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In this paper processes for fabrication of aluminium-alloy composites containing particulate 
non-metals, the net shape forming of these composites, their microstructures, their fric- 
tion and wear behaviours and their mechanical properties are described. Composites of 
two wrought (2014 and 2024) and one cast (201) aluminium alloys containing 2 to 30 
wt% of AI203 and SiC particles in the size range of 1 to 142/am were prepared. The non- 
metallic particles were added to a partially-solid vigorously-agitated matrix alloy. The 
particles were then retained in the matrix until interface interaction, for example, the 
formation of MgAI204 spinel in the case of AI203 particles, were faciliated. These 
composites were solidified and subsequently reheated to above their liquidus temperature 
and formed under high pressure in a closed-die forging type of apparatus. Composites 
with particulate additions of size larger than 5/am possessed homogeneous structures; 
particles of size 1/am, however, tended to cluster. The wear behaviour of the composites 
was studied using a pin-on-disc type machine. It was shown that composites containing 
large amounts of non-metals, ~ 20 wt%, exhibit excellent wear resistance whilst those 
with small to moderate amounts of non-metals possess tensile properties comparable 
to the matrix alloy. Increasing the amount of particulate additions results in reduced 
ductility. Finally, a method was investigated of producing components with high weight- 
fractions of non-metals near their surface. 

1. Introduction 
Much work has been stimulated starting from the 
increased demand for lightweight, energy efficent 
materials and it is anticipated that inexpensive light 
metal-matrix composites may find special applica- 
tions if capable of meeting specific friction and 
wear requirements while maintaining reasonable 
mechanical properties. The investigation reported 
here was aimed at developing wear-resistant com- 
posites of alumlnium-base alloys by combining 
them with hard particulate materials. The various 
composites fabricated were formed into net shapes, 
and their microstructures, friction and wear be- 
haviour and mechanical properties were studied. 

The survey given in this section is divided into 
two general areas. First, available methods for the 
preparation of a variety of metal-matrix composites 
are reviewed and the microstructures produced are 
related to the mechanical properties. Second, a 
general description is given of our current under- 
standing of the wear behaviour of alloys contain- 
ing particulate additions. 

1.1. Preparation and mechanical behaviou r 
of metal-matrix composites 

A significant portion of the work done in the 
metal-matrix composites field deals with discontin- 
uous second-phase particles that are uniformly 
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distributed in an alloy matrix. Oxides, carbides, 
silicides, borides and other non-metallic dispersoid 
systems have shown some degree of promise in 
wear and strengthening. 

There are a number of techniques available for 
the producing of various dispersed-phase alloys. 
They include solid-state transformations, liquid- 
liquid reactions, liquid-solid reactions, gas-liquid 
reactions, gas-solid reactions and mechanical mix- 
ing of powders. A promising new technique [1,2] 
for the production metal-matrix composites con- 
taining non-metallic particulates involves taking 
advantage of the theological behaviour and struc- 
ture o f  a partially-solidified agitated matrix alloy. 
A limitation of this method includes the difficulty 
of adding very fine particle sizes without clustering 
or segregation either prior to addition or within 
the metal matrix. For moderate size particles (3 
to 150#m), however, the technique permits the 
fabrication of materials tha t  exhibit improved 
friction and wear behaviour while maintaining 
reasonable engineering strength [2]. An important 
factor leading to the developement of such com- 
posites, in addition to improved friction and wear 
properties, is the consideration of material selection 
against product economics. It may become pract- 
ical to replace a more expensive material by a less 
expensive alloy containing a dispersiod that main- 
tains the same mechanical design requirements. 

Studies to evaluate the properties and behaviour 
of dispersed-phase alloys can be divided into several 
groups. Of interest to this study is the addition of 
those particles with sizes greater than 1/am. The 
investigation of Edelson and Baldwin [3] on 
dispersion-strengthened copper alloys considered 
the behaviour of dispersions of particles larger than 
one micrometre in size. Powder metallurgy tech- 
niques were used to fabricate alloys consisting of 
dispersions of  chromium, iron, alumina, mol- 
ybdenum, graphite, lead and voids in copper. Part- 
icles ranging in size from 5 to 200/am, volume frac- 
tions, g, of 0 to 0.25, mean free-paths, X, of 25 to 
45/am, and inter-particle spacings, Ds, of 5 to 8/am 
were tested, see Fig. 1. 

It was shown that iron and chromium particles 
increased the yield strength. The voids, alumina, 
graphite, lead and molybdenum dispersions showed 
no improvemtent. In all cases, strengthening oc- 
cured when a strong particle-matrix bond was 
formed and the yield stress was shown to be a func- 
tion of the mean free-path (that is, particle-size 
and volume-fraction). The degree of hardening 
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Figure i The relation of yield stress to log reciprocal 
mean free-path between particles in copper-chromium 
and copper-iron alloys (Gensamer plot), taken from 
[3]. 

seemed to fall off above a critical mean flee-path 
whose value varied directly with the particle dia- 
meter, as shown in Fig. 1 [3]. 

Ductility, as measured by reduction in area, is a 
function of volume-fraction and is independent of 
particle size. The general trend as shown in a plot 
of ductility against volume-fraction in Fig. 2 [3], 
shows the effect of second-phase additions as 
always being embrittling, regardless of their effects 
on strengthening. The second phases, especially 
those with irregular shapes, act as areas where crack 
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Figure 2 Combined plot of ductility of several copper dis- 
persion alloys against volume-fraction, taken from [3 ]. 



initiation and propogation may occur as a result 
of  local stress concentrations. 

