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Abstract

This paper presents a mechanics model for predicting the forces of cutting aluminum-based SiC/Al,Oj3 particle reinforced MMCs. The
force generation mechanism was considered to be due to three factors: (a) the chip formation force, (b) the ploughing force, and (c) the
particle fracture force. The chip formation force was obtained by using Merchant’s analysis but those due to matrix ploughing
deformation and particle fracture were formulated, respectively, with the aid of the slip line field theory of plasticity and the Griffith
theory of fracture. A comparison of the model predictions with the authors’ experimental results and those published in the literature
showed that the theoretical model developed has captured the major material removal/deformation mechanisms in MMCs and describes

very well the experimental measurements.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Composite materials are a result of the continuous
attempts to develop new engineering materials with low
weight to strength ratios and improved properties. Among
modern composites materials, ceramic fiber/particulate/
whisker reinforced metal matrix composites (MMCs) are
finding increased applications due to their favorable
mechanical properties [1] such as improved strength,
stiffness and increased wear resistance over unreinforced
alloys [2]. Since 1970s, MMCs have been successfully
applied in the aeronautic and aerospace industries [3] and
nowadays their use is gaining importance. As these
composites contain very high hardness strengthening
particles, the cutting tool tends to wear severely resulting
in difficulties in machining [4]. Thus, in manufacturing,
difficulties associated with precision and highly efficient
machining of composite materials have become an
important issue. According to Ref. [5], initial research on
cutting and grinding of MMCs was started in 1985 and
many research papers on machining of aluminum matrix
composites have since been published. Almost all the
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investigations on cutting aluminum matrix composites can
be divided into three categories as follows:

(1) Experimental studies that compare different tools and/
or coatings for machining MMCs [6-8].

(2) Experimental studies on the performance of PCD tools,
machined surface, and optimization of cutting para-
meters, tool geometry and work piece compositions
[1,4,9-22].

(3) Empirical and numerical studies related to tool life
[1,13,23].

It was noted that except for an energy based model [24]
to predict the cutting force in orthogonal machining of
MMCs, no other work on modeling has been reported. In
[24], the estimated energy (based on the deformation in the
primary and secondary zones and reinforcement particle
displacement and fracture) was used to determine only the
cutting force. This model was based on assumptions that
the energy in the secondary deformation zone was one
third of that of primary deformation zone and that the
initial and final crack lengths of ceramic particles were
Ipm and the circumference of a particle, respectively.
However, the first assumption was based on the results
obtained for (monolithic) steel work materials while no
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Nomenclature

A cross-sectional area of groove (mm?)
A cross-sectional area of the cut (mm?)
B, C  constants in Eq. (21)

a depth of cut (mm)

d, average diameter of particles (mm)

F, total force in the cutting direction (N)
Ey total energy required for particle fracture (J)
F.. cutting force for chip formation (N)
Fy cutting force for particle fracture (IN)
Fep cutting force for ploughing (N)

Fr total force for particle fracture (N)

F; total force in thrust direction (N)

Fic thrust force for chip formation (N)
F thrust force for particle fracture (N)
Fip thrust force for ploughing (IN)

f feed (mm/rev)

h depth of groove (um)

H height of ploughing zone (mm)

L total length of cutting (m)

Le; effective cutting edge length of indenter (mm)
/ active cutting edge length (mm)

m shape parameter used in Ref. [24]

Fe chip thickness ratio

re tool nose radius (mm)

I'n cutting edge radius (mm)

S scale parameter used in Ref. [24]

t cut thickness (mm)

v cutting speed (m/min)

w width of cut (mm)

b mean friction angle (deg)

Y rake angle (deg)

Ky approach angle (deg)

Kr approach angle for equivalent cutting edge
(deg)

0 direction of resultant particle fracture force
(Fig. 2)

i specific energy for particle fracture due to
scratching (J/mm?)

Hg particle fracture energy per unit cutting edge
length (J/mm)

Ts shear strength of MMC (MPa)

Tsm shear strength of matrix material (MPa)

20 apex angle of indenter (between opposite faces)
(deg)

¢ shear angle (deg)

information was given to justify the second assumption. In
addition, energy due to ploughing was not considered.

