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SUMMARY 

The responses of a 6000 series aluminium alloy, reinforced 
with silicon carbide particles, to cavitation erosion, solid 
particle erosion, abrasion and sliding wear are reported. 
The mode and rate of material removal for each wear type is 
presented and compared to that of the monolithic matrix 
alloy. 

Resistance of the MMC to cavitation erosion is found to be 
no different to that of the monolithic matrix alloy and 
increased erosion rates are observed for solid particle 
erosion. However, the abrasive wear resistance of the 
composite was found to improve to six times that of the 
matrix alloy upon using a fine abrasive grit size. The 
composite's resistance to reciprocating sliding wear against 
a hardened stainless steel is observed to be orders of 
magnitude higher than that found for its matrix alloy. 
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I. INTRODUCTION 

Aluminium metal-matrix composites (MMCs) offer a variety of 
advantages over their monolithic counterparts, major 
improvements in stiffness, strength, thermal conductivity 
and wear resistance have been recorded [1]. This paper will 
focus on the resistance to various wear environments of a 
sic particulate reinforced aluminium 6061 alloy as compared 
to the behaviour of a monolithic 6061 alloy. 

Previous work [2,3,4] has indicated that the transition from 
high to low contact stress abrasion generally results in a 
marked improvement in the wear resistance of MMCs. This 
improvement is accompanied by a transition in wear mode; 
ceramic reinforcement in the form of particulates or fibres 
is fractured and gouged from the matrix alloy under higher 
contact stress conditions, reduced contact stress abrasion 
resul ts in the ceramic inclusions standing proud of the 
matrix with little or no fracture occurring. It is evident 
from previous work [3,5] that there is no simple correlation 
between the bulk hardness of the composite material and wear 
resistance. Our research investigates the transition in wear 
mode upon reducing contact stresses and abrasive grit sizes 
at the abrasive wear interface. This is acheived by the use 
of different grit sizes of abrasive paper. An attempt to 
characterise the mechanism by which reinforcing particulates 
improve the abrasion resistance is made. 

The sliding wear resistance of MMC's has been reported to be 
considerably higher than that found for the unreinforced 
alloys [6,7]. The present work involves sliding the MMC 
against a hardened 431 stainless steel counter face and 
comparing the rate and mode of material loss with that of 
the monolithic A16061 alloy. 

The resistance to accelerated cavi tation erosion of 
monolithic dilute aluminium alloys is low [8]. The addition 
of hard secondary inclusions to a dilute aluminium alloy may 
promote void formation at the matrix-particulate interface 
during erosion. Thus the integrity of the interfacial metal
ceramic bond will determine whether rapid loss of 
particulates occurs. Previous work [9] has established the 
lower bound value of the interfacial bond strength in a 
similar SiC/A16061 particulate MMC, to be equal to at least 
1690 MPa. This is three times the fracture strength of the 
matrix alloy, indicating that the particulates will possibly 
be retained within the matrix while surrounding material is 
eroded away. Our work focuses on the difference in erosion 
rate and mode of material removal, between the MMC and the 
unreinforced alloy 

Ninham [10] found that the presence of carbide inclusions in 
Stellite alloys affected the solid particle erosion 
resistance in a deleterious manner; void formation and 
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inclusion fracture were prevalent at the carbide-matrix 
interfaces resulting in increased rates of material loss. 
Our solid particle erosion tests attempt to determine the 
behaviour of the MMC compared to its unreinforced state at 
different impact angles, as well as investigate whether the 
nature of the interface between the ceramic inclusions and 
matrix has any relation to the erosion resistance of the 
MMC. 

11. EXPERIMENTAL METHODS 

A. Materials 

Metal-matrix composite (MMC): An aluminium 6061 alloy (1% 
Mg, 0.6% Si, 0.2% Cu, 0.2% Cr) reinforced with 20% (vol.) 
discontinuous silicon carbide particulates was investigated 
in this work. The MMC was received in extruded rectangular 
bar form in the T6 heat treated condition. The optical 
micrograph (fig.l) of the general microstructure shows 
quasi-isotropic distribution of the 20pm sic particulates in 
the matrix with a grain size in the range 10pm to 20pm. 