In two recent studies [4, 5 ], the interface inter- 
actions of alumina fibres (3 to 6 mm long) with 
aluminium alloys were examined. Composites of 
homogeneous dispersions of A12Oa fibres were 
obtained by adding them both to agitated partially- 
solid slurries and to completely liquid aluminium 
alloys. In both processes, the fibres appeared 
wetted and bonded to the matrix. Microscopic 
examination of the composites revealed the 
existence of an altered microstructure around the 
A12 03 fibres which consisted of a fine multi-phase 
material. Features commmon to all the structures 
were the existence of an intimate bond, the absence 
of voids at the fibre boundary and the presence of 
fine polycrystalline a-A1203 in the interaction 
zone. In the case of  A1-Mg alloys, bonding was 
achieved through formation of a MgA12 04 (spinel) 
layer by reaction between the fibre and the Mg in 
the liquid-A1. The A1-Cu-Mg alloys were observed 
to have MgA1204, a-A120 a and possibly CuA1204 
co-existing in the interaction zone. 

It was postulated [5] that a compound of the 
aluminate-type that formed on the fibre surface 
provided the necessary bond with the surrounding 
matrix which led to strengthening. Examination 
of fracture surfaces of the composite revealed that, 
in general, the failure occured, not at the interface, 
but rather by plastic flow at the matrix around the 
fibres. 

In summary, the properties of  coarse particle 
dispersions seem to be dependent on the geometric 
variables of  dispersion (e.g., the mean free-path, X) 
and the structural characteristics of  the dispersoid 
(e.g., strength and bond formation). 

1.2. Wear behav iou r  
Wear is generally defined as the unwanted removal 
of material by chemical or mechanical action. 
Wear classifications can depend on such parameters 
as the wear-rate, the wear mechanism and the 
type of relative motion. For example, the amount 
of material lost could be used to define mild or 
severe wear. 

Wear-rate under dry-sliding conditions, which is 
the subject of this investigation, increases with in- 
creasing applied normal load. However, changes in 
the microsctructure and the microchemistry of an 
alloy can affect this finding. For example, Bhansali 
[6] reports that the presence of oxides in nickel- 
base alloys and carbides in cobalt-base alloys result 

in anamalous behaviour in the wear-rate as a 
function of applied load. The effect of  sliding 
velocity on wear-rate is not well defined because 
it can influence the operating wear mechanism 
itself. 

The mild to severe transition in dry-sliding wear 
has been the subject of a number of studies [7 -9 ] .  
It is generally agreed that increasing the hardness 
of the contact surface pushes this transition to 
higher loads. For example, Arnell et al. [8] report 
that the mild-severe wear transiton occurs when 
the maximum shear stress in the region of contact 
reaches one-sixth of the material hardness. While 
this simple correlation was deduced from a num- 
ber of experiments on copper, brass and mild steel 
against a hardened steel disc, it is unlikely that it 
would hold for other materials and test conditions. 

The presence of discrete hard or soft particles 
in a matrix can influence wear behaviour in impor- 
tant ways. Both Hogmark etal. [10] and Sato 

etal. [2] found reduced wear when the matrix 
alloy contained hard particles. The presence of 
soft particles could increase wear rate [2, 11]. 
However, this observation may have been due to 
the poor bonding between the particles and the 
matrix [ 11 ]. 

In general, aluminium alloys display two basic 
wear mechanisms: oxidative or mild wear and 
metallic or severe wear. The onset of severe wear 
is taken as the start of seizure and the sliding dis- 
tance that corresponds to this point is designated 
as the "point of seizure". Most studies of dry- 
sliding wear have been concerned with the effects 
of  applied load, sliding velocity and ahoy com- 
position on seizure resistance. For example, it has 
been found that additions of  copper to aluminium 
improve the seizure resistance, particularly at 
higher sliding velocities [12]. On the other hand, 
applied load and, to a lesser extent, sliding vel- 
ocity influence the point at which seizure occurs, 
but have no effect on the mechanism of 
seizure. 

Additions of silicon, especially in the hyper- 
eutectic composition range, which results in the 
formation of primary hard silicon particles in the 
matrix, improves the wear resistance of aluminium 
alloys. Shivanath et aL [13] have shown a contin- 
uous increase in the transition load with increasing 
silicon content in this composition range. However, 
oxidative wear rates (mild wear) appear to be in- 
dependent of both silicon content and the particle 
size of  the silicon. 
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Figure3 Photographs of the compositing apparatus. (a) 
shows an overall view of the vacuum system on its stand with 
its associated pumps, mixing motor, etc. (b) and (c) show 
close-ups of the chamber, the induction coil, mixing blade 
and particle addition trough. 

2. Apparatus and procedure 
Aluminium-matrix composites of  two-wrought 
alloys, Alloy 2014 and Alloy 2024*, and one cast 
alloy, Alloy 201t ,  containing particuhte additions 
o f  Al203 and SiC were produced in a vacuum- 
induction melting and casting system especially 
modified for this purpose. The composite fabrica- 
tion technique is based on that previously described 
[2]. The composites were subsequently reheated 
to above their liquidus temperatures in a second 
induction furnace and forged into shape in a 200 
ton hydraulic press. The microstructures of the 
composites were studied and their tensile proper- 
ties were determined. Finally, disc-shaped wear-test 
specimens were removed from the forged com- 
posites and their wear behaviour was studied on a 
pin-on-disc-type machine designed and constructed 
for use in this investigation. 

2.1. Fabrication of the composites 
Photographs and a schematic illustration of  the 
modified vacuum-induction system used to fabri- 
cate the composites are shown in Figs 3 and 4. The 
apparatus consists of  an induction power supply 
(50 kW, 3000 Hz) a water-cooled vacuum chamber 
with its associated mechanical and diffusion pumps, 
and a crucible and mixing assembly for agitation 

of  the composites. The composite fabrication in- 
cluded partial solidification of  an aluminium melt 
in vacuum while it was subjected to vigorous agita- 
tion. The non-metallic particles were then added 
to the partially-solid alloy slurry while agitation 
was continued. The non-metals were thus entrapped 
in the melt while interaction between the par- 
ticles and the matrix promoted wetting [1 ,2 ,  
5]. 

