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Abstract. Aluminium alloys reinforced by ceramic particles have been widely used in aerospace
and automotive industries for their high stiffness and wear resistance. However, the machining
of such materials is difficult and would usually cause excessive tool wear. The effect of ceramic
particles on the cutting mechanisms is also unclear.

The purpose of this study is to investigate the cutting mechanisms and the relationship between
specific energy of scratching and depth of cut (size effect). The single-point scratch test was carried
out on 6061 Al and its composites reinforced by Al,O3 and SiC ceramic particles using a pyramid
indenter. The results indicated that the scratch process was composed of rubbing, ploughing, plastic
cutting and reinforcement fracture. A simple model was proposed to interpret the apparent size
effect. The effect of reinforcement on the specific energy was correlated to the ratio of volume
fraction to particle radius. The paper found that for machining MMCs, a larger depth of cut should
be used to maintain a lower machining energy, especially for those with a larger ratio of volume
fraction to particle radius.

Key words: Metal matrix composites, Reinforcement effect, Scratching, Specific energy, Size
effect, Groove topography, Depth of cut.

Nomenclature
A area,
C length or radial crack,

Co,Cy,Ch,Cs  constants in Equations (3), (4), (5), and (9),

E Young’s modulus,

f friction coefficient,

fv volume fraction of particles,

Fy tangential force,

H Vicker’s hardness,

h depth of cut,

K. fracture toughness,

K constant in Equation (7),

L groove length,

L. total edge length of particles, defined in Equation (11),

* Author to whom correspondence should be addressed.
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P indentation load,
P average contact pressure,
R particle radius,
«, oy constants, defined in Equations (6) and (8),
Y surface energy of particles,
0 semi-included angle of groove,
specific energy,
£ ratio of particle volume fraction to average radius of particles,
Oy yield stress of a composite material,
subscript
c plastic cutting,
f fracture,
g groove surface,
D ploughing,
T rubbing,
s section of groove.

1. Introduction

It is well known that metal matrix composites (MMCs) have considerable poten-
tial of enhanced strength and abrasive wear resistance [1-5]. However, because
of the extremely different behaviour of the two phases involved, the hard parti-
cles and the soft matrix, the machining of MMCs, such as turning, milling and
grinding, is often knotty, causing significant tool wear and unstable quality of
machined surfaces. Nevertheless, it has been found that the specific machining
energy is an important parameter correlating to tool wear, temperature distribu-
tion and surface quality of workpieces in all the above machining processes [6,
7]. The relationship between the specific machining energy and depth of cut(size
effect) has been widely used for investigating the machining of single phase
materials. Backer er al. [8] found that there was a significant increase in specif-
ic energy as chip thickness decreased to about 20 um when grinding SAE 1112
steel, because crystal defects would have less and less effect on the shear strength
of the work materials. A similar size effect was reported [9, 10] in scratching or
grinding ductile and brittle materials. However, the work of Nakayama et al. on
copper cutting [11] showed that the shear strength did not increase even when
the chip thickness became very small (2 um). Malkin et al. [12] proposed that
the size effect was mainly related to the relative energy contributions of slid-
ing, ploughing and chip formation. These studies demonstrate that the specific
machining energy is a function of at least two groups of factors: the properties
of a workmaterial and the parameters set for a specific machining process.

On the other hand, the machining of MMCs is similar, to a great extent, to
an abrasive process of a wear system. Therefore, studies of abrasive process
involving MMCs are also very useful. It has been recognised that the effect of
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the hard reinforcement on abrasive wear resistance can be interpreted in terms
of decreasing the dimensionless wear coefficient [1] and that a higher volume
fraction of ceramic reinforcement and a larger particle size provide greater abra-
sive wear resistance [1, 4]. Wang and Hutching [5] illustrated that there existed
an optimal volume fraction of reinforcement and fine particles should usually be
used for generating a high abrasion resistance. Therefore, the understanding of
the effect of the size and the volume fraction of reinforcement on abrasive wear
mechanisms is far insufficient [13]. The question to be answered is what is the
main role of the ceramic reinforcement in an abrasive process of a MMC material
in terms of its size and volume fraction, though ceramic particles increase the
compound hardness of the composite in general.