It seems that there has been considerable research in
machining of MMCs but most of it is experimental and
hence the development of an analytical machining model
for MMC is essential. The present study aims at developing
an analytical mechanics model, based on the major
material removal mechanisms, to predict the forces in
cutting aluminum-based MMCs reinforced by ceramic
particles.

2. Modeling

The mechanism of machining MMCs is complex since
the composites contain hard ceramic particles. The strength
and properties of MMCs, and hence their machining
forces, depend on the matrix, the reinforcement and their
interface [4].

The machining tests on aluminum alloy-based MMCs
(reinforced with 20 vol% SiC) carried out by Lin et al. [25]
and El-Gallab et al. [26] indicated that, with sharp PCD
tools, at depths of cut up to 2.5 mm, feeds up to 0.45 mm/rev
and speed in the range 300700 m/min, continuous chips
were formed. Under similar conditions with worn tools or at
higher depths/feeds, semi-continuous chips were observed.
Similar observations on the type of formed chip were also
made by Karthikeyan et al. [27] who machined MMCs
(reinforced with 10-25vol% SiC) using tungsten carbide
tools at speeds of 50-150 m/min.

Thus, it can be seen that the type of formed chip during
machining MMCs changes with the cutting conditions and/
or conditions of the tool. Although cracks have been
observed at the root of the chip, there are also similarities
in the chip formation mechanism of MMCs to that of
monolithic materials [28]. For example, the flow lines
formed [26,29] with particles in the MMCs are similar to
those due to deformation of grain boundaries, etched
patterns in steel, aluminum, titanium or brass [28]. In the
chip root region, these ceramic particles have been
observed to align along the shear plane [29]. On the other
hand, the existence of fractured and displaced particles on
the machined surface [24,26,29] indicates that particle
fracture and displacement also occurs during machining of
MMC. Moreover, in an investigation of single point
scratching of four different aluminum alloy based MMCs
(reinforced with SiC/Al,O3 particles), Yan and Zhang [30]
found that scratching process was composed of rubbing,
ploughing, plastic cutting and particle fracture. They were
able to determine the energy due to particle fracture by
subtracting the energies due to ploughing, plastic cutting
and rubbing from total energy of scratching.

The above discussion indicates that, chip formation,
ploughing, and particle fracture and displacement can be
considered as the major contributions to the force of
machining an MMC.

A typical orthogonal cutting process of an MMC is
shown in Fig. 1. Chip formation is assumed to be due to
shearing that occurs at the shear plane AB and is
considered to occur only in this region. This process is
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Fig. 1. Machining process of MMC.

similar to normal orthogonal cutting of a monolithic
material with a sharp tool.

The process of ploughing occurs due to material
deformation and displacement by rounded part of the
cutting edge (BC in Fig. 1). This is the plastic deformation
zone where no chip is formed. In addition to ploughing,
particle fracture and displacement also takes place in this
region. The particle fracture and displacement is consid-
ered to occur mainly along the cutting line (CD in Fig. 1).
The quantitative estimation of force components due to
different processes discussed above are now considered.

2.1. Chip formation

As noted earlier, there are similarities in the chip
formation mechanism of MMCs to that of monolithic
materials such as aluminum or steel. It should be noted
that, during machining, shearing occurs in a zone rather
than on a plane. However, at relatively higher cutting
speeds, the thickness of the shear zone reduces and hence it
can be approximated by a shear plane [25]. Due to the
simplicity of the shear plane models and relatively high
cutting speeds normally used when machining MMCs with
PCD tools, Merchant’s analysis [31]' was selected for the
present investigation to determine the chip formation
forces. In Merchant’s analysis, the chip is considered as a
separate body in equilibrium under the action of two equal,
opposing forces: the force which the tool exerts on the back
surface of the chip and that the work piece exerts on the
base of the chip at the shear plane (AB in Fig. 1). Thus, the
force components acting on the tool in the direction of
cutting, F., and that in the direction of feed (thrust), Fi.,
can be determined using the equations given below [31]:

_ cos(f —7y)
Foe =0 singcos(¢p + B —7)’
Fo=rod, — 00— (1)

“sngcos(p+p—7)’

IThe theory is limited to orthogonal cutting with plane face tool having
single straight cutting edge.

where A, is the cross-sectional area of cut, y, the shear
strength of MMC, f the mean friction angle, y the tool rake
angle and ¢ the shear angle which is given by

e COS Yy

tan ¢ = 2)

1 —r.siny’
where . is the chip thickness ratio (given by cut-thickness
divided by chip thickness). The shear angle, ¢, and mean
friction angle, B, are shown to depend on machining
conditions, work piece material, etc.

2.2. Nose radius effect

Since the PCD tools have nose radii, their influence was
taken into account using the concept of equivalent cutting
edge. With this method, the straight and round parts of the
cutting edge are replaced by a single straight cutting edge,
i.e., the equivalent cutting edge which was taken as the line
joining the extreme points of the engaged cutting edge as
suggested by Colwell [32]. The chip flow over the rake face
of the tool was assumed to be perpendicular to the
equivalent cutting edge. For the case as in Fig. 2(a) when
k. =90° and a is greater than the tool nose radius,
the approach angle for the equivalent cutting edge, x¥ is
given by

k¥ = cot™! (%) 3)

and when k, =90° and « is smaller than nose radius
(Fig. 2(b)), k¥ is

NV
Ky = cotl{(zr”a ) +f/2}. “4)

a

Note that cut thickness ¢ and width of cut w needed in
the calculations are determined from f'and « in terms of k¥,
ie., t = afsink® and w = f'sin k.

2.3. Ploughing

Since the particle fracture is considered separately in the
present work, only the matrix metal is assumed to be
subjected to ploughing. In order to determine the force
components due to metal matrix ploughing, the equations
given in Ref. [33] which are based on a slip line field model
for a rigid wedge sliding on a half-space and for orthogonal
cutting can be used.

With the above model, the ploughing force components
acting on the tool in the direction of cutting, F,, and that
in the direction of feed, Fyp, can be determined as

TT )
Fep = Tgmlry tan (Z + é),

T Ty
le[l —}t(——), 5
tp = Tsmtln +2 an 4+2 ®)
where / is the active cutting edge length, r, the cutting edge
radius and 7y, the shear strength of the matrix material.
Noting that the width of cut is the active cutting edge
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length which encompasses straight and round parts of the
cutting edge involved in cutting, / is given by

= e (4]

where r, is the tool nose radius, «, is the approach angle, f'is
the feed and « is the depth of cut.

a — rg[1 — cos(x;)]
sin(x;)

, (6)

2.4. Particle fracture and displacement

While the tool moves in the direction of cutting, the hard
particles in the ploughing zone are fractured or displaced.
Thus, the cutting edge of the tool can be considered to be
responsible for particle fracture/displacement which, there-
fore, occurs along the cutting edge of the tool. The total
energy for particle fracture during orthogonal cutting of
MMC can be calculated as

Eft = ,ngl, (7)

where p, is the average fracture energy per unit cutting
edge length in orthogonal cutting. If the force in the cutting
direction due to particle fracture and displacement is Fgp,
then FeeL = Eq = p,l, where L is the cutting distance. Fip
is then determined by
el

Fy = 7 (®)

In order to determine the force due to particle fracture/
displacement in the thrust direction, the direction of the
resultant force must be determined first. It is assumed that
the reinforcement particles are uniformly distributed and
spherical with uniform average diameter, and that the
interaction of particles with the cutting edge can be
represented by a particle placed at the middle of the
ploughing zone as shown in Fig. 3. Neglecting the frictional
effects during the interaction, the direction of resultant
force is determined from the relation

. H
smé:m, (9)
= —= s 7

* Y
|

&
a /4\
Equivalent

+;

cutting edge feed
-
¢ Kr*
(a) Whenr, <a (b) Whenr, >a

Fig. 2. The equivalent cutting edge for nose radius tools.

where ¢ is the angle of resultant force measured from the
cutting direction, d,, the average diameter of particles and
H the width of the ploughing zone which is given by

H = ry(1 +sin y). (10)

Then the component of the force due to particle fracture
and displacement acting in the thrust direction is

Fi = Fy tan 6. (11)

Forces F.r and Fir can be determined from Egs. (8) to
(11) when p, is known. The method used to obtain u, will
be discussed in Section 4.2.