The vacuum induction furnace shown in Figs 3 
and 4 has several ports for observation of  the melt 
and the incorporation of  water, gas and electrical 
feedthroughs. The mixing assembly located on top 
of  the furnace is co-axially aligned through an O- 
ring seal at the top o f  the chamber and a bearing 
block just above the crucible. 

The blades, made of  cast iron, were sand-cast 
and ground with a curved taper. The overall blade 
dimensions are 76 mm in length, ~ 40 mm in height 
and ~ 40 mm in width at the centre with a taper 
down to 6 mm at the blade-tip. Two blades were 
utilized mounting one perpendicular to the other 
on the shaft. A protective refractory coating ~ was 
applied to the blades t o  prevent interaction with 
the molten melt. This was further coated with a 
carbon wash. A conical graphite plug (~  40 mm in 
diameter by ~ 40 mm in length) was screwed on 

*Alloy 2014 was of nominal composition 4.4 wt% Cu, 0.8 wt% Si, 0.8 wt% Mn, 0.4 wt% Mg, Balance A1. Alloy 2024 
was of nominal composition 4.5 wt% Cu, 1.5 wt% Mg, 0.6 wt% Mn, Balance A1. 
tAlloy 201 was of nominal composition 4.7 wt % Cu, 0.39 wt % Mg, 0.3 wt % Mn, 0.6 wt % Ag, 0.2 wt % Ti, Balance A1. 
$ Sauereisen paste number 1. 
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Figure 4 Schematic illustration 
of the compositing apparatus. 
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at the base of the shaft below the two blades to 
complete the assembly. 

An alundum crucible (~  90 mm in diameter by 
150 ram) with a bottom hole was designed andused 

in the furance. A tapered graphite insert witha centre 
hole (25 mm in diameter) was positioned at the 
bottom of the crucible to allow bottom pouring of 
the composite. The graphite plug on the blade as- 
sembly mates with this insert during the prepara- 
tion of the composite. This rotating seal prevents 
leakage of the melt. 

The composites are cast in a water-cooled 
graphite mould, ~ 90mm in diameter by ~ 125 
mm in height, located directly below the crucible 
assembly. The non-metallic particles are introduced 
into the alloy slurries by means of a magnetic 
feeder device with a variable controller to regulate 
the feed rate. The trough is positioned such that 
the particles enter the melt between the rotor and 
the crucible wall. 

Approximately 1 kg of aluminium alloy was 

placed in the system with the blade assembly in 
place. The chamber was evacuated to a pressure of 
0.15 tort using the mechanical pumps only. The 
alloy was then superheated above its melting temp- 
erature and the agitation was initiated as described 
above. The induction power was gradually lowered 
until the alloy was 40 to 50 % solid, at which time 
the non-metallic particulates were added to the 
slurry. The power input was controlled such that 
the total per cent of solid, non-metals and solid 
spheroids of  the alloy, did not exceed about 50%. 
The rotation speed of the blade was generally main- 
tained at 240 rpm. Stirring was continued until 
interface interactions between the particulates and 
the matrix promoted wetting. The melt was then 
superheated to above its liquidus temperature and 
bottom-poured into the graphite mould by raising 
the blade assembly. 

2.2. Shape  fo rming  of  the  c o m p o s i t e s  
The forging apparatus used is shown in Figs 5 and 
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Figure 5 Photographs of the liquid forging apparatus. (a) The 200 
ton hydraulic press and (b) the induction re-heat system with its 
associated power supplies. 

6. It consists of  a high-frequency induction furnace 
and power supply (400 V, 15 kW, 3000 Hz) and an 
automated hydraulic (200 ton) forging press modi- 
fied to permit shaping and solidification of  com- 
pletely-liquid and partially-solid charge materials 
under pressure. 

The forging dies illustrated in Fig. 7 were sprayed 
with a thin coating of  graphite powder mixed with 
isopropyl alcohol. A ring insert was placed in the 
lower die-half to allow fabrication of  shapes that 
would provide material for wear and mechanical 
testing. The smaller diameter ("- 80 mm) section 
was used to study the wear properties and the larger 
diameter (~  115 mm) section was used to examine 
the mechanical properties of  the composites. 

The shape-forming sequence of  operations was 
as follows. The cast composites were placed in an 
alumina crucible (~  100 mm in diameter and 170 
mm in height) and reheated in the induction furn- 
ace to a superheat of  50K. The temperature was 
closely monitored with a thermocouple in order to 
prevent overheating. The crucible was then removed 
from the furnace. The oxide fdm on top of  the 
melt was skimmed off and the melt was gently 
stirred mechanically to avoid particle settling. The 
melt containing the non-metallic particles was then 
transferred into the lower die-half of  the press and 
the top die was brought down to shape and solidify 
the composite under an applied pressure of  approx- 
imately 2 x 108 Pa. The pressure was maintained 

Figure 6 Photographs of the forgingdie in the hydraulic press and the parts produced. (a) shows a disc-shaped part 
about 115 mm in diameter and about 40 mm in height. (b) Shows the steel ring insert used in the lower die-haft to pro- 
duce the reduced cross-section disc-shape on the right. 
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Figure 7 Schematic il lustration o f  the  forging dies used in 
forming of  the  a luminium-matr ix  composi tes  in the  
hydraulic press. 

for 90 sec to complete the solidification before the 
composite was ejected. Solidification in the un- 
heated steel dies under direct applied pressure 
resulted in a structure free of macroporosity with 
a relatively homogeneous distribution of the non- 
metallic particles. Fig. 6b shows a typical shaped 
composite part produced in this investigation. 

