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composites. The 6061 matrix composites however, showed negligible depreciation in
strength even with reinforcement contents as high as 40 vol.%. A bar chart
summarising McDanel’s [16] results on the effect of matrix alloy, silicon carbide
reinforcement type (whisker, nodule or particulate) and content on the ultimate tensile
strengths of the discontinuously reinforced composites, is displayed in fig.1.

Arsenault and co-workers [17-24] have attributed the observed strengthening effect in
discontinuous aluminium matrix composites to an increase in the dislocation density in
the matrix alloy, caused by the difference in coefficients of thermal expansion between
matrix and reinforcement. Dislocations are punched into the aluminium matrix as a
consequence of the relaxation of the compressive thermal residual stress at particle -
matrix interfaces, when the composite is cooled down from solution heat treatment
temperatures [17]. Associated with increasing the volume fraction of reinforcement in
aluminium is a resultant increase in dislocation density and a decrease in the dislocation
subgrain size. The dislocation density and subgrain size are also affected by the aspect
ratio and size of reinforcing particles or whiskers, with smaller inclusions generating
higher dislocation densities and smaller subgrain sizes, culminating in improved
strengths but reduced ductilities [23-25].

MAXIMUM STRENGTH OBTAINED
AVERAGE TRANSVERSE STRENGTH

t  Je—— AVERAGE LONGITUDINAL STRENGTH
IAINIMUM STRENGTH OBTAINED

- §
0~ 1., UNREINFORCED MATRIX
ALLOY S .
L

[ ! L

s | N =y Nsle

:‘ F‘ : - T ] _— '3 k

S 400 | ] NIk 31k !

= 2 3 R o = it ]

& N 7]

v ——

5 14 T

= S ]

&

<

=

=

p]

0

vol % 20 20 30 10 2030 20 10 20 30 20 15 20 30 40 20 20 30
SiC REINFORCEMENT w n p W n w n P w n p
MATRIX ALLOY 202412124 Al 5083 Al 6061 Al 7075 Al

Fig.1: Effect of SiC reinforcement type and content on the ultimate tensile strengths of various
discontinuous SiC/Al composites. After McDanels [16].
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Other researchers have invoked continuum plasticity models to explain composite
strengthening effects, in circumstances where dislocation structures are small compared
to the size of the reinforcing particles [{26,27]. While obtaining good agreement
between experimental and theoretical power-law hardening behaviour, the continuum
models predict strength increased based only on volume fraction considerations, and do
not show any particle size dependencies, despite experimental evidence to the contrary
[28-30].

Withers, Stobbs and Pedersen [31] used Eshelby’s equivalent inclusion approach as a
basis for the prediction of mechanical properties of short fibre reinforced metal matrix
composites. The model was found to be successful in predicting Young’s modulus,
coefficient of thermal expansion, residual thermal stress and the transfer of load
between aluminium matrix and silicon carbide inclusions, during elastic and plastic
deformation. In their analysis of plastic deformation of composite materials, it was
noted that the plastic strain of a matrix alloy and composite would be equal, were it not
for the constraining effects of the high modulus inclusions which do not undergo plastic
deformation. The total macroscopic plastic strain of the composite was given by:

@Dcomp =eP + feT(PIaSﬁC) (1)

where er is the uniform, stress-free deformation of the matrix, fis the volume fraction of
the reinforcing phase and eT(’><) the plastic misfit or stress-free transformation strain
of an equivalent (Eshelby ellipsoid) homogenous inclusion.

For low volume fractions of inclusions, as is found in dispersion hardened materials, the
macroscopic plastic strain of the composite is approximately equal to e>. However, in
metal matrix composites, the difference can be quite large, for example ePcomp = 0.5eP ,
for f=20 vol.% of whisker reinforcement. Since the equivalent transformation strain is
of opposite sense to the plastic strain, the permanent macroscopic deformation of the
composite is less than that of the matrix. Thus, as the volume fraction of inclusions is
increased, disproportionately large mean stresses are generated in the matrix for a given
composite plastic strain. Using this analysis, Withers and co-workers emphasize that the
inclusions become more elastically distorted as the plastic flow of the matrix progresses,
reducing the matrix stress at the expense of a corresponding increase in the inclusion
stress.