2.5. Cutting and thrust forces

The total forces acting on the tool in the cutting and
thrust directions F, and F, are therefore given by

FCZFCC+FCD+FCf5
Fi=F¢+ Fy+ Fy, (12)

3. Experimental procedure

The experiments were made on a lathe using a bar
turning process under dry conditions. For each test
condition, it was necessary to measure the cutting forces
and chip thickness. These process parameters are affected
by the MMC work material (volume/weight percentage of
ceramic particles, particle size, heat treatment and alumi-
num alloy composition, etc.), cutting conditions, tool
material and geometry, etc. Because of the cost of MMC
work materials and PCD tools, and to keep the experi-
ments to a manageable number, selected ranges of each
parameter are as follows:

(a) MMC work material: It had 20 vol% SiC particles with
particle size 6-18um in 6061 aluminum matrix
(designated as F3S.20S in Alcan’s literature). The
material was first direct chill (DC) cast and then hot-
extruded. The diameter and length of the bar were 90
and 535 mm, respectively.

(b) Tool material and geometry: Polycrystalline diamond
(CTHO25 grade from Element-6) tipped TPMN 160304
inserts were used on tool holder CTGPR2525-M16.
The nose radius was 0.4 mm while rake and approach
angles were 5° and 90°, respectively. The cutting edge
(without edge hone) radius was measured to be
5.42 um.

(c) Cutting conditions: The ranges of cutting conditions
selected were based on literature and tool manufac-
ture’s recommendations. Accordingly, the selected
values were: depth of cut 0.25, 0.5, 1.0 and 1.5mm;
feed 0.1, 0.15, 0.2 and 0.25 mm/rev; cutting speed 100,
200, 400, 600 and 800 m/min. During experiments, only
one of the above parameters was varied while others
were held constant to observe the effects of individual
parameter on machining forces.
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A multi-axis, Mori-Seiki MT2000x1sz CNC turning
center was used for the machining tests. In measuring the
cutting forces, a Kistler-type 9121 three axis piezo-electric
dynamometer was used with data acquisition system that
consisted of Kistler multi-channel charge amplifier (type
5019), data taker (DT800) and PII personal computer with
data logger software. Before starting the experiments, the
three axes of the dynamometer were calibrated using static
loads.

For each test condition, cutting was performed for over
10s. The software allowed force signals to be monitored
on-line and stored in data taker memory. At the end of
tests, all the signals were uploaded to the personal
computer for subsequent analysis. A number of replication
tests were also made to assess the experimental scatter of
the measured parameters. During each test, chip samples
were collected for measuring chip thickness.

Using uploaded data and Microsoft excel package,
average force for each test condition was determined. Chip
thickness values were measured using a micrometer.

4. Results and discussion
4.1. Effect of cutting speed

Cutting speed and feed influence the strength of the work
piece material in the deformation zones through tempera-
ture, strain and strain rate. In the present work, for
simplicity, the effects of strain, strain rate and temperature
on shear strength are not considered explicitly. However, it
was found that, the measured F.., F. and ¢ depend on
cutting speed. Hence, the experimental shear strength
values, 1, determined by

o [(Fe cos ¢) — (Fi sin ¢)]sin ¢
S — AC

are also cutting speed dependent. Therefore, if a relation-
ship between 7, and v can be determined, the effect of the
cutting speed can be implicitly accounted for in the model
developed in Section 3. As a first approximation, a simple
linear relation between 7y and v was determined using a
small number of experimental results as follows:

t, = 201.82 — 0.0102. (14)

(13)

Additionally, the experimental values of ¢ (determined
by Eq. (2))* and friction angle § (determined by an iterative
procedure using Eq. (1)) were also found to depend on v.
Once again, using a small number of experimental results,
linear relations for ¢ and f were developed as follows:

¢ = 20.15 4 0.0072, (15)

B =39.73 — 0.0128v. (16)

It is interesting to note that, at varying cutting speeds, the relationship
between ¢ and (f—y) observed for monolithic materials [36,37], i.e.,
¢ =B— C(f—7y), still approximately holds, even for the cutting of
MMCs. A detailed analysis is given in the appendix.