2.3. High-volume fraction and dual-layered 
Composites 

In certain applications it may be desirable to have 
a composite either with a high volume-fraction of 
non-metals (~0.5) or with a gradation of non- 
metallic particulates, for example, a wear-resistance 
surface backed by a ductile matrix. Two similar 
but slightly different techniques were developed 
for the production of such composites. 

In the first process a porous ceramic filter was 
used to remove a portion of the matrix liquid 
during the forming operation. This 20mm thick 
ceramic filter* was first located in the bottom of 
the lower die. A 3 mm thick layer of 150/am-sized 
A12 03 particles was spread uniformly on the top 
of the filter. This was carried out to prevent infil- 
tration of particles of the composite into the po- 
rous filter. The composite was superheated to 50 K 
above its liquidus temperature, transferred to the 
lower die-half and solidified under pressure, as pre- 
viously described. Fig. 8 shows a schematic illus- 
tration of the experimental set-up prior to and after 
the forming operation. This process was successful 
in producing high volume-fraction composites. It 
should be noted that a thin layer of matrix of 

*Selee, A product  o f  Consolidated Aluminium.  
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Figure 8 Schematic illustration of the die set-up used to 
fabricate high volume-fraction composites of aluminium 
alloys. 

about 2 to 3 mm in thickness, devoid of non- 
metallic particulates, was consistently noted at the 
top of the composites following this operation. 

Composites with a variable concentration of 
non-metallic particles were readily produced using 
a second technique. The procedure followed was 
to sequentially add the composite and a super- 
heated liquid melt devoid of any particles into the 
lower die-half prior to pressurization. The viscous 
composite, about 6.0 mm in thickness, remains at 
the bottom of the disc-shaped part if the matrix 
alloy is added gently by means of a coated stainless- 
steel trough. Composite parts produced in this way 
contain a sharp discontinuous non-metallic comp- 
osition gradient. 

2.4. Composite composit ions and eva luation 
techniques 

Table I gives a list of  the composites fabricated. 
The disc-shaped parts, Fig. 9, were sectioned with 
a diamond saw to prepare specimens for friction 
and wear and mechanical behaviour studies. The 
friction and wear properties were investigated on a 
pin-on-disc-type machine, see Fig. 10. 

Standard round tensile specimens of 6.35 mm 
gauge diameter and 25.4mm gauge length were 
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TABLE I Sample identification and composition of the composites fabricated and tested 

Specimen Matrix 
identification alloy 

Particles charged* 

Size 
(um) 

Amount ch~ged 
(wt%) 

2024 
2024-10 wt %(1 t~m A12 03 ) 
2024-2 wt %(5 ~m A12 O3) 
2024-5 wt %(5 ~m A12 03) 
2024-20 wt %(5 ttm A12 03) 
2024-5 wt %(16 #m AI~ O 3 ) 
2024-20 wt %(16 ~m A12 03)' 
2024-20 wt %(63/~m AI: O 3 ) 
2024-20 wt %(142 ~m A12 O 3 ) 
2024-30 wt %(142/~m A12 O 3 ) 
2014 
2014-2 wt %(1 ~m A1203) 
2014-5 wt%(1 #m A12 O3) 
2014-2 wt %(5 t~m A1203 ) 
2014-5 wt %(5 ~m A12 O 3) 
2014-5 wt %(16/~m A12 O 3) 
2014-5 wt %(63 #m AI~ O 3 ) 
2014-20 wt %(16/~m AI~O 3 ) 
2014-5 wt %(16 #m SiC) 
2014-20wt %(16 um SiC) 
201 
201-5 wt%(5/~m AI: O3) 

2024 
2024 
2024 
2024 
2024 
2024 
2024 
2024 
2024 
2024 
2014 
2014 
2014 
2014 
2014 
2014 
2014 
2014 
2014 
2014 
201 
201 

1 10.0? 
5 2.or 
5 5.or 
5 20.ot 

16 5.0t 
16 20.ot 
63 20.0? 

142 20.ot 
142 30.or 

1 2.0t 
1 5.0t  
5 2.0t 
5 5.0t 

16 5.Or 
63 5.0t 
16 20.0t 
16 5.0t 
16 20.0? 

5 ~.ot 
*AI~ 0 3 : Unfused Alumina (plate-like, sharp morphology). 
?Specimens subjected to wear tests. 

tested with an Instron testing machine at a strain 
rate of  1.25 nun min -1 . 

Evaluated-temperature tensile tests were also 
performed with the same specimen dimensions as 
used in the room-temperature tests. An MTS mech- 
anical testing system with a high-temperature furn- 
ace (1275K of  maximum working temperature)  
mounted on the load frame was used. The tensile 
specimens were heated up to a temperature of  
525 K and held at this temperature for 15 min to 
allow for a uniform temperature distribution 

Figure 9 Photograph showing an aluminium-matrix com- 
posite in the as-forged condition with sections removed 
and machined from a similar part for wear and tensile 
tests. 
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throughout the specimen. Testing proceeded sub- 
sequently at a cross-head speed of  1.0 mm min -1 . 

2 .5 .  W e a r  m e a s u r e m e n t s  
The friction and wear measurements were carried 
out on the pin-on-disc-type machine, shown in Fig. 
10, which was built for this investigation. It is 
similar to the machine described by BurweU and 
Strange [14].  

The circular disc with the specimen holders 
is driven by  a variable speed direct current motor .  
The speed of  the motor  was varied on different 
wear track diameters such that a constant speed 
of  100 mm sec -1 could be maintained throughout  
all the tests. The normal force is imparted by  
placing weights on the rider (pin) which is at tached 
to the end of  the counter-weighted flexible arm 
shown in Fig. 10. An aluminium dynometer  ring 
about  9 cm in diameter, about  2 cm in width and 
about 0 .12cm in thickness, with strain gauges 
at tached on the inside and outside o f  the ring, is 
used to measure the bending strain due to the fric- 
t ion force. The signal, which is obtained through a 
differential amplifier, is recorded on a Gould strip 
chart recorder. The average Coefficient o f  friction 
is then calculated from this data.  
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Figure 10 Schematic illustration of the wear-test machine. 