Unreinforced alloy: A monolithic aluminium 6061 alloy in the 
T6 heat treated and extruded condition was used for 
comparative purposes. Fig.2 is an optical micrograph of the 
general microstructure showing a grain size similar to that 
of the MMC. 

B. Hardness measurements 

Vickers hardness measurements using a load of 20kgf were 
made of the bulk MMC and monolithic material. Microhardness 
measurements were also taken of the interparticulate matrix 
alloy in the MMC. 

C. Abrasion testing 

Dry abrasion testing was performed using a modified Rockwell 
belt sanding machine as an abrasion rig [11]. A continuous 
bonded abrasive belt is run horizontally at a constant 
velocity, against which a specimen is loaded perpendicularly 
on the 10x10mm cross-section face. The specimen is made to 
traverse normal to the direction of the belt movement so 
that it abrades against unworn particles all the time. The 
total sliding distance for each of the four MMC and four 
Al6061 specimens was around 20 metres, mass losses being 
determined at specifically measured intervals and converted 
to volume losses. 

Table I shows the conditions employed for testing. 'Aloxide' 
abrasive papers of four different grit sizes were used. 
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Scanning electron microscopy, was employed to establish the 
wear mode for each material and for the characterisation of 
each abrasive paper by measuring abrasive grit sizes and 
distribution densities from electron micrographs, using a 
method described by Wang and Hutchings [12]. 

Table I: Conditions employed for abrasion testing of MMC and 
unreinforced Al6061 

Nominal contact pressure 0.1 MPa 

Applied load 10 N 

Belt speed 0.34 ms-1 

Abrasive type Aluminium oxide 

Grit sizes used 220, 280, 400, 600. 

D. Reciprocating sliding wear testing 

Reciprocating sliding wear tests were undertaken for both 
the MMC and A16061 against a 431 stainless steel 
counterface, ground to Ra= O. 3p,m and hardened to HV20kgf= 
395. The rig used consists of a reciprocating base 
arrangement to which is attached the counterface specimen 
[13]. The material to be tested is loaded against the 
counterface. water was used as a coolant/lubricant as well 
as debris remover. 

Tests were carried out at a maximum reciprocating sliding 
speed of Ims-1 for both materials. A load of 10 N (0.1 MPa 
nominal pressure) was used for the A16061 and 50 N (0.5 MPa) 
for the MMC specimen. Initially a 10 N load was used for 
testing the MMC but the specimen failed to 'run in' after 60 
km sliding distance. Mass loss/gain readings of both the pin 
specimens and counter faces were taken, these were then 
plotted against sliding distance and dimensionless wear 
rates calculated and compared. 

scanning electron microscopy was then employed to establish 
the modes of material removal for each specimen. 

E. cavitation erosion testing 

Four 14mm diameter x 4mm thick coupon samples were machined 
from each material, ground and diamond polished to a 0.25p,m 
finish. Each specimen was then tested in a vibratory 
cavitation erosion rlg (modified ultrasonic drill) [14] 
using distilled water as the cavitating liquid. Table 11 
shows the testing conditions used. 
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Table 11: cavitation apparatus:- ultrasonic frequency, 
amplitude and temperature settings used during cavitation 

erosion testing of MHO and Al6061 

Frequency 
(KHz) 

20 

Amplitude 
(nun) 

0.1 30 

Specimens were removed from the rig at specific 
intervals so that mass loss measurements to steady 
could be made. Scanning electron microscopy was 
employed to monitor the changes in surface topography. 

F. Solid particle erosion testing 

time 
state 
then 

Three coupon specimens (50x30nun face x7mm thick) were 
prepared from each material then ground and polished to a 
IJLm surface finish. The erodent used was silicon carbide, 
120 grit (diameter approx. 100JLm) which was weighed into 20 
gram batches. The MMC and A16061 specimens were eroded in a 
solid particle erosion rig [15] with air as carrier gas. Air 
pressure was maintained at 400kPa for each test rhich 
corresponded to an average particle velocity of 60 ms- , as 
determined using the Ruff and Ives double rotating disk 
method [16]. 

Each specimen was eroded to steady state conditions with 100 
grams of erodent at 20 gram intervals. Mass loss/gain 
measurements were converted to cumulative volume loss/gain 
values and plotted against erodent mass to obtain erosion 
rates from their steady state regions. 