Fig. 3. Interaction of a particle with cutting edge.

Hence, for a given cutting speed, 7, ¢ and f for
determining the chip formation forces can be obtained
using Eqgs. (14)—(16), respectively.

4.2. Determination of u,

In order to determine the forces due to particle fracture
and displacement using Eqs. (8)—(11), the value of p, is
required and this must be determined from experiment.

As noted earlier, Yan and Zhang [30] calculated the
specific energy for particle fracture during scratching of
aluminum alloy based MMCs. They applied Griffith’s
theory” to estimate the energy for particle fracture under a
pyramid indenter, as shown in Fig. 4. They also determined
the specific energy for particle fracture by subtracting the
scratching energy of the corresponding aluminum matrix
material from the total specific energy of the composites
reinforced with SiC (10 and 20wt%) and Al,O3 (10 and
20wt%) particles. Their results can be used to determine i,
because in deriving Eq. (8), we have considered that the
tool edge is responsible for particle fracture.

For a given groove depth /4 (Fig. 4), the specific particle
fracture energy ur can be obtained from the results given in
Ref. [30]. The total energy of particle fracture E; for
scratching is

Ep = AL = pgh* tan 0L, (17)

where A is the cross-sectional area of groove, 0 the indenter
apex angle between opposite faces and L the length of
scratch. Note that the volume of material removed is
AL = I tan OL. The effective indenter edge length L

causing particle fracture is given by
_2h
" cos20’

(18)

Hence, the energy of particle fracture per unit cutting
edge length L; is

Er  pehsin(20)L

He = L_el =74

The value of pu, was interpolated from a range of data

available in [30], the obtained value of y, = 0.01J/mm for
SiC (20 vol%). Using the given data and Egs. (8)—(11), the

el

(19)

3According to this theory, the energy required to propagate a crack is
equal to the surface energy of the crack surface created.
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Fig. 4. Schematic diagram of a scratched groove [30].

cutting and thrust force components due to particle
fracture and displacement are determined for different
cutting conditions.

4.3. Comparison of predicted and experimental results

For the conditions used in the tests discussed in Section
3, the predicted forces for chip formation from Egs. (1) and
(2), ploughing from Egs. (5) and (6) and, particle fracture
and displacement from Eqgs. (8) and (11) were first
determined. These forces were then added up to determine
the total forces in the cutting and thrust directions which
were then compared with experimental forces* obtained
under identical conditions. Additionally, for the same
conditions, cutting forces’ were calculated using the model
described by Kishawy et al. [24]. Predictions made from
this model together with those from the present model and
experimental results are given in Figs. 5-7. Based on the
information in [38], maximum tensile stress of SiC was
taken as 245 MPa.

Fig. 5 compares the predicted and experimental forces
with varying feed. In this figure, the experimental force
results are represented by symbols and predicted results by
lines. The solid lines represent predictions made using the
present model while the dashed line represents those obtain
using the model in [24]. As expected, the experimental
cutting and thrust forces can be seen to increase more or
less linearly with the increase in feed. The rate of increase in
cutting force is higher than that of the thrust force. The
predicted results from the present model show the same
trends as the experimental ones with excellent quantitative
agreement. On the other hand, the model in [24] can be
seen to underestimate the cutting force considerably.

The comparison between predicted and experimental
force results with varying depths of cut is presented in
Fig. 6. Similar to the force variations seen in Fig. 5 above,
the experimental and predicted force results increase
approximately linearly with the increase in depth of cut.

“In line with the equivalent cutting edge concept used in predicting the
forces, the experimental thrust force was taken as the resultant force of
experimental feed and radial forces.

>Note that the model in [24] allows the determination of cutting force
only.