The rider (pin) consists of a vertical-treaded 
(~  6.3 mm diameter) rod which fits at one ex- 
tremity of the dynamometer ring. A 6.4 mm dia- 
meter AISI type E-52100 ball-bearing* was attached 
to the end of the pin with epoxy. A new ball-bear- 
ing was used at the beginning of  each test. 

The composite specimens, about 80ram in 
diameter and 2 to 4 mm in thickness were removed 
from the smaller section of the shaped forging 
shown in Fig. 9. Two disc-shaped specimens were 
removed with a diamond saw from each forging. 
These were machined flat and polished with 600 
grit SiC paper prior to each test. All the specimens 
were tested in the as-cast condition with no heat 
treatment. 

The wear test consisted of weight loss and co- 
efficient of sliding friction measurements against 
the ball-bearings noted above. All tests were carried 
out under dry-sliding conditions. Prior to each test 
both the disc and the bearing were de-greased with 
acetone. The weight-loss was measured with an 
accuracy of + 0.1 mg after every 100metres of 
sliding. 

Wear mechanisms were studied by examination 
of specimens polished with 6#tm diamond com. 
pound followed by 0.3/am A1203 particles prior 

to each test. The wear tests were run from a few 
cycles up to 2000 metres. The tracks were exam- 
ined with optical and scanning electron micro- 
-scopes. 

3. Results and discussion 

The disc-shaped composites produced were sec- 
tioned, their structures were examined by scanning 
electron microscope techniques and their mech- 
anical, friction and wear properties were deter- 
mined. 

3.1, Micros t ruc tu  re of  the  c o m p o s i t e s  
Representative microstructures of the liquid-forged 
disc-shaped composites are shown in Figs 11 to 13. 
A high weight per cent addition of coarse A12 03 
particles generally resulted in homogeneous distri- 
butions of the non-metals in the aluminium alloy 
matrices. Note the uniform distribution of the part- 
icles in Figs 11 to 13 as well asthe absence of voids 
in the surrounding matrix. The latter is attributed 
to solidification under the high direct applied 
pressure in the forging press. Relatively uniform 
distributions were observed in almost all the com- 
posites produced when the weight per cent and size 

*The ball-bearing used is of Anti-Friction Bearing Manufacturer's Association Grade 25. 
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Figure 11 SEM photomicrographs of liquid-forged com- 
posites of aluminium alloys containing 20wt% AI203 
particles, 40 • (a) 16 t~m particles in a 2014 aluminium 
alloy, (b) 63 gm particles in a 2024 aluminium alloy, (c) 
142 #m particles in a 2024 aluminium alloy. 

of the non.metaUic additions were 5 per cent and 
or more and 5/~m or larger, respectively. 

On the other hand, significant particle clustering 
(formation of segregated regions of concentrated 
particles surrounded by regions of matrix devoid 
of particles) was observed when the particle ad- 
ditions were in the 1/~m size range. Attempts to 
break-up these clusters by mild mechanical agita- 
tion of the remelted composites, prior to forging, 
were not successful. Severe agitation was avoided 
because it causes air entrapment in the composite. 
It is postulated that the clusters form during com- 
posite fabrication, when the fine particulates are 
added to the alloy slurry, and are entrapped in the 

liquid matrix surrounding the primary solid part- 
icles. Agitation of the reheated composites prior to 
forging, while not effective in breaking up the clus- 
ters, did ensure a uniform distribution of the 
clusters themselves in the shaped part. 

Interface interactions between Al:O3 and 
aluminium matrices during the fabrication of com- 
posites using mechanical agitation have been pre- 
viously investigated [4, 5]. The formation of 
MgAl2 04 and CuAl2 04 spinels and other inter- 
actions [4] between alumina fibres and aluminium 
matrices has already been discussed. Close examin- 
ation of these interfaces using Auger and electron 
diffraction techniques [5] has verified the earlier 
findings. Particulate composites produced in the 
present investigation revealed excellent intimate 
bonds between the AlzO3 particles and the various 
matrices. All three matrices contain magnesium 
and copper as alloy element additions. Thus, it is 
postulated that interactions similar to those noted 
above are responsible for bonding at the interfaces. 

Fig. 14 shows optical microscope views of a 
dual-layered, high volume-fraction composite of an 
2024 aluminium alloy made using the special 
ceramic filter and oxide particles shown in Fig. 8. 
The oxide particles, 142/~m in size, were identical 
to those put in the alloy matrix. These were sprink- 
led on top of the filter in order to prevent the 
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Figure 12 SEM photomicrograph of liquid-forged com- 
posites of aluminium alloys containing 20wt% A1203 
particles, 90 X. (a) 16 ~zm particles in a 2014 aluminium 
alloy, (b) 63/~m particles in a 2024 aluminium alloy, 
(c) 142 ~m particles in a 2024 aluminium alloy. 

The other technique, i.e., the dual-layered tech- 
nique described in the procedure, was equally suc- 
cessful in producing tailored inhomogeneous com- 
posites such as the one discussed above. In the 
latter approach introduction of  the superheated 
matrix alloy on top o f  the remelted composite had 
to be carefully controlled to avoid intermixing of  
the two. Dual-layer composites like that shown in 
Fig. 14b were successfully produced in this way. 