The rate of transfer of stress from the more compliant matrix to the stiffer phase during
plastic deformation, is directly influenced by the yield and strain hardening
characteristics of the matrix alloy. While the matrix alloy flow stress is primarily
dependant on its solute content and microstructure, the constraining effect of the
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reinforcing inclusions changes the metals’ yield criteria by raising the flow stress above
the levels found in an unreinforced alloy. Apart from these considerations, phenomena
such as thermal mismatch residual stresses [21], thermal mismatch dislocations [17] and
changes in precipitation kinetics arising from these effects [32,33], further influence the
flow stress and hardening behaviour in reinforced matrices, making comparisons with
unreinforced alloys difficult to quantify.

A series of experimental and finite element investigations on age-hardening and
unalloyed aluminium matrices, reinforced with ceramic inclusions was conducted by
Christman, Needleman and Suresh [34]. They established that the dominant
contribution to strengthening in these composites was due to the build-up of significant
triaxial stresses in the matrix, due to the constraint imposed by the reinforcing particles.
Of significant importance was their assertion that comparisons between age hardening
reinforced aluminium alloys and their unreinforced counterparts were meaningless,
unless they both had comparable microstructures ie. the accelerated ageing effects
associated with reinforced alloys were taken into account during processing, such that
the composite matrix and its monolithic alloy counterpart were of comparable strength
and hardness [32].

Llorca, Needleman and Suresh [35] investigated the influence of hydrostatic stresses
that develop as a result of constrained plastic flow, on void formation and growth
phenomena in aluminium matrix composites. Using finite element methods together
with experimental results of deformation of Al-Cu alloys reinforced with silicon carbide
particulates, they established that factors that tend to increase matrix constraint during
plastic flow (eg. large particle size and volume fraction) tend to decrease the overall
strain to failure in the matrix and vice versa.

Lloyd [36] estimated that the triaxial stresses generated in T4 and T6 heat treated 6061
aluminium alloys, reinforced with silicon carbide particles, were sufficient to initiate
fracture in the ceramic inclusions at the onset of strain localisation. Brechet, Embury,
Tao and Luo [37] investigated the particulate damage events that arise during plastic
deformation of an A356 aluminium alloy reinforced with 20 vol.% silicon carbide. They
found that the probability of reinforcement failure was dependant on both size and
aspect ratio, highlighting the importance of the inclusion Weibull modulus in damage
initiation, when critical stresses are reached in the adjacent matrix.

Other researchers who have emphasised the dominant contribution of matrix constraint
to strengthening in aluminium matrix composite include, Davidson [38,39], Pickard and
Derby [40], Tvergaard [41], You, Thompson and Bernstein [42], Kobayashi, Iwanari,
Kim and Yoon [43], Wang and Zhang [44] and Mummery and Derby [45].
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2.2 Abrasion
2.2.1 Abrasive wear of aluminium and aluminium alloys

Aluminium and aluminium alloys generally exhibit poor wear resistances in abrasive
environments when compared to other structural materials. Dry abrasion tests by
Meyer-Rodenbeck, Ball and Hurd [46], showed that aluminium alloys have a quarter to
half the abrasion resistance of mild steel, depending on their alloy content. For
example, pure aluminium showed an abrasion resistance that was 0.22 times that of mild
steel. The harder heat treatable alloys showed better abrasion resistances eg. 0.49 for
the 7075 alloy, 0.4 for 2014 and 0.34 for 6061 aluminium alloys. Casting alloys tended to
show poor microfracture properties as a result of coarse and brittle silicate phases and
as a consequence, showed abrasion resistances close to 0.2 times that of mild steel.

2.2.2 Abrasive wear of multi-phase microstructures

The abrasion resistance of metals containing hard second phases or inclusions is in
general, dependant on the test conditions used, the nature and properties of the
abrasive, as well as the microstructure and mechanical properties of the heterogeneous
material being abraded [47]. The early work on abrasive wear by Khruschov [48],
examined the abrasive wear behaviour of several structurally heterogeneous materials.
Using an abrasive that was harder than that of the structural constituents, he established
that the wear resistance of heterogeneous materials such as brass-lead compositions,
hypereutectic aluminium silicon alloys and annealed carbon steels of various
compositions, were equal to the sum of products of the volumetric share of separate
constituents, multiplied by their relative wear resistances. This "additive" correlation or
rule-of-mixtures behaviour, was found to be limited in assessing the abrasive wear of
brittle and porous materials such as metals containing metal carbides and hard alloys of
tungsten carbide bonded with cobalt.

