN or TiC
have generally higher cutting-edge strength, lower friction,
lower tendency to form built up edge, and good bonding to
the substrate. Similar results were reported by Sahin and Sur
[2], who concluded that tool life decreased with increasing
cutting speeds and the major form of the tool wear was the
mild abrasion and edge chipping on the flank face of the tool.
Sahin et al. [1] showed that, in machining of various volume
fractions of alumina particles, the flank wear is associated
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Figure 3: Tool life versus cutting speed for coated and uncoated
cutting tools. (Al-10% Al2O3, Extrusion ratio = 4.4).
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Figure 4: Surface roughness versus cutting speed for two different
cutting tools. (Al-10% Al2O3, Extrusion ratio = 4.4).

with BUE formation in addition to broken layer of coated
material. They suggested that triple-layer coating was more
resistant than double-layer coating based on tool life.

The effect of speed is also pronounced in Figures 3 and 4.
As cutting speed is increased, wear rate increases, so the same
level of wear is reached in less time. This is probably due to
thermal softening of the workpiece as mentioned in [2]. The
increase in temperature coupled with the high compressive
stresses near the cutting edge could accelerate tool wear and
lead to the shorter tool life at high speed. However, the exten-
sive tool wear of MMC is caused by the very hard and abra-
sive reinforcements, in addition to high kinetic energy of the
abrading alumina particles. If the tool life values extracted
from the three wear rates curves shown in Figures 1 and 2 are
plotted versus cutting speeds for both coated and uncoated
cutting tools, the resulting relationship is shown in Figure 3.
Basically, this figure indicates that higher cutting speeds
result in shorter tool lives. It is also shown that coated carbide
tool has higher tool lives values than uncoated ones within
all tested speed range. It can also be seen that an appreciable
reduction of tool lives at higher cutting speeds for all cutting
tools. Other researchers have indicated that the wear resistant
quality of coated tools is mainly because of their high
resistance to adhesion and diffusion wear on the parts of the
tool surface where seizure might occur [6]. However, abra-
sive wear due to hard particles of reinforcement composite in
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this work is believed to be most dominant type of wear due
to the high kinetic energy of the abrading alumina particles.
Surface roughness is generally described by arithmetic mean
value Ra. Additionally, we may also use root mean square
value Rq. Because of its simplicity, Ra was adopted for this
work as it is widely used in engineering practice. Acceptable
limits for surface roughness are usually specified on technical
drawing. Various surface, profilometers, are used to measure
and record surface roughness.

Figure 4 shows surface roughness obtained using coated
and uncoated cutting tools versus cutting speed. From this
figure, it can be seen that increasing the cutting speed from
54 to 80 m/min resulted in a remarkable improvement in the
surface finish of the machined surface. Similar results were
obtained by El-Gallab and Sklad [7] of improving surface
roughness with an increase of cutting speed of metal matrix
composite reinforced with SiC particles. However, the surface
roughness values of the uncoated cutting tools were found to
be lower than those of the coating cutting tools even though
the uncoated tools showed higher values of flank wear. The
reason is not quite clear because larger tool wear usually dete-
riorates the surface roughness and quality of the machined
surfaces. This may be due to the high damage to the surface
caused by discontinuous decohesion and fracture of alumina
particles of using coated cutting tool. However, at higher
cutting speeds, the differences in values of surface roughness,
between using coated or uncoated cutting tools, become
less significant. It is believed that built up edges, BUE,
which are favored by low cutting speeds would be the main
reason for higher surface roughness at low cutting speeds.
As BUE is cyclically formed and breaks away, hard par-
ticles are then deposited on the newly created work surface,
causing it to have higher surface roughness. This is in addi-
tion of broken alumina particles which make the surface even
more deteriorated.

3.2. Effect of Processing Parameters on Tool Wear and Surface
Roughness. In machining MMC’s, the evaluation of process-
ing parameters such as compacting pressure, temperature,
weight fraction of reinforcement particles, and extrusion
ratio is very important to determine the cutting tool lives.
Only the weight fraction and extrusion ratio parameters are
evaluated in this work. The other parameters such as com-
pacting pressure and temperature were kept constant. As
mentioned, the main problem when machining MMC is
the extensive tool wear caused by the very hard and abrasive
reinforcements. When the workpiece was machined with
worn cutting tools, the reinforcements are fractured. Damage
of the reinforcements, caused by the machining process, can
lead to significant deterioration in the properties of the com-
ponents [6]. The results obtained from the above-mentioned
investigations indicate that there is a need for more thorough
activities to study the reinforcement particles effects when
they are in contact with the cutting tools. Investigating the
particle behavior during machining will help in maximiza-
tion of tool life and minimization of tool wear. Since the
reinforced particles are the main parameters for cutting tool
wear and surface deterioration of machined surfaces. Further
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Figure 5: Histogram showing flank wear versus weight percent
of alumina and extrusion ratio, using uncoated cutting tool.
(Machining time t = 1.3 min).