Finally, other processing options such as cen- 

particles in the composite itself from infiltrating 
the ceramic filter. Thus, the lower extremity of  
the structure shown in Fig. 14 consists of  infil- 
trated A1203 particles which are not completely 
wetted by the matrix alloy.This oxide layer was 
separated from the dual-layered composite by 
means of  a diamond saw. Thus, the final product 
was a disc-shaped part composed of  two layers, 
an Alloy 2024 matrix followed by a composite 
containing approximately 30 wt % of  142/~m-sized 
A1203 particles. It is postulated that composites 
thus produced would be used in applications where 
exceptional wear properties on a given surface are 
desired in combination with a relatively ductile 
internal microstructure. 

Figure 13 SEM photomicrographs of a liquid-forged com- 
posite of 2024 aluminium ahoy containing 30 wt % 142t~m- 
sized A12 03 particles, • 74. 

487 



Figure 14 Microstructure of a 2024 alu; 
alloy composite produced using the die s~ 
Fig. 8. (a) Shows a photograph of th 
layered composite with a high volumeq 
of 142 urn-sized AI: 03 particles in its lox 
and the inf'fltrated ceramic filter, • 1 
Shows a view of the microstructure ab, 
filter, consisting of a matrix devoid of par 
high volume-fraction composite and inf 
but not wetted A12 03 particles sprinkled 
of the filter to prevent the composite 1: 
from entering the filter, • 28. 

trifuging during solidification of  an 
part can be used to effectively segre 
light non-metallic additions to th~ 
inside extremities of  the part pri 
cation. Gravity segregation of  parti~ 
posite during slow solidification in a 
is a further processing technique that, 
for the production o f  such composites. 

3 .2 .  Mechan ica l  p r o p e r t i e s  
The main objective in the production of  the 
aluminium-matrix composites and their subsequent 
shape-forming is for the use as net or near net- 
shaped components in applications requiring excep- 
tional wear behaviour. However, it is essential that 
such composite components, or surfaces in the case 
o f  intentionally segregated composites, possess 
predictable minimum acceptable mechanical pro- 
perties. The room- and high-temperature tensile 
properties o f  the composites reported below were 
determined to satisfy the latter requirement. 

The disc-shaped composites were sectioned 
with a diamond saw into rectangular blanks for sub- 
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(b) 
sequent machining of  the tensile test bars shown 
in Fig. 9. All the composite specimens and the 
matrix alloys shaped in an identical manner were 
tensile tested in the heat-treatment T-4 (solution- 
lzed and room-temperature aged) condition. 

The average measured room-temperature ten- 
sile properties of  both the composites and the 
matrix alloys are listed in Table II. The tensile 
properties and ductilities of  even the matrix alloy 
are lower than those reported in an earlier study 
[15].This is attributed to the fact that in the 
earlier work the alloys were degassed and protected 
with nitrogen prior to the forging operation. Oxide 
entrapment was thus minimized in the forgings. 



TABLE II Room-temperature mechanical properties of liquid-forged composites and matrix alloys heat-treated to T4- 
condition 

Specimen Ultimate tensile 0.2 % offset Elongation Reduction Ducility, 
strength, kg/mm ~ yield strength (%) area (In A o/A f) 
(kg mm -2 ) (kg mm -2 ) 

2024 38.8 26.8 8.2 6.3 0.065 
2024-10 wt %(1 #m A1203) 21.3 - 0.6 1.6 0.016 
2024-2 wt %(5 #m AI 2 O 3 ) 31.9 24.0 2.8 4.0 0.041 
2024-5 wt%(5/zm AI~ 03) 34.5 24.9 3.4 4.8 0.050 
2024-20 wt %(5 #m A12 O 3 ) 16.5 - 0.5 0.8 0.008 
2024-5 wt %(16 #m A12 O 3 ) 32.5 25.9 2.2 4.0 0.041 
2024-20 wt %(16/zm A12 O3) 13.9 - 0.4 0.0 0.000 
2024-20 wt %(142 #m A12 O3) 20.7 - 0.3 0.0 0.000 
2024-30 wt %(142 #m Al~O3) 15.4 - 0.2 0.0 0.000 
2014 32.0 21.3 7.0 7.1 0.073 
2014-2 wt %(1 #m A12 O 3 ) 25.4 20.2 1.6 3.9 0.033 
2014-5 wt %(1/~m AI~ O 3) 22.4 20.8 1.0 1.6 0.016 
2014-2 wt %(5 #m A12 O 3 ) 34.3 23.5 5.7 6.3 0.065 
2014-5 wt %(5 #m A12 O 3 ) 31.9 22.0 5.1 7.1 0.073 
2014-5 wt %(16 #m AI~ O 3 ) 30.9 22.5 4.2 4.0 0.040 
2014-5 wt %(63 #m AI~ O3 ) 29.6 21.4 3.4 6.3 0.065 
201 34.1 18.9 14.0 21.0 0.237 
201-5 wt %(5 #m AI~ O 3 ) 27.7 21.6 2.6 3.6 0.040 

Furthermore, the higher volume-fraction com- 

posites were very brittle and possessed low tensile 

properties. For example, the 20 wt % A12 03 com- 
posites in the T-4 condition had an average ten- 
sile strength of 16.5 kgmm -2 and a corresponding 

elongation of approximately 0.4. The low duc- 
tilities in these specimens can be attributed to the 

large number of block-like particles with sharp 
corners which make the composites prone to lo- 
calized crack initiation and propagation. Finally, 

the lower volume-fraction composites containing 
relatively homogeneous distributions of fine A12 03 
retain reasonable tensile properties comparable to, 
and in some cases exceeding, the yield strength of 
the matrix alloy solidified under identical condi- 
tions. For example, note the tensile data on 2014 
and 201 alloy composites containing 5wt% of 
5#m-sized A120 3 particles. These latter obser- 
vations are in accord with those reported by Sato 

et at [2] for hot-extruded composites of alumin- 
ium alloys prepared in a similar manner. 