Khruschov’s results provide the general impression that the abrasive wear behaviour of
a metal matrix can be improved through incorporation of harder phases, despite some
deviations from rule-of mixtures behaviour. This is indeed the case in the work of Zum
Gabhr and Eldis [49] who studied the effect of massive carbide size and volume fraction
on the abrasive wear of white cast irons. The wear resistance of the cast irons was
found to improve upon increasing carbide volume fractions when worn against 150
mesh garnet abrasives. However, the reverse was true when the same materials were
worn against 180 mesh silicon carbide. This depreciation in wear resistance with
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increase in carbide volume fraction, was attributed to the spalling of the massive
carbides when penetrated by the harder silicon carbide abrasives.

A similar abrasive hardness effect was also reported by Zum Gahr [50] in abrasion tests
conducted on tungsten carbide - cobalt matrix composites. Abrasion against very hard
particles such as diamond or silicon carbide resulted in grooving and microcracking of
the cemented carbides and substantially higher wear rates. Abrasive particles which
were of equivalent or lower hardness than tungsten carbide (eg. alumina) were only
partially able to penetrate the carbides, resulting in lower wear rates. Thus the
hardness of the abrasive can become a crucial factor in determining the wear behaviour
of metals reinforced with hard and brittle inclusions. In this regard, when abrasive
hardnesses are increased to levels close to, or above that of the hard inclusions in a
metal matrix, the microfracture of these inclusions can become rate determining. If
wear resistance is to be maximised then the properties of secondary hard phases or
inclusions also need to be optimised if possible, in order to resist fracture.

The two major parameters which affect the resistance to fracture in hard, brittle
materials are their bulk hardness and fracture toughness values. Lawn and Evans [51]
have shown that there is an absolute minimum load P, for fracture initiation which is
primarily dependant on the ratio of the fracture toughness K, and hardness H, such that:

P = 8(K*/H3) ()

where 8 is a constant. This relationship was developed for static indentation of bulk
ceramics by hard indenters. When ceramic particulates are incorporated into a tough
metal matrix, their susceptibility to fracture is reduced. This assertion was made by
Almond, Lay and Gee [52] who compared the abrasion resistances of cemented
tungsten carbide - cobalt materials and bulk ceramic materials of equivalent hardness.
The bulk ceramics had higher wear rates compared to the composite structures, due to
their tendency to form subsurface cracks of cone and median geometry accompanied by
significant lateral cracking. These modes of fracture were rarely observed in the
cemented carbides.

The complexities associated with compression failure of block specimens of brittle
glassy materials were investigated by Kendall [53], who demonstrated that cracking of
these materials is best described by fracture surface energy criteria as opposed to
"compressive strength" parameters. Using both theoretical fracture surface energy
considerations and experimental observations of axial crack propagation in glassy

10






Ch.2: Literature

behaviour was found in alloys containing volume fractions of reinforcement above 0.09.
Below this critical volume fraction, the wear resistance of composites were similar to
that of the matrix alloy. The greatest wear resistance was attributed to the reinforced
alloy with the highest hardness and reinforcement volume fraction of 0.35. Using the
data published by Banerji et al, this composite displayed an average wear resistance,
calculated relative to that of the unreinforced matrix alloy, of 1.4 when abraded against
fresh abrasive and at various loads up to 10N. Interestingly, the relative wear resistance
of this composite improved to around 2.4 after some ten passes over the same abrasive
wear track. Similar trends were observed in alloys containing lower concentrations of
reinforcement down to fractions of approximately 0.09. This improvement in wear
resistance of the composites relative to that of the unreinforced alloy, was attributed to
the degradation and blunting of the abrasive particles brought about by the mutual
abrasion between the zircon reinforcement and alumina abrasive.

Banerji et al [56] highlight the fact that during abrasion with fresh abrasive, the
indentation by sharp alumina particles first produces plastic deformation followed by
fracture of the ceramic reinforcement when the indentation reaches a critical size; the
size of the indent required to initiate fragmentation being greater for blunt indenters
than for sharp ones. Worn surfaces of these composites displayed reinforcing
particulate fracture but there was no evidence of particulate pullout or debonding at
particle-matrix interfaces.