Accordingly, for MMCs, the quantity of specific energy could also be an
important variable in exploring the mechanisms of abrasive wear and determining
optimal machining conditions. Unfortunately, relevant researches are few and in-
depth understandings are lacking.

This paper addresses the single-point scratch test of 6061 Al and its compos-
ites reinforced with Al,O3 and SiC particles. Emphasis is placed on the cutting
mechanisms and the relationship between the specific energy of scratching and
depth of cut.

2. Experimental Procedure

The materials investigated were 6061 Al and its composites reinforced by 10%
and 20%(wt%) Al,0s3/SiC particles of different sizes. For simplicity, those rein-
forced by 10% Al03, 20% AlOs3, 10% SiC and 20% SiC will hereafter be
referred to as AO10, AO20, SC10 and SC20, respectively. The materials were
solution heat treated at 530°C for 2 hours followed by a water quench and
aging at 175 °C for 8 hours. This process is known in engineering practice as T6
treatment. In order to investigate the effect of T6 treatment on the material hard-
ness and cutting process, some materials were received in as-extruded condition
without heat treatment. All specimen surfaces were polished before testing using
a diamond paste with grits of an average diameter of 1 um. To obtain reliable
hardness values, the Vicker’s hardness of each material was measured at different
loads. The volume fraction, average particle diameter, and average free path of
ceramic particles were measured by an image analysis system (Leica microscope
with md30 software). The scratch tests were carried out using a reciprocating
scratch machine with a constant scratching speed of 6 mm™~! s. The apex angle
of the pyramid indenter used was 136°. The normal load applied varied from
2.5 to 20 N to obtain different depths of cut. The tangential forces were mea-
sured by a force transducer. The surfaces of the grooves formed were observed
under scanning electron microscope (SEM). For calculating the volume of the
material removed, the width and depth of the grooves were measured using a
laser confocal microscope.
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3. Results and Discussion

3.1. MICROSTRUCTURES AND VICKER’S HARDNESS

The initial microstructure of the work materials are shown in Figure 1. The
profiles of the particles are irregular and their distribution in the matrix are
random. The volume fraction, average diameter, average free path of particles
and the ratio of volume fraction to particle radius (£) are listed in Table I. The
Al,Os particles have a larger average diameter and average free path but a smaller
§ compared to SiC particles. SC20 has the smallest average free path but the
largest £ value among all materials. The variation of Vicker’s hardness of all the
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Fig. 1. Initial microstructure of materials (a) AO10, (b) AO20, (c) SCI10 and (d) SC20.

TABLE 1. Metallographic parameters of the particle reinforce-
ment

AO10 AO020 SC10 SC20

Average diameter (um) 1440  18.39 3.70 3.51
Volume fraction (%) 1583 2742 1499 2490
Weight fraction (%) 10.00 20.00 10.00 20.00
Average free path (um)  76.60 4870 2090 10.60
£ 2.20 2.90 8.10 14.20
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Fig. 2a.  Variation of hardness with applied loads: 6061 Al.

250
%‘7 + As fabricated T6 treatment
M o +
w 200F T
m J—
?:) o} + +
T
150 - +
5 bt ¥
< +
» @ A
w100 |
§2 o) o}
© go © 8 g
= 50
0 1 1 . 1 L
0 1 2 3 4 5 6
Load, N

Fig. 2b.  Variation of hardness with applied loads: AO10.

materials with indentation load, heat treatment and type of reinforcement is shown
in Figure 2. It is obvious that both solution treatment (T6) and reinforcement
increase the hardness of a composite. For 6061 Al, the hardness is independent
of applied load (Figure 2a) because the material is homogeneous, isotropic and
less work hardening such that the geometrical similarity applies under different
indentation loads. For all the composites, however, a large scatter of hardness is
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Fig. 2d.  Variation of hardness with applied loads: SC10.

observed when the indentation load is small, Figures 2b-e. It is not difficult to
understand if the microstructure of the composites is taken into account. When
the indentation load is small, the identation depth is small as compared to the
average diameter of the particles. Thus the hardness reading would greatly be
affected by the random distribution of the particles, or in other words, by the
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Fig. 2e.  Variation of hardness with applied loads: SC20.

identation position on the workpiece surface. When the load becomes large, the
contact zone of indentation is large and covers many particles. In this case, the
properties of matrix, particles and particle-matrix bonding, all together, provide
a stable hardness response.