The resultsofEdelson and Baldwin [3] reviewed 
earlier and reported in Fig. 2 show that ducility, as 

measured by ln(Ao/A~), continuously decreases 
with volume-fraction of particulate additions and 
appears to be independent to particle size. The 
data in Table II are plotted in a similar manner in 

Fig. 15. The trend established between ductility 
and volume-fraction of A1203 is similar to that 
reported earlier [3]. However, the ductilities of 

the present study appear to fall far lower than those 

in the curve produced by Edelson and Baldwin [3 ],  
also shown in Fig. 15. It is postulated that their 

higher ductilities can be attributed to the very 

ductile, forgiving copper matrix used. 
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Figure15 Ductility plotted against volume-fraction of 
AI~O 3 particles in a number of aluminium alloy com- 
posites liquid-forged into shape and heat-treated to a T-4- 
condition. 
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TABLE III Elevated temperature (525 K) properties of liquid-forged composites and matrix alloys heat-treated to T4- 
condition 

Specimen Ultimate tensile Elongation Reduction area 
strength (%) (%) 
(kg/mm -2 

2024 26.5 10.0 10.9 
2024-10 wt %(1 #m A12 O3) 9.0 1.4 2.4 
2024-5 wt %(5 t~m A12 03 ) 24.2 2.0 2.4 
2024-5 wt %(16 #m A12 03 ) 24.0 2.5 3.2 
2014 23.5 9.0 10.2 
2014-2 wt %(1 t~m A12 03 ) 10.0 4.5 4.7 
2014-5 wt %(1/~m AI~ O 3 ) 20.0 3.0 3.9 
2014-2 wt %(5 t~m A12 O3 ) 16.8 7.5 7.1 
2014-5 wt %(5 #m A12 O 3) 21.0 2.5 4.0 
2014-5 wt %(16 #m A12 O 3) 18.5 3.0 6.3 
2014-5 wt %(63 #m A12 O 3 ) 21.2 5.0 7.0 
201 25.2 21.0 19.7 
201-5 wt %(5 #m A12 O 3 ) 20.9 6.5 7.0 

The measured elevated-temperature (525K) 
tensile properties of the matrix alloys and the 
composites are listed in Table III. 

The higher volume-fraction specimens were not  
tested due to their poor room-temperature tensile 

properties. Small improvements in the elongation 
were observed with ultimate strength values de- 
creasing by from 8 to 15 kg mm -2 . 

3.3. Frict ion and wear behaviour 
The wear tests were carried out on the apparatus 

shown in Fig. 10. The procedure used was that 

previously described. Photographs of discs removed 

and machined for use in the wear-test machine are 
shown in Fig. 16. The wear tracks made by the 

52100 ball-bearing can be seen on three of the 
discs. The uniform distribution of the non-metals 
is readily noted in the discs containing the coarser 

Al203 particles, see Fig. 16c and d. All the tests 
were carried at a constant sliding velocity of 10 cm 
sec -1 . The weight-loss in each specimen was de- 

termined after a given sliding distance. The wear 

mechanisms were established by examination of 

both the pin and the wear track. 

Figure 16 Photographs of wear specimens of a liquid-forged matrix and composites, X 0.86. Wear tracks can be noted  
on three of the discs. (a) 2014 aluminium alloy matrix, (b) 2014 aluminium alloy containing 20 wt % 16/~m-sized SiC 
particles, (c) 2024 aluminium alloy containing 20 wt % 63 ~m-sized A12 03 particles, (d) 2024 aluminium alloy contain- 
ing 20 wt % 142 #m A12 03 particles. 
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Figure 16 Continued 

3.3.1. Measured weight-loss 
Measured weight-loss (and volume-loss) against 
sliding distance plots for a number of the com- 
posites determined under different applied loads 
are shown in Figs 17 to 19. In order to establish 
the effect of non-metallic additions on the wear 
behaviour of the composites each figure contains 
the average weight-loss plotted against the sliding 
distance data of the matrix alloys liquid-forged 
identical conditions. 

In general, the data in Figs 17 to 19 show that 
for any given specimen the weight- or volume-loss 
continuously increases with increasing sliding dis- 
tance. Fig. 17 displays the wear of 2024 alu- 
minium alloy - A1203 particle composites under 
an applied normal load of 50 g. The trends estab- 

lished in Fig. 17 are, first, that the introduction of 
the hard non-metallic particles reduces the weight- 
loss at a given sliding distance and, second, that 
the weight-loss at a given sliding distance decreases 
with increasing weight per cent and size of A1203 
particles. 

Fig. 18 shows wear data obtained under differ- 
ent applied load conditions. The two composites 
contain different weight per centages of 16/~m- 
size SiC particles. In each composite, weight-loss 
increases with increasing applied load, for example, 
in the composite containing 5 wt % of SiC particles 
a four-fold increase in applied load, from 50 to 
200 g, results in a weight-loss which is higher than 
the matrix alloy. Again, as in Fig. 17, increasing 
the amount of the non-metallic addition results 
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Figure 18 The effect of applied load on weight loss plotted against sliding distance of aluminium-matrix alloy 2014 and 
composites of alloy 2014 containing (a) 5 wt % and (b) 20 wt % 15/~m-sized SiC particles. 

in reduced wear when all other variables are kept 
constant. 

Attempts were made to compare the wear be- 
haviour o f  aluminium alloys containing A1203 
particles and SiC particles, see Fig. 19. As pre- 
viously noted, the 2014 and 2024 matrix alloys 
showed almost similar wear behaviour under 
identical test conditions. Therefore, it is postulated 
that the differences in wear behaviour noted in Fig. 
19 can be ascribed to the non-metallic additions. 
The data show that the SiC particles (Vickers hard- 
ness of  2600) are more effective than the A12 03 
particles (Vickers hardness of  1800) in resisting 
wear. 