Erosion tests were carried out at three impact angles ie. 
with specimen faces inclined perpendicular to the path of 
erodent particles (90°), at 45° and at 20°. 

Scanning electron microscopy was employed to determine the 
erosive wear mechanisms, by observing the morphology of the 
steady state eroded surface of the two materials for each 
impact angle. 

Ill. RESULTS 

A. Hardness measurements 

Table III shows the Vickers microhardness and macrohardness 
readings obtained for both materials. A minimum of five 
readings were taken for each material. 
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Table III: Mean Vickers indentation hardnesses for the MMC 
(macrohardness and interparticulate matrix 

hardness) and Al6061 alloy. 

A1606l 

HV20kgf 114 

HV15g 114 

B. Abrasion 

Table IV shows the average 
densi ties measured for each 
electron micrographs. Fig.3 
abrasive paper morphology. 

MMC 

150 (macrohardness) 

114 (matrix) 

grit sizes and distribution 
of the abrasive papers from 
is a typical example of the 

Table IV: Average grit size and distribution densities as 
measured from electron micrographs of each abrasive paper. 

GRIT SIZE 220 280 400 600 

Ave. Diameter (I'm) 56.8 44.1 33.5 16.9 

Ave .. Distri~~tion 123 95 377 1502 
Denslty (mm ) 

A bar chart of the relative abrasion resistance of the MMC 
compared to the unreinforced A16061 for the various abrasive 
grit sizes used is shown in fig.4. An increase in abrasion 
resistance to some 6.3 times that of the monolithic alloy is 
seen upon reducing the abrasive grit size to approximately 
16tLm in diameter. 

Micrographs taken of abraded surfaces of both the MMC and 
A16061 are exhibited in figs.5a to 5d. A transition in wear 
mechanism is observed for the MMC from a predominantly 
chipping and particulate dislodging one to a more plastic 
smearing of matrix over the particulates. No evidence is 
found for a similar transition in wear mode for the 
unreinforced alloy. 

C. Reciprocating sliding wear 

The cumulative volume loss plots for both materials tested 
and the stainless steel counterfaces, are shown in figs.6a 
and 6b. A total of 7. 5krn sliding distance was undertaken 
during testing of the A16061 alloy; a considerable amount of 
wear debris was produced from the alloy and no loss or gain 
in mass was recorded for the stainless steel counterface. 
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In comparison, the MMC exhibited a markedly higher wear 
resistance with the test being run tOe 60km. Both the MMC and 
431 stainless steel counterface lost the same amount of 
material during testing. Dimensionless wear rates, 
calculated from the slopes of plots shown in figs.6a and 6b 
are given in Table V. The wear rate ratio of MMC to A16061 
is seen to be 1:299 if volume loss from the 431 counter face 
is taken into account during MMC wear. 

Table V: Dimensionless wear rates for MHO and A16061 and 
their ratios. 

Material A16061 + 431 MMC + 431 

Dim1 werr fate 3.03 + 0.0 5.07X10-3 + 5.07X10-3 
(mm Km- N- ) 

Ratio 299 1 

The electron micrograph exhibited in fig.7 shows the 
morphology of the worn surface of the MMC after 60km 
sliding. Material appears to have been removed from the MMC 
surface by abrasion and fragments of siC are seen embedded 
within the matrix. Fig. 8 is an electron micrograph taper 
section of the worn MMC surface showing the subsurface area 
of an individual wear track ; sic fragments have re-embedded 
into the matrix alloy, particularly at the base of the wear 
track, and range in size from about 5J,Lm-10J,Lm. Fig. 9 is an 
electron micrograph of the 431 stainless steel counterface 
after 60km of sliding against the MMC; material removal 
appears to have occured by abrasion. Fig.10 is an electron 
micrograph of the worn surface of the unreinforced A16061 
alloy, where the wear mode is adhesive-abrasive. The 
counterface suffered no damage after testing against the 
A16061. 

D. cavitation Erosion 

The cumulative volume losses versus erosion time for the MMC 
and A16061 are shown in fig.11. The MMC exhibits a slightly 
lower erosion rate in comparison to the monolithic alloy, 
however the degree of scatter indicates that this difference 
is not significant. Both materials exhibit incubation 
periods of the order of five to ten minutes. 