The compound hardness of a composite is an important parameter in modelling
its wear and machinability. According to the above observations, the selection
of indentation load for the hardness measurement must therefore be carefully
related to its specific application. For instance, if the hardness of a composite to
be measured is for estimating its machinability or wear rate in a system with an
average depth of asperity penetration x, then the best indentation depth for such
hardness measurement should also be z.

3.2. GROOVE TOPOGRAPHY AND CUTTING MECHANISMS

Figure 3 presents the groove topography of 6061 Al, with and without T6 treat-
ment, at different normal loads. The groove and ridges were irregular when the
load is small (2.5 N), Figure 3a, but become regular and smooth when it is
large (e.g., 15 N), Figure 3b. Heat treatment alters the groove formation as well.
The groove of 6061 Al with T6 treatment (Figure 3c) is clearly smoother than
that without such treatment (Figure 3b) at the same load (15 N). Based on the
studies of scratching metals [14, 15], the formation of grooves and ridges is the
result of rubbing, ploughing and plastic cutting. However, each component plays
a different role under a certain depth of cut. Rubbing is a significant factor when
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Fig. 4. Schematic stress distribution beneath a sliding contact.

the depth of cut is small but becomes less important when it is large. With the
increase of depth of cut, ploughing and plastic cutting govern the process succes-
sively and make the groove surface smoother. An interesting fact was that some
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scales formed at the bottom of the groove, Figure 3b, which is not desirable
in any machining operation. This is due to the special stress and residual stress
distributions during the sliding of the indenter over the workmaterial. When the
indenter is sliding on the workmaterial surface, rubbing, ploughing and plastic
cutting all produce a horizontal compressive stress on the workmaterial surface
in front of the indenter but a corresponding tensile stress behind it [16]. The
tensile stress would easily cause surface cracking. Moreover, an investigation of
indentation {17] revealed that the tensile principal residual stress in the work-
material is almost perpendicular to the surface and the compressive one parallel
to it, Figure 4. Such a residual stress state can make the cracks propagate easily
in the sliding direction. Hence, the appearance of the scales are understandable.,
However, the number and the size of the scales must be very dependent on the
interface conditions of scratching. Larger and longer scales indicated a higher
interface friction and a lower normal scratching load. This is well confirmed by
Figure 3a—c. The scales did not tend to appear when the material properties were
changed after T6 treatment that altered the friction behaviour of the material
(Figure 3c¢).

The variation of the groove topography of the composite materials are similar,
to a certain extent, to that of 6061 Al discussed above (Figure 5). The grooves
are not very regular and not smooth at small normal loads (Figure 5a and c)
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Fig. 7. Variation of groove area with normal load.

and become regular and smooth when the load increases (Figure 5b and d).
However, a distinctive character is the fractured Al,O3 and SiC particles on the
groove surface (Figure 6). Clearly, the ceramic particles were either fractured
or dug out by the passing indenter. Therefore, for composites with brittle rein-
forcements, besides rubbing, ploughing and plastic cutting, particle fracture is
also an important component in groove formation. The relationship between the
groove area and normal load is indicated in Figure 7. In general, SC20 has the
smallest groove area an therefore has the greatest abrasive wear resistance. The
size and volume fraction effects of the reinforcement on scratching process will
be discussed later.
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3.3. SPECIFIC ENERGY OF SCRATCHING
3.3.1. Theoretical analysis

The specific energy of scratching is defined as the energy for removing a unit
volume of material. In the single-point scratch test, the configuration of the
groove can be defined easily (Figure 8), and hence the total energy in scratching
is simply the product of the tangential force (F}) and the scratch length (L). The
total volume of material removed by the indenter is equal to the scratch length
by the cross-sectional area of the groove (A;), Figure 8. Therefore, the specific
energy of scratching can be calculated by
EL EL F,
H=AL ™ Wan 0L~ Moo’ W
8

where h is the depth of cut and 8 the semi-included angle of the groove.