250 1
200
g 150 +
8
2
£ 100
50
0 T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3
Feed (mm/rev)
Experimental Predicted lines for
symbol model
Present | Ref.[24]
Cutting
force o 1 3
Thrust Unable to
force x 2 predict

Fig. 5. Comparison of predicted and experimental forces with varying
feed.

300 ~
250
200
z
8 150 A
5
=
100 A
50 1
0 T T T
0 0.5 1 1.5
Depth of cut (mm)
Experimental Predicted lines for
symbol model
Present | Ref.[24]
Cutting
force o 1 3
Thrust Unable to
force X 2 predict

Fig. 6. Comparison of predicted and experimental forces with varying
depth of cut.

Once again, a higher rate of increase in cutting force than
thrust force as well as excellent qualitative and quantitative
agreement between predicted (from the present model) and
experimental results has been obtained. However, the
model in [24] has underestimated the cutting force within
the tested range of depths.
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The comparison between predicted and experimental
force results for varying cutting speed is presented in
Fig. 7. Unlike the variations of forces with feed and depth
discussed above, in this case, cutting and thrust forces can be
seen to decrease approximately linearly with increase in
speed with somewhat similar rates of decrease. Once again,
excellent qualitative and quantitative agreement between
predicted (from the present model) and experimental results
seems to exist. On the other hand, the predictions from the
energy based model [24] are not influenced by the cutting
speed (hence a horizontal line) and the measured cutting
forces are higher than predictions for all speeds.

From the above comparisons between predictions (from
the present model and that in [24]) and experimental
results, it is clear that the predictions made from the
present model shows excellent quantitative/qualitative
agreement with experimental results. However, the model
in [24] can be seen to considerably underestimate the
predicted cutting force. This underestimation is possibly

300 1
250 A
200 A

150

Force (N)

100 -

50 A

0

T T T T
0 200 400 600 800
Speed (m/min)

Experimental Predicted lines for
symbol model
Present | Ref.[24]
Cutting
force o 1 3
Thrust Unable to
force x 2 predict

Fig. 7. Comparison of predicted and experimental forces with varying
cutting speed.

Table 1
Machining parameters used in the investigations in [3,7,12]

1801

due to the consideration of only the matrix alloy when
estimating the specific energies due to plastic deformation
in the primary and secondary shear zones. The influence of
reinforcement particles was accounted by considering the
specific energy due to particle debonding. For more
accurate predictions from this model, it may be necessary
to consider the MMC (instead of the matrix alloy) when
estimating the specific energies due to plastic deformation
in the primary/secondary shear zones.

In addition to the comparison between predictions and
experimental results obtained from the authors’ cutting
tests discussed earlier, an attempt is now made to further
verify the developed method by comparing the predictions
with the experimental results published in the literature. It
was found that only few experimental force results were
available. Notably, Davim et al. [3], Chambers [7] and El-
Gallab et al. [12] measured the forces in machining MMCs
with PCD tools for a range of cutting speeds. However,
none of these papers give data in sufficient detail for
comparison. The parameters used or applicable for the
studies in [3,7,12] that will be used for further verifying
the present model are listed in Table 1. Note that some of
the parameters, which were not given in the above papers,
have been assumed in accordance with general machining
practice or taken from the authors’ investigation.

For the experimental conditions of Davim et al.,
Chambers and El-Gallab et al., all the components of
cutting and thrust forces for different mechanisms were
calculated and added according to the procedure described
in the forgoing sections.

Fig. 8 compares the predicted cutting and thrust force
results with experimental results obtained from [3,7,12].
The number on abscissa shows the force component and
reference from which experimental forces were obtained.
The model predictions are shown by bars while the
experimental measurements are denoted by circles with
variation ranges. It can be seen that the agreement between
the predicted and experimental cutting/thrust forces is very
good for the conditions used by Davim et al. [3] and
Chambers [7]. However, the model seems to have largely
overestimated the cutting force for the conditions used
by El-Gallab et al. [12]. This is most surprising when
one considers the excellent agreement seen between

Chambers [7] El-Gallab et al. [12]

Parameters Davim et al. [3]
Tool material PCD

Nose radius, . (mm) 0.8

Rake angle, y (deg) 0

Approach angle (deg) 85 (assumed)