Surappa, Prasad and Rohatgi [57] compared the abrasive wear resistance of pure
aluminium reinforced with 100gm alumina particulates (3wt.% and Swt%), with those
of unreinforced pure aluminium, a reinforced (5wt.% Al,O3) and unreinforced Al-Si
eutectic alloy, and an unreinforced Al-Si hypereutectic alloy. The materials investigated
were worn against 80 mesh alumina abrasive belts at various loads. The reinforced pure
aluminium alloys greater wear resistances compared to the Al-Si reinforced and
unreinforced alloys despite having lower hardness values. Likewise, the reinforced and
unreinforced Al-Si alloys had wear rates of up to approximately 1.25 times that of pure
unreinforced aluminium. The high wear rates of the Al-Si alloys were attributed to
extensive chipping of the silicon phase during abrasion, which is in common with the
findings of other researchers [46,58].

Wang and Hutchings [7] conducted two body abrasive wear tests on a 6061 aluminium
alloy reinforced with up to 30 vol.% discontinuous alumina fibres. The wear resistance
of the composites was found to increase with added reinforcement, up to a volume
fraction of approximately 20% fibres, when abraded against large silicon carbide
abrasive particles (240 mesh - 60pm mean diameter). An alloy containing additional
reinforcement (30 vol.%) displayed a subsequent decrease in abrasion resistance.

12
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When the composites were abraded against fine silicon carbide abrasive particles (600
mesh - 20um mean diameter) a linear increase in wear resistance with increasing fibre
volume fractions was obtained. Under these low contact stress conditions, wear rates of
up to six times below that of the matrix alloy were displayed. The transition from high
contact stress (large abrasive grit sizes) to low contact stress conditions (small abrasive
grit sizes) was accompanied by a change in wear mode from extensive fibre fracture
and debonding to plastic deformation and minimal fibre damage respectively. Using
parameters such as fibre tensile strength, fibre dimensions and calculated contact
pressures present at abrasive grit contact points, a model was developed to determine
the critical abrasive particle size required to initiate fibre fracture in the aluminium
matrix. A critical abrasive grit diameter of 30-35um was obtained from the model,
which correlated reasonably well with the experimentally observed value of 20-28um.

Prasad, Rohatgi and Kosel [8] conducted low stress abrasion tests using a rubber wheel
abrasion apparatus (ASTM G65) with quartz (50-70 mesh) as abrasive on Al-11.8Si-
40Mg zircon particulate composites. Wear rates five times below that of the
unreinforced matrix alloy were obtained with an alloy containing 35 vol.% particulates,
showing a marked deviation from rule of mixtures behaviour observed under high stress
two-body abrasive conditions by Banerji et al [56]. The surfaces of the composites
abraded under low stress conditions displayed minimal damage (microfracture) of the
zircon particulates, which tended to stand proud of the surrounding matrix alloy.

The abrasive wear behaviour of SiC whisker, SiC particulate and SiC short fibre
reinforced 6061 aluminium was investigated by Zongyi, Jing, Yuxiong, Hangwei and
Yinxuan [9]. Fine grit sizes (600 and 400 mesh) of emery (alumina) paper were used as
the abrasive medium. Wear rates which were an order of magnitude below that of
unreinforced 6061 alloy were reported for an alloy containing a mixture of both fibres
(4.4 vol%) and particulates (15.5 vol.%) worn against 600 mesh paper. This composite
also displayed a constant wear rate at different loads, unlike that of the alloys
containing lower volume fractions of reinforcement.