Figs 20 and 21 show the measured coefficients 
of  sliding friction as a function of  composite com- 
position and applied load. The data show that, in 

general addition o f  the non-metallic particles 
reduced the coefficients of  friction. Beyond this 
general observation, no clear trends relating com- 
position or tests conditions to the coefficient of  slid- 
ing friction could be established. 

3.3.1 Wear mechanisms 
A general observation made in this portion of  the 
investigation was that with increasing additons o f  
non-metals to the aluminium matrices the wear 
mechanism changed from a purely adhesive to 
mixed mode of  oxidative-abrasive wear. The latter 
resulted in a corresponding wear of  the steel ball- 
bearing. Figs 22 and 23 show the microstructures 
of  a pure matrix alloy, various composition com- 
posites and the corresponding ball-bearing pins. 
Fig. 22a shows the adhesive wear of  the aluminium 
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Figure 19 Comparison of the wear behaviour 
of composites containing SiC and A1203 
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2024-20 wt % (AI203) 
SIZE 

~ ]  16/.,.m 
63/u. m 

14211m 
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5p.m 
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5/J.m t ~ ' ~ 1  "16p.m 5 0 g  
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l~gure 20 Average measured coefficient of sliding friction 
of aluminium-matrix alloy 2024 and composites of the 
alloy containing 20 wt % of different-sized A12 O 3 particles. 

alloy 2014. Metal transfer to the pin in this 
experiment is shown in Fig. 23a. The addition 
of 5 wt % of 16/2m-sized A12 O3 particles appears to 
reduce both the plastic flow in the matrix and the 
metal transfer to the pin, see Figs 22b and 23b. 
When 20 wt% of Al2Oa and SiC particles are added 
to aluminium matrices a dramatic change in the 
wear mechanism is noted, see Figs 22c and 22d and 
23c and 23d. First, the pin again appears to be 
riding on the particles and, second, there is evidence 
of an oxide layer on the worn surface of the com- 
posites while the pin itself has suffered a purely 
abrasive wear. 

The flow of the matrix over the non-metallic 
particles is illustrated in Fig. 24. Fig. 24 shows 
sequences of  the microstructure of the wear track 
of a high non-metal-content (20wt% of 142/~m 
A12 O3) composite. The applied load in this experi- 
ment was 200 g. The microstructures reveal that, 
initially, the steel ball-bearing was essentially 
riding on the A1203 particles. Subsequently, be- 
ginning after approximately 25 revolutions, either 
the particles were pushed into the matrix and/or 
the matrix covered the particles due to plastic 

2 0 1 4 -  (16~m,SiC) 
LOAD Wt % 

400 g t 20% 
50g 

400 g 

200g 

50g 

5% 

MATRIX 
5 0  g ALLOY 

I I I I I I 

0.1 0.2 0.3 0.4 0.5 0.6 

COEFFICIENT OF SLIDING FRICTION 

Figure 21 Average measured coefficient of sliding friction 
of aluminium-matrix alloy 2014 and composites of the 
alloy containing 5 and 20 wt % 15 t~m-sized SiC particles. 

flow in the direction of sliding. A second observa- 
tion made is that, while some of the particles 
appear to have fractured either during the com- 
posite fabrication and shape-forming or during the 
wear test, there appears to be no particle pull-out 
from the matrix even after 2000 revolutions. 

Increasing the applied load from 200 to 1000 g 
on the 20wt% non-metal-containing composites 
appeared to change the wear mechanism to a 
purely abrasive one on both the disc and the pin. 
While some fine debris are noted, especially on the 
pin, oxidation of the disc is significantly less than 
that observed at lower loads, see Fig. 25. Corre- 
spondingly, significant wear of the pin areas was 
noted, see Fig. 25c and 25d. 

4. Conclusions 
(a)A technique for the fabrication of aluminium- 
matrix alloy composites containing particulate 
additions of A1203 and SiC particles, in the size 
range of 1 to 142#m was investigated. The tech- 
nique uses the special rheological behaviour of 
partially-solid vigorously-agitated alloy slurries 
to entrap the particulate additions until interface 
interactions promote wetting. 

(b) Homogeneous additions of the particles in 
shaped components produced in a forging apparatus 
were readily obtained except for the very small, 
1/~m-sized particles which clustered during the 
compositing step. 
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[~gure 24 Microstructures of the wear-track of an alu- 
minium alloy 2024 containing 20wt% 142tzm-sized 
A1203 particles, • 93. Sliding velocity and load were 100 
msec -I and 200g, respectively. (a), (b) and (c) show the 
microstructures afte 15, 35 and 2000 revolutions, respec- 
tively. 

(c) Methods were investigated for both increas- 
ing the non-metallic content of the composites for 
improved wear resistance and obtaining an abrupt 
gradient in the composite composition. 

(d) Low volume-fraction composites with the 
fmer, 5/am-sized, additions of A12 O3 show tensile 
strengths comparable to those of matrix alloys. 
However, in general, the ducility of the composites 
decreases with increasing volume-fraction of non- 
metallic additions. 

(e)Aluminium matrices containing high weight 
per cent of hard non-metals exhibit excellent fric- 
tion and wear properties when tested against an 
AISI 52100 ball-bearing on a pin-on-disc machine. 
For example, composites of Alloy 2024 plus 20 
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wt% of 142/am-sized A1203 particles showed a 
weight-loss of about 2 orders of magnitude less than 
that of the matrix alloy prepared and tested under 
identical conditions. 

(f) Aluminium alloys containing SiC particles 
showed slightly superior wear resistance, due to 
their greater hardness of SiC. 

(g) The wear mechanism of the matrix alloys 
under the test conditions was consistently adhesive 
in nature. On the other hand, composites with 
high weight per cent of non-metals showed an 
abrasive wear mechanism on both the disc and the 
steel ball-beating. 
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