The scanning electron micrographs in fig.12 show the changes 
in surface topography of the MMC after successive exposure 
to cavitation erosion. Two minutes exposure reveals 
undulation of the initial flat surface, small 'pits' have 
formed within the matrix as a result of cavities collapsing 
adjacent to the MMC surface; the silicon carbide 
particulates have become slightly exposed although the 
interfaces appear relatively intact. Pit formation has 
occurred at a few of the matrix-particulate interfaces but 
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not exclusively. The same region is shown again after five 
minutes cavitation, gross plastic flow has occurred; the 
surface undulations have become deeper and pits have 
developed into craters. Ductile shearing of crater rims is 
observed with matrix-particulate interfaces still remaining 
relatively intact, the bulk of material removal has occured 
in the interparticulate regions. The mode of matrix alloy 
removal from the MMC is observed to be the same as that 
found in the monolithic Al6061 alloy. 

An electron micrograph of the steady state eroded surface of 
the MMC after one hour cavitation, is shown in fig .13. 
Massive plastic deformation has occurred and, although 
difficult to discerne from the matrix, particulates are seen 
embedded within the matrix alloy with surrounding material 
eroded away. 

E. Particle erosion 

steady state conditions were attained for both materials 
tested after erosion by approximately 40 gram of Sic 
erodent. The MMC exhibited lower incubation periods in 
comparison to the matrix alloy, noticeably evident at the 
90° eroding angle (fig.14). Erosion rates for the different 
impact angles are shown in fig.15. Both materials have 
better erosion resistance at higher impact angles with 
significantly lower resistance at the more acute impact 
angle of 20·. The matrix alloy is seen to have a higher 
overall erosion resistance to that of the MMC for each of 
the impact angles. A slight retardation in erosion rate is 
observed for the MMC at 20· erosion in comparison to the 
monolithic alloy. 

Electron micrographs of the eroded surfaces of both 
materials at each impact angle are shown in figs.16a to 16d. 
Erosion at 90· for the two materials is characterised by 
heavy plastic deformation typical for that found in ductile 
metals at high impact angles. A transition to micromachining 
or ploughing of material is observed at impact angles of 
20°. Eroded surfaces of the MMC exhibit less plastic shear 
and are more fragmented in appearance, especially at 20° 
impact, in contrast to the monolithic alloy. 

Subsurface taper section (5° taper) optical micrographs in 
figs.17a and 17b show the extent of microstructural 
deformation, in the MMC, at erosion angles of 90· and 20°. 
Erosion at 90° is characterised by a relatively large amount 
of subsurface plastic deformation and particulate fracture 
in comparison to erosion at 20°. 
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IV. DISCUSSION 

A. Abrasion 

The marked transition in wear mechanism observed upon using 
finer abrasive grit sizes, coupled with a sixfold increase 
in relative abrasion resistance of the MMC to its matrix 
alloy, indicates that under reduced contact stress abrasion, 
the addition of ceramic particulate reinforcement to a 
monolithic aluminium alloy can improve its abrasion 
resistance substantially. Previous work by Wang and 
Hutchings [3J and Prasad et al [2] has elicited similar 
responses in other MMCs. 

The lowering of contact stresses during two body abrasion is 
accompanied by plastic deformation and cutting of the matrix 
alloy without particulate fracture and removal. Increasing 
the stresses at abrasive particle contact with the MMC, by 
increasing the grit size (ie.less contacts per unit area) 
results in a transition to fracture and gouging of sic 
particulates from the matrix. 

The resistance of a two phase material, to abrasive wear, 
can be further explained by taking into account the groove 
size produced by the abrasive paper grit and its relation in 
size to the mean free path between secondary phase 
inclusions [5]. The theoretically determined mean free path 
between sic particulates in the MMC gives a value of 
approximately 53~m, assuming that the particulates are 
spherical and isotropically distributed in the matrix. This 
value is obviously subject to variance due to the quasi
isotropic distribution of particulates, which tend to 
cluster in the matrix, and their non-uniform shape. 
Referring to the scanning electron micrographs in figs. 5a 
and 5b, the onset of the transition in wear mode occurs for 
grit diameters in the region between 44~m to 16~m. Abrasive 
grit particles larger or of the same size as the theoretical 
mean free path between reinforcing particulates initiate the 
fracture and dislodging from the matrix of the sic. 