Now let us consider theoretically the relationship between the specific energy
of scratching and the depth of cut and material properties. According to the
scratching process mentioned in Section 3.2, the energy of scratching can be
expressed as

B= pr + pp + e+ py, )

where i, fip, f1c, and py are the specific energy for rubbing, ploughing, plastic
cutting and particle fracture respectively. To calculate i, we must first find all
the components on the right hand side of Equation (2).

In a grinding process, the tangential force for rubbing, F}, could be expressed
as a function of the depth of cut [18], A,

F, = Cofph'/?, 3)

Fig. 8. Schematic diagram of a scratched groove.



442 CHENG YAN AND LIANGCHI ZHANG

where () is a geometrical constant of grinding wheel, f is the friction coefficient
and p the average contact stress. When the width of groove is larger than the
tip radius of the indenter, f is constant and is determined only by the geometry
of the indenter [19]. In this study, because of the apparent plastic deformation
in the groove surface (Section 3.2), p could be assumed to be proportional to
the yield stress of a composite [16]. Considering the similarity between a single-
point scratching and a grinding process when only one cutting edge is involved,
the specific energy of rubbing in scratching can be expressed as

_ F Gofph!?  Cioy 4
" R2tan 6 R2tan § ~ R3/2° “)

where o, is the yield stress of the composite and C a constant dependent on
the geometry of the indenter only.

The mechanism of ploughing and plastic cutting processes is plastic defor-
mation of the workmaterial [20, 21]. These processes take place simultaneously,
thus the tangential force for ploughing and cutting for a composite material could
reasonably be assumed to be proportional to the yield stress of the composite and
the cross-sectional area of the groove. Therefore, the specific energy of ploughing
and plastic cutting is

Hr

Fy CoyAs C’goryh2 tan 0
h2tan & h2tan @ = h2tan O

where (5 is a constant.

The final component to be calculated is the specific energy of particle frac-
ture. In the scratching process, the initial interaction between the indenter and a
ceramic particles may be regarded as a point contact. According to the inden-
tation fracture mechanics, radial and lateral cracks can be initiated beneath the
indenter [22]. After the indenter passed, the cracks may propagate into the surface
of the particle due to the residual stress field. Thus the particles in a composite
was actually fractured by crack propagation, Figure 6a. Also, some particles were
dug out by the moving indenter, Figure 6b. The relationship between the length
of a radial crack and external load can be expressed as [22]

pp + e = = Choy, o)

(E/H)2/5 P5/8

C =
Kclf2Hl/8

. (6)

where H is the Vicker’s hardness of ceramics, £ the Young’s modulus, K, the
fracture toughness, P the indentation load and o a material-independent constant
which depends on the shape of the indenter.

According to Griffith theory, the energy needed to propagate a crack should
equal to the surface energy on the crack surface created. Because the dimension
of a crack surface in a particle fractured or dug out by the indenter is of the
same order of magnitude as the radial cracks, it is reasonable to assume that the
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specific energy of particle fracture is

_ KCyL  KCy 7

B1 = #2tan 0 ~ h2tan 6’ @

where vy is the unit surface energy of the particles and K a constant related to

the crack geometry and the number of cracks generated in a unit scratch length.

Furthermore, the relationship between the indentation load and Vicker’s hardness
of a particle is

P = o HR?, (8)

o 1s a geometrical constant. Combining Equations (6), (7) and (8), the expression
of py can be simplified to

Cs
b= 137 9

where (5 is a constant determined by material properties (E, H, K. and ),
geometry of indenter («, «; and ) and crack geometry and number of cracks
generated in unit scratch length (K).

Substituting Equations (4), (5) and (9) into (2), the total specific energy during
scratching becomes

(10)
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3.3.2. Size effect

The variation of specific energy of scratching (after T6 treatment) with the depth
of cut, A, is demonstrated in Figure 9. The specific energies for all the materials
decrease with the increase of & in the regime of A < 9 um (regime I) and then
keep almost constants (regime II). Therefore, there is an apparent size effect.
Over the whole range of depth of cut, SC20 has the greatest specific energy
of scratching and 6061 Al the least. This indicated that SC20 has the highest
abrasive wear resistance among the materials studied.