Investigations into the abrasive wear behaviour of silicon carbide particulate and
whisker reinforced 7091 aluminium alloys by Wang and Rack [10], found similar
improvements in wear resistance over that of the unreinforced matrix alloy, with the
greatest improvements found for abrasion against finer abrasive particles. They
proposed that the ratio of the average abrasive penetration depth to the size of the
reinforcing particulates, was the critical parameter controlling the relative abrasive wear
resistance of the silicon carbide reinforced composites. Thus it becomes apparent that
by reducing asperity sizes and contact stresses, the probability of catastrophic failure of
reinforcing particulates in an aluminium matrix is diminished. The reinforcement
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4.1.4 Young’s modulus results

A plot of the Young’s modulus values of each composite and unreinforced alloy is
shown in fig.11. The in-plane resonance frequencies which were measured for
different disc resonance modes of each material, are displayed together with
modulus calculations in Appendix 1. Each matrix alloy exhibits an approximately
linear increase in Young’s modulus with higher volume fractions of alumina
reinforcement, with the silicon carbide reinforced 6061 alloy having a
proportionately greater stiffness compared to the alumina reinforced alloys.

4.2 Tensile Test Results

Tensile data together with Young’s modulus and work to fracture (Efracture) values
pertaining to each composite and unreinforced alloy are summarised in Table IV.
The work to fracture values were calculated from the area beneath each material’s
tensile curve shown in figs.12 and 13.

Alloy Vol.% E 0.1% Proof UTS % Elong. Eac
(GPa) (MPa) (MPa) MJm??
6061 0 69.7 338 391 93 33.9
" 10% AL,O; | 78.5 313 370 8.1 28.0
" 15% Al,0, | 85.1 328 380 6.4 242
" 20% ALO; | 91.1 346 390 2.5 8.3
" 20% SiC 95.7 396 423 2.8 10.4
2014 0 74.4 436 508 10.5 49.9
" 10% ALO, | 80.4 419 481 4.6 19.5
! 15% ALO; | 93.6 426 465 1.6 5.4
" 20% ALO; | 96.9 431 455 0.9 2.2

Table IV: Summary of tensile data (UTS, 0.1% Proof stress and % Elongation) together with
Young’s modulus and work to fracture (Egmeure) values of each reinforced and unreinforced alloy.
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The stress-strain curves obtained from uniaxial tensile tests of the 6061 matrix
alloy and various composites are shown in fig.12. The 20 vol.% silicon carbide
reinforced alloy displays the greatest ultimate tensile strength of 423 MPa with a
failure strain of 2.8%. The 20 vol.% Al,O5 reinforced alloy is the strongest of the
alumina reinforced 6061 matrix alloy composites at 390 MPa, having an elongation
to failure of 2.5% which is considerably below those of the 10 vol.% (8.1% elong.)
and 15 vol.% (6.4% elong.) alumina reinforced alloys. The ultimate tensile
strength of the control alloy 6061 is similar to that of the 20 vol.% Al,O3
composite at 391 MPa and exceeds the strength of the 10 vol.% (370 MPa) and 15
vol.% Al,O3 (380 MPa) composites. Of note is the sharper yield characteristics
obtained for the unreinforced alloy which work-hardens to some 8% strain
whereas the yield behaviour of the composites appear less defined; indicating that
microyielding is followed by a period of rapid work hardening.

The stress strain curves corresponding to the 2014 matrix alloy and various
reinforced states are shown in fig.13. The elongation to failure of each composite
is reduced by the addition of alumina reinforcement, with the 20 vol.% Al,O4
material failing at 0.9% strain. The tensile strength of each composite is also
reduced with greater amounts of reinforcing particulates. The reinforced and
unreinforced 2014 alloys are noticeably stronger than the 6061 matrix alloy and its
composites. Note that the strains to failure of the 2014 composites are below those
of their 6061 matrix alloy counterparts.

Examination of post-fractured tensile specimen gauge lengths for each of the
composites revealed a number of characteristic features, the most prominent being
that of reinforcing particulate fracture in the high strain region immediately below
each fracture surface. Fractured particulates were also found in regions of the
gauge length situated well away from the fracture surface, particularly for
composites containing 15 vol.% and 20 vol.% reinforcement. However, the
populations of these fractured particulates were considerably below those found in
the immediate fracture surface region. The alloys containing 10 vol.% Al,O3
reinforcement exhibited very little particulate fracture elsewhere in the gauge
length. The electron micrograph shown in fig.14 is the tensile specimen gauge
length of the 20 vol.% Al,O3 2014 composite after it has been tested to tensile
failure, the gauge length having been electropolished prior to tensile straining. An
area approximately 1 mm below the fracture surface is displayed where a large
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Fig.12: Tensile stress-strain curves of the reinforced and unreinforced 6061 aluminium matrix alloys.
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Fig.13: Tensile stress-strain curves of the reinforced and unreinforced 2014 aluminium matrix alloys.
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Fig.20: Abrasive wear rates of the 6061 matrix alloy and respective composites, determined as a
function of abrasive grit size (alumina).
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Fig.21: Abrasive wear rates of the 2014 matrix alloy and respective composites, determined as a
function of abrasive grit size (alumina).
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20 vol.% Al,O4 20 vol.% SiC Indexation of possible
d-spacings (A) d-spacings (A) constituents
3.45 - 34794 - ALO; (012)
2.54 - 25528 - ALO; (104)
- 2.59 2.620A - SiC (6H) (101)
2.34 (s) 2.35 (s) 23388 - Al (111)
2.02 (s) - 2.02 (s) 2025A - Al (002)