The increased macrohardness (150Hv) and lowered ductility of 
the MMC in comparison to its matrix alloy (114Hv) indicate 
that when subjected to wear modes involving indentation ego 
abrasion and sliding wear, an improvement in wear resistance 
is obtained. For large grit sizes this is found to be the 
case, with relative improvements in resistance being twice 
that of the matrix. The reduced ductility of the MMC also 
leads to an increased susceptibility to micro fracture 
(visible in fig.5a) upon application of concentrated stress. 

As abrasive grit size is made finer, reducing the abrasive 
indent groove size, the strength of the interfacial bond 
between ceramic particulate and aluminium alloy, rather than 
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the MMC macrohardness Q becomes the overiding factor 
determining whether particulate removal occurs or not. 
Plastic cutting of the matrix occurs with minimal damage to 
the reinforcing phase. Matrix alloy is smeared over and 
around the particulates with the reduced contact stresses 
present being unable to overcome the metal-ceramic bond 
strength. 

The excellent wear resistance afforded by the MMC in 
abrasive wear, especially during contact with finer grit 
sizes indicates that a higher wear resistance would be 
obtained during sliding wear, if the relationship between 
interparticle spacing and groove size was established. 

B. Reciprocating sliding wear 

The exceptional resistance of the MMC to sliding wear 
against a hardened stainless steel counter face can be 
explained in terms of the following: 

The high interfacial strength between particulate and matrix 
alloy prevents complete debonding of the reinforcing 
inclusions from the matrix. sic is removed as small 
fragments from the particulates and re-embedded in the 
matrix; here they act as additional reinforcment at the worn 
surface of the MMC during contact with the counterface. The 
sic fragments assist in the removal of material from the 
stainless steel counter face and MMC surface by an apparent 
three body abrasive wear mechanism. The added reinforcment 
afforded by the sic fragment layer would also increase the 
bulk hardness of the MMC at the wear surface thus improving 
its resistance to indentation. The size of the re-embedded 
sic fragments (3.um-5.um) indicates that the three body wear 
situation is similar to the two-body abrasion of the MMC by 
an ultra-fine abrasive grit ie. a low stress abrasive wear 
situation is occuring at the wear interface. 

In contrast to the behaviour of the MMC, the monolithic 
alloy has a markedly higher wear rate with material being 
removed from its surface by an adhesive-abrasive wear mode. 
No .apparent damage to the stainless steel counterface has 
occured during contact with the monolithic alloy 

C. cavitation erosion 

The mechanism of material loss for both the monolithic alloy 
and the MMC is similar to that described by Vaidya and 
Preece [8] for dilute aluminium alloys. In general it can be 
concluded that the ceramic reinforcing phase plays no part 
in affecting the accumulation of strain in the aluminium 
alloy during accelerated cavitation erosion. The similar 
incubation periods for both materials indicates that 
accumulation of strain and work hardening within the matrix, 
are the dominant- modes for the initiation of material 



11 

removal. The integrity of the interface between matrix and 
particulates is seen to be maintained indicating that the 
strength of the interfacial bond is greater than that of the 
matrix yield strength. 

D. Solid particle erosion 

The reduced erosion incubation periods observed for the MMC 
in comparison to the monolithic alloy (fig.14) indicate a 
significantly lowered ductility of the MMC afforded by the 
addition of the ceramic reinforcement. The MMC has a lowered 
capacity to absorb strain, resulting in greater plastic 
constraint upon impact and facilitating material removal by 
microfracture. 

From the erosion data given in fig.1S it is clear that the 
MMC has a lower erosion resistance compared to that of its 
matrix alloy. Wear rates are higher at the more acute angles 
of impact, characteristic of erosion modes found in ductile 
materials, due to an increased amount of impact energy being 
taken up in the form of cutting, rather than plastic 
deformation and work hardening as would be the case for 90 0 

erosion. Subsurface optical micrograph taper sections in 
figs.17a and 17b confirm these findings; at 90 0 erosion the 
energy of impact has resulted in plastic deformation 
together with particulate fracture and liberation of 
fragmented sic into the surrounding matrix. In comparison, 
the 20 0 optical micrograph shows less particulate fracture 
and less subsurface deformation. 