In Equation (10), the contribution of rubbing, C\oy/ h3/2, to the total specific
energy would become smaller with increasing %. This is consistent with the result
of grinding on single phase materials [12]. The component due to ploughing and
plastic cutting, C»0y, is independent of h. The contribution of particle fracture,
Cs/Rh3/*, similar to the specific energy of rubbing, decreases with increasing 4
as well. Therefore, as shown in Figure 9, when A reaches a certain value, say
9 um, the effects of rubbing and particle fracture become negligible and the total
specific energy of scratching remains a constant for a given composite material.
This is in agreement with the formation of groove topography when the normal
scratching load varies, as discussed in Section 3.2.

6061 Al is a single phase material and is also the matrix of the composites
studied. A comparison of the behaviour of 6061 Al with the composites would
therefore offer further understanding. Obviously, the specific energy of scratching
6061 Al does not have the particle fracture term in Equation (10). Moreover, for
either 6061 Al or a composite, the specific energies of rubbing, ploughing and
plastic cutting are proportional to the yield stress. Therefore, the summation of
fr, thp and . of scratching a composite can be obtained from that of scratching
6061 Al, provided that the yield stress of the latter is modified to that of the
composite. According to the published data [23, 24], the yield stress of AO10,
AQ020, SC10 and SC20 is 298, 335, 305 and 360 MPa, respectively. Thus, p of
a composite can be distinguished by subtracting the modified scratching energy
of 6061 Al from the total specific energy of the composites.

The variation of u; with & (regime I), is shown in Figure 10, which demon-
strates that those of AO10 and AQ20 are almost independent of h3/ 4 but those
of SC10 and SC20 are linear increasing functions of h=3/4_ This indicates that
at small A, particle fracture has only negligible effect on the size effect when
scratching AO10 and AO20 but becomes more obvious when scratching SC20
and SC10.

3.3.3. Effect of volume fraction and particle size

The above difference of specific energy of scratching AO and SC composites is
mainly due to the different volume fraction and particle size of the reinforcement.
Assuming that particles are spherical and with radius R, the total edge length of
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the particles on the groove surface (A,, Figure 8) can be expressed as [25]:

_3nfLA, 3w

= 1

where L. is the total edge length of the particles, f, the volume fraction and
¢ is the ratio of volume fraction to particle radius, as defined in Section 3.1.
The total edge length of particles on the groove surface, or, the probability of
ceramic particles encountered by the indenter is proportional to £. The values
of £ of SC20, SC10, AO20 and AO10 are respectively 14.2, 8.1, 2.9 and 2.2,
Table 1. Clearly, SC20 has the greatest £ among all the materials. This is why
for SC20, particle fracture has an obvious effect on the specific energy and the
size effect at small h. However, the size effect in AO10 and AO20 is caused
by rubbing rather than particle fracture. Because SC10 has an intermediate value
of ¢, particle fracture still has a small contribution to the size effect. At large
depths of cut (regime II), the effect of reinforcement on specific energy is mainly
through their influence on the compound hardness.

Based on the relationship between depth of cut and specific energy as well
as groove topography, for machining MMCs, a large depth of cut should be
recommended to maintain a minimum specific machining energy, especially for
those with larger £ values.
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4. Conclusions

(1) The single-point scratching process of 6061 Al reinforced by 10%, 20%,
Al,O3/81C ceramic particles is governed by a combined effect of rubbing, plough-
ing, plastic cutting and particle fracture. The apparent size effect can be inter-
preted clearly by the simple model of specific scratching energy.

(2) At a small depth of cut, the high specific energy and irregular groove
topography are caused by both particle fracture and rubbing for the material
with high ratio of volume fraction to particle radius {£), but mainly by rubbing
for those with low values of £ and those with single phase. 6061 Al reinforced
by 20% SiC, which has the largest compound hardness and ¢ value, has the
greatest specific energy of scratching. At a large depth of cut, the specific energy
of scratching and groove topography are mainly controlled by ploughing and
plastic cutting and are independent of the depth of cut.

(3) For machining MMCs, a larger depth of cut should be recommended
to maintain a minimum machining energy, especially for those with larger ¢
values.
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