Cutting speeds (m/min) 250-700

Feed, /' (mm/rev) 0.1

Depth of cut, ¢ (mm) 1

Workpiece material A 356-20% SiC-T6
Yield strength of matrix (MPa) 138

Average particle diameter, d,, (pm) 20

PCD PCD
1.6 (assumed) 1.6

0 0

85 (assumed) 85
50-300 670, 894
0.2 0.25

1 1.5

A 356-15% SiC A 356-20% SiC-T71
138 124

22.5 12
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450 4 Numberon  Force  Reference

abscissa
1 F, Davim [3]
_ 360 A 2 F,  Chambers [7]
Z 3 F, ElGallab[12]
o
2 avim [3
5 270 A 4 F, Davim [3]
g
=)
T 180 A
.5
S
90 © 5
0 N K R —
1 2 3 4

Fig. 8. Comparison between predicted and experimentally measured
forces from literature.

experimental and predicted results for authors’ experi-
mental conditions and those in [3,7]. It is likely that there is
an error either in the equipment used by El-Gallab et al.
[12] or in the experimental conditions or force results given
in [12]. The attempts made to confirm this with the authors
of [12] were not successful so far.

Considering the simplifications made in developing the
described model, the agreement between predicted and
experimental results is very encouraging. This also in-
dicates that chip formation, ploughing and, particle
fracture and displacement are indeed the main factors
which contribute to the cutting force generation.

5. Conclusions

In this work, a mechanics model was developed for
predicting the forces when machining aluminum alloy-
based MMCs reinforced with ceramic particles. The
resultant cutting force was considered to consist of
components due to chip formation, ploughing and, particle
fracture and displacement, and the calculations of these
force components were based on Merchant’s shear plane
analysis, slip line field theory and Griffith theory,
respectively. The predictions revealed that, the force due
to chip formation is much higher than those due to
ploughing and particle fracture. A comparison between
predicted and experimental force results showed excellent
agreement.
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Appendix A

Here the authors would like to report an interesting
phenomenon, i.e., at varying cutting speeds, the relation-
ship between ¢ and (f—y) observed in machining of
monolithic metals [36,37], ie., ¢ =B—C(f—y), still
approximately holds, even for the cutting of MMCs.

In modeling of chip formation, whether it is shear plane
analysis (e.g. by Merchant [31], Lee and Shaffer [34]) or
shear zone analysis (e.g. by Oxley [35]), one of the most
important parameters is the shear angle ¢, which
determines geometry of chip formation and hence cutting
forces. The theoretical relations obtained for ¢ by
Merchant [31] and Lee and Shaffer [34] are:

—1(B—7v) Merchant,

¢ = { —(f—7v) Lee and Shaffer.

However, the experimental results obtained by investi-
gators such as Kobayashi and Thomson [36] and Pugh [37]
for a wide range of (monolithic) work materials and cutting
conditions show that the following general relation is more
appropriate for

¢=B—C(f—7), @21

where B and C are constants which depend on the work
material. Note that in the Merchant shear angle relation
B=m/4 and C =1/2 where as in the Lee and Shaffer
relation B=n/4 and C = 1.

Fig. 9 shows the experimental values of ¢ plotted against
(f—y) for all the experimental conditions used in the present
investigation discussed in Section 3. The linear regression
line for the data is also shown in the figure. It can be seen
that the experimental results fall close to the line
represented by the equation

(20)

EE R NE]

=" ) (2)

When Eq. (22) is compared with Eq. (21), it can be seen
that B=mn/5 and C = 1/2. Hence it can be stated that,
similar to the case of cutting monolithic materials discussed
above, there also exist a linear relationship between ¢ and

25 4
22 A

19 A

D (degree)

10 T T T
10 19 28 37

B-v (degree)

Fig. 9. ¢ versus (f—y) relationship for machining of MMC by PCD tool.
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(f—y) even in cutting MMCs at varying cutting speeds,
although the values of B and C in the case of MMCs
(Eq. (22)) are not identical to those of Eq. (20) for
monolithic metals.
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