The slight improvement in relative wear resistance of the 
MMC at 20 0 erosion shown in fig.1S, indicates that there is 
possible retardation of void nucleation at the matrix
particulate interfaces. 

v. CONCLUSIONS 

This study of the response of a sic particulate reinforced 
MMC to various forms of wear, has enabled us to establish 
that improved performance over the monolithic alloy is 
obtained, where hardness and resistance to indentation or 
scratching is paramount. This is the case in the following 
two situations: 

(i) Two body abrasive wear situations; The MMC showing 
better resistance due to the increased hardness of the 
composite over the matrix alloy. By reducing contact 
stresses and abrasive grit size, the MMC gives exceptional 
performance over the unreinforced alloy, where the strength 
of the particulate-matrix interface bond plays a dominant 
role in determining wear resistance. 
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(ii) Reciprocating sliding wear, where the MMC exhibited 
dimensionless wear rates of up to 300 times lower than that 
of the matrix alloy. The mode of material removal was three 
body abrasive wear. 

No improvement in wear resistance was obtained where 
adsorption of plastic strain by the matrix is the 
controlling factor. cavitation erosion resistance was no 
different to that of the unreinforced alloy and particle 
erosion resistance was half that of the matrix alloy. 
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Fig.l - Optical micrograph of MMC. Fig.2 - Optical micrograph of A16061. 

Fig.3 - Electron micrograph of 600 grit abrasive paper. 
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FigA - Abrasion resistance of MMC relative to that of 
the Al6061 alloy, for the various abrasive papers of 

different grit size. 



Fig.5a - Electron micrograph of MMC surface abraded 
with 220 grit abrasive paper. 

Fig.Sc - Electron micrograph of AI6061 surface abraded 
with 220 grit abrasive paper. 
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Fig.5b - Electron micrograph of MMC surface abraded 
with 600 grit abrasive paper. 

Fig.5d - Electron micrograph of AI6061 surface abraded 
with 600 grit abrasive paper. 

Fig.6a - Reciprocating sliding wear; cumulative volume 
loss of Al6061 vs. sliding distance against a 431 stainless 

steel counterface. 
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Fig.6b - Reciprocating sliding wear; cumulative volume 
loss of MMC vs. sliding distance against a 431 stainless 

steel counterface. • 
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Fig.7 - Electron micrograph of MMC surface after 
60km of sliding against the stainless steel counterface. 



Fig.8 - Electron micrograph of a taper section of the 
worn MMC (60km sliding), showing SiC fragments 

(SIm-lOIm) embedded in the matrix alloy at the base of 
a wear track. 

Depth below surface. 

Fig.9 - Reciprocating sliding wear; electron micrograph 
of worn surface of 431 stainless steel after 60km sliding 

against the MMC. 
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Fig.IO - Reciprocating sliding wear; electron 
micrograph of worn surface of AI6061. 
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Fig.12a - Surface topography of MMC after exposure to 
cavitation erosion for two minutes. 
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Fig.ll - Cavitation erosion; cumulative volume losses 
for the MMC and A16061. 

Fig.12b - Surface topography of MMC after exposure (0 

<;avitation erosion for five minutes (same area shown as 
for fig.12a). 



Fig.13 - Surface of MMC after one hour exposure to 
cavitation erosion. 
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Fig.14 - Solid particle erosion; difference in incubatic 
periods between MMC and A16061 at 900 erosion.! 
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Fig.iS - Solid particle erosion; plot of erosion rates for 
each material at different eroding angles. 
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Fig.16a - Solid particle erosion; electron micrograph of 
steady state eroded surface of MMC at 900 impact. 

Fig.16b - Solid particle erosion; electron micrograph of 
steady state eroded surface of MMC at 200 impact. 
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Fig.16c - Solid particle erosion; electron micrograph of 
steady state eroded surface of A1606i at 900 impact. 

Fig.l6d - Solid particle erosion; electron micrograph of 
steady state eroded surface of AI606i at 200 impact. 



Fig.17a - Solid particle erosion; optical micrograph 
taper section of 900 eroded surface of MMC. 

Fig.17b - Solid particle erosion; optical micrograph 
taper section of 200 eroded surface of MMC. 