2027A - Fe (011)
1.60 - 1.601A - ALO; (116)
142 143 14324 - Al (022)

14334 - Fe (002)
1.38 - 1.374A - AL O3 (030)
1.22 - 1.221A - Al (113)
1.16 1.18 1.170A - Fe (112)

1.169A - Al (222

Table VI Measured d-spacing values obtained from selected area Debye-Scherrer diffraction
patterns of wear transfer layers from the 20 vol.% Al,O3 and 20 vol.% SiC reinforced 6061 alloys.
Possible constituents and their d-spacings (ASTM powder diffraction data) have been assigned to the
measured reflections. Note the strongest reflections "(s)", which are common to both composites.

4.5 Solid Particle Erosion

Plots of cumulative mass loss for solid particle erosion tests, conducted at an
erosive impact angle of 90° to the sample surface for the 6061 and 2014
unreinforced and reinforced alloys, are shown in figs.55 and 56 respectively.
Steady state erosion conditions are achieved after erosion by about 20g of erodent
for the 6061 and 2014 alloys containing 20 vol.% Al,05 as well as the 20 vol.% SiC
reinforced 6061 alloy. Erosion behaviour for the other 6061 composites and
unreinforced alloy is characterised by an initial mass gain "incubation period", with
steady state behaviour noticeable after erosion by 35 grams of erodent in the case
of the unreinforced 6061 alloy. The unreinforced 2014 alloy reaches steady state
after erosion by 25 grams of erodent and is noticeably less erosion resistant than
the softer 6061 alloy. All the reinforced alloys show a definite trend towards
greater erosion rates with increasing volume fractions of reinforcement.
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Fig.55: Cumulative mass losses of the 6061 matrix alloy and composites, for erosion by 120 grit SiC
particles at a 90° impact angle and an average velocity of 60 ms1.
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Fig.56: Cumulative mass losses of the 2014 matrix alloy and composites, for erosion by 120 grit SiC
particles at a 90° impact angle and an average velocity of 60 ms’1
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Fig.57: Plot showing the erosion behaviour of the 15 vol.% Al,O4 reinforced 6061 alloy at erosion
impact angles of 90° and 30°.

Erosion at a 30° impact angle of all the composites is characterised by the
immediate onset of steady state conditions. The plot in fig.57 compares the
cumulative erosion losses of the 15 vol.% alumina reinforced 6061 alloy at both the
90° and 30° erosion impact angles. When the composite is eroded at 90°, it
features an initial incubation period of mass gain, associated with the embedding
of erodent particles and the build up of strain in its surface. Erosion at 30° shows
no such incubation period which is an indication that the operative wear mode
features minimal strain accumulation and work hardening effects accompanied by
a more efficient removal of surface material by a possible cutting mechanism. The
bar chart in fig.58 shows steady state erosion rates obtained at 90° and 30° impact
angles for each material. Steady state erosion rates were determined from the
slopes of linear regions (steady state) of the cumulative erosion mass loss curves of
each material. The erosion rates at the 30° impact angle are higher for every
composite and both unreinforced alloys compared to those found under 90°
impact conditions. Both the unreinforced and 10 vol.% Al,O5 reinforced 6061
alloys display erosion rates at 30° impact conditions that are higher than those of
their 2014 counterparts of equivalent volume fraction. Under eroding conditions
at 90° impact, this trend is reversed where the softer 6061 monolithic alloy and 10
vol.% AlO3 composite have lower erosion rates compared to their 2014 matrix
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alloy counterparts. The 20 vol.% Al,O5 reinforced 6061 alloy exhibits similar
erosion rates to those of the 2014 alloy reinforced with the same alumina content,
at both impact angles. In comparison to the other 6061 matrix composites, the 20
vol.% SiC reinforced 6061 alloy exhibits a smaller difference in erosion rate
between the two impacting conditions. Moreover, this composite shows erosion
rates which are less than both of the 20 vol.% Al,O; reinforced alloys.