investigations are also required to understand the manufac-
turing parameters such as effect of altering the extrusion
ratio on wear of cutting tools. Two types of tool materials,
coated and uncoated, were selected for this work.

Figure 5 shows tool wear histogram relation, flank wear
increases as increasing weight fraction of alumina and also
increases when higher extrusion ratios were applied during
extrusion operations. The effect of weight fraction is more
pronounced in deteriorating surface quality compared to
effect of altering the extrusion ratio. Figure 6 shows the same
results when coated carbide cutting tool is used. Coating of
cutting tool seemed to improve the surface finish. Since the
pressure between workpiece and cutting tool is very high,
much heat is generated and the cutting tool becomes softer
and sometimes chemical diffusion occurs between the cutt-
ing tool and the chips.

Figures 7 and 8 show surface roughness histogram in
relation to both weight fraction and extrusion ratio. Surface
roughness of all composites has much lower values compared
to commercial purity alloy alone (0% alumina). The impro-
ved surface finish may be due to the burnishing effect
produced by the action of alumina particles trapped between
flank tool face and machined surface of workpiece. There-
fore, increasing weight fractions of reinforcement particle
have reasonably decreased surface roughness. On other hand,
surface roughness has slightly increased as extrusion ratio
is increased. This is may be due to fineness effect of rein-
forcement particle as extrusion ratio is increased. The size of
reinforcement particle has great effect on surface quality and
strength of the composites as mentioned by Cho and Komvo-
poulos [5]. Previous work [8] reported that the size of rein-
forcement particles had much stronger effect on tool lives
than that of population of reinforcement particles. Although
coated-tool showed better tool wear resistance, the roughness
obtained has showed higher values, when coated tools are
used. It is believed that builtup edges, BUE, which are favored
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time t = 1.3 min).
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Figure 7: Histogram showing surface roughness versus weight
percent of alumina and extrusion ratio, using uncoated cutting tool.
(Machining time t = 1.3 min).

by coated tool would be the main reason for higher surface
roughness. This is because poor surface finish can be some-
times an indication of BUE formation. Similar works on
machinability of MMC’s with large volume fraction of rein-
forcement particle have shown poor machined surfaces when
coated tools were used [3, 4, 9]. Previous works [6, 8]
reported that the size of reinforcement particles had much
stronger effect on tool lives than that of population of rein-
forcement particles. Looney et al. [3] found coated tools per-
formed best in terms of flank wear but gave the poorest sur-
face finish when machining composites of SiC as reinforce-
ment particles. This is in consistent with the present study
but of alumina as reinforcement particles was used instead of
SiC.
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4. Conclusion

In summary of machining tests to MMCs, using carbide
inserts as cutting tools with and without coating, the follow-
ing results were obtained during simple lathe turning tests.

(i) The wear rate increased rapidly with increasing the
cutting parameters: cutting speed, feed and depth
of cut, however cutting speed is shown to be more
effective. Sudden breakage of tool inserts occurred
when the experiment started at high cutting speed.

(ii) Coated tools can increase the tool life with more
than 3.3 times of uncoated tools, at cutting speed of
80 m/min.

(iii) Wear rate of cutting tool has greatly influenced by
changing the processing parameter such as weight
fraction of reinforcement particles and extrusion
ratios.

(iv) Wear rate of cutting tool increased as weight fraction
of reinforcement particles was increased.

(v) Wear rate of cutting tool has also increased by
increasing extrusion ratio from 4.4 to 9.5. However,
the effect of weight fraction is more pronounced than
extrusion ratio.

(vi) Surface roughness of reinforcement composites has
much lower values compared to matrix commercial
purity alloy alone.

(vii) Surface roughness of composites has slightly de-
creased as weight fractions of reinforcement particle
are increased.

(viii) The uncoated tool produced better surface finish
than coated cutting tools. However, coated tools per-
formed better than uncoated tools in terms of flank
wear.
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