(mg/g)
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Erosion Rate
N
L
NN

0 10% 15% 20% 20% O 10% 15% 20%
AlZO3 Al203 AlZO3 SiC ALO, ALO, ALD,

Vol. % Reinforcement

tmpact [ (] 90° 3° [@oo )30
Angle AL6061 matrix AL 2014 matrix

Fig 58: Steady-state solid particle erosion rates for the two matrix alloy composite systems at erodent
impact angles of 90° and 30".

Electron micrographs of the unreinforced 6061 alloy and its 20 vol.% SiC
reinforced counterpart, showing typical steady state eroded surfaces at impact
conditions of 90° and 30°, are displayed in figs. S9a to 59d. The unreinforced alloy
eroded at 90° in fig.59a shows extensive plastic deformation and ductile shear
fracture of its surface. The predominance of micromachining and cutting of
material is observed when the impact angle is 30° in the micrograph shown in
fig.59b. The surface of the composite eroded at 90° also shows extensive plastic
deformation and shear fracture, but is considerably less ductile and more
fractured in appearance compared to the monolithic alloy at the same eroding
conditions. This micrograph also shows evidence of an eroding particle fragment
having embedded into its surface. The eroded surface of the composite at 30°
impact conditions in fig.59d, shows a similar transition to cutting and
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micromachining as that found in the monolithic alloy. However, the composite’s
eroded surface features a distinct lack of ductility accompanied by extensive
fracture and fragmentation of material in each impact zone.

Single impact sites on the surfaces of monolithic and reinforced alloys, at the two
impact angles, are shown in figs.60a-d. The scanning electron micrograph in
fig.60a shows a pair of 90° impact sites on the surface of the monolithic 6061 alloy.
The impacting particles have made a deep impressions in the alloy which are
surrounded by plastically deformed metal with there being no apparent evidence
of fracture or material loss. A micrograph showing the same monolithic alloy with
a 30° impact site on its surface is displayed in fig.60b. The impact area shows
evidence of micromachining marks and an extruded lip of deformed metal where
the particle has cut through the target surface at a low angle. Here again, the
metal at the impact site has undergone a ductile microforging process with there
being little evidence of any material removal. |

A scanning electron micrograph depicting a single impact site at 90° to the surface
of the 2014 alloy reinforced with 20 vol.% alumina, is shown in fig.60c. The
impacting particle has deformed the matrix alloy accompanied by multiple fracture
of a nearby particulate. There is evidence of intense deformation, as well as highly
constrained extrusion and fracture of the matrix alloy having occurred in the
region adjacent to the reinforcing particulates in the impact site. The micrograph
in fig.60d shows the same composite surface with a 30° impact site. The impacting
particle has displaced the matrix alloy in a similar micromachining operation to
that found in the monolithic alloy in fig.60b, but is also accompanied by fracture of
alumina reinforcing particulates and microextrusion and fracture of displaced
metal.

The nature and extent of subsurface deformation in both the 6061 and 2014
unreinforced alloys, at erodent impact angles of 90° and 30°, are shown in figs.61.
The figures show optical micrograph taper sections (5°) of each alloy’s steady state
eroded surface. The subsurface deformation strain in the 6061 alloy eroded at 90°
in fig.61a, extends to a greater depth compared to that found under 30° eroding
conditions in fig.61b. A similar comparison can be made for the harder 2014
monolithic alloy, eroded at the 90° and 30° impact conditions and displayed in figs
61c and 61d respectively. The 2014 alloy shows less subsurface strain
accommodation compared to the softer 6061 alloy at 90° impact, yet there is no
significant difference in depth of deformation strain between the two alloys at 30°
eroding conditions. Both alloys show extensive evidence of erodent particle
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