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The mechanical properties of metal matrix composites (MMCs) are critical to their potential
application as structural materials. A systematic examination of the effect of particulate
volume fraction on the mechanical properties of an Al,O3-Al MMC has been undertaken.
The material used was a powder metallurgy processed AA 6061 matrix alloy reinforced
with MICRAL-20™, a polycrystalline microsphere reinforcement consisting of a mixture of
alumina and mullite. The volume fraction of the reinforcement was varied systematically
from 5 to 30% in 5% intervals. The powder metallurgy composites were extruded then heat
treated to the T6 condition. Extruded liquid metallurgy processed AA 6061 was used to
establish the properties of the unreinforced material. © 2001 Kluwer Academic Publishers

1. Introduction to the particles are volume fraction, size, shape and
The main purpose for producing metal matrix compos-distribution of particles, the most important parameter
ites (MMCs) is to achieve light materials with high spe- being the volume fraction. Lloyd [4] reported that the
cific strength and stiffness. Of special interest in this re-dominant factor in controlling the elastic modulus is the
gard are particulate reinforced metal matrix compositeyolume fraction of particles, and that it is relatively in-
(PRMMCs), which possess several additional advansensitive to the particle size and distribution. Moreover,
tages. Firstly, they offer cost effective manufacturing;as the volume fraction of particles is increased, tensile
particulate forms of reinforcement are much cheapeand yield strengths generally increase, and ductility and
than long fibres. PRMMCs can also be manufacturedracture toughness decrease [5—7].
by conventional metallurgical processes, and secondary The amount of thermal residual stress also depends
processing can be applied. Secondly, PRMMCs haven the volume fraction. Increasing the volume fraction
isotropic properties (not the case for continuously re-monotonically increases the thermal residual stress and
inforced MMCs). Therefore, they can be used foralso increases dislocation densities [8, 9].
more general applications. Thirdly, they can be pro- Grain and sub-grain sizes are smaller in the compos-
duced in large quantities as is required for structuralte thaninthe unreinforced alloy. Arsenault[10] showed
applications. that as the particle volume fraction was increased, the
The intrinsic advantage of MMCs over the unrein- dislocation density became higher and sub-grain size
forced alloy is the improvement of mechanical proper-became smaller.
ties due to addition of the reinforcing material. Me-  In this study, the effect of particle volume fraction on
chanical properties of MMCs are directly related tothe mechanical properties of PRMMCs was examined.
their microstructural features such as the reinforcement,
matrix/reinforcement interfaces, dislocations, etc. Gen-
erally MMCs exhibit considerable increases in strengti2. Experimental procedure
and stiffness. However, they also have poor ductility, The material used was AA 6061 alloy reinforced with
low values of fracture toughness and poor low-cycleMICRAL-20™ , a polycrystalline 2@.m (nominal) di-
fatigue properties [1-3]. ameter microsphere reinforcement consisting of a mix-
The main contribution to the increase in mechanicakure of mullite (AkSi>O13) and aluminad-Al,Os3) in
properties of PRMMCs is particle addition; it affects the ratio 68 : 32 (wt%), with the grains of each phase
most of the properties of PRMMCs. Parameters relateeing typically less than 0.am in size. The volume
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fraction of MICRAL-20™, prepared as above and des-
ignated COMRAL-83M was also examined [13]. Dis-
cussion of the results for this material, however, lies
outside the scope of the present paper.

The designation and chemical compositions of the
AA 6061 and powder metallurgy composites are shown
in Table 1. The Mg content of the unreinforced al-
loy used as a reference material was at the lower end
of the nominal composition range for AA 6061 (0.8—
1.2 wt%). The composites also had Mg contents at the
lower end of the composition range for AA 6061, except
forPM5and PM 10, which had Mg contents slightly be-
low the nominal range. Other elements were all within
their nominal composition ranges.

Basic heat treatment cycles included a solution treat-
ment at 530C for 90 minutes, direct quenching into
cold water, pre-aging for 20 hours at room tempera-
ture and then artificial aging at 1%5. For a typical
peak aged condition for AA 6061 (heat treatment des-
ignation T6) samples were artificially aged for 8 hours.
In the case of the composites, the same heat treatment
cycle was followed except for the artificial aging time
which was modified to 6 hours at 175 for the peak
aged condition.

After heat treatment, all specimens were subjected
to a hardness test to confirm their precipitation hard-
ening behaviour and to set up the specimen hardness
database. Hardness tests, carried out on polished sur-
faces of specimens, were made using a Vickers hard-
ness testing machine wita 5 kgload and 20 seconds
fraction was varied systematically from 5 to 30% in indentation time. The diagonal length of the inden-
5% intervals. Physical and mechanical properties otation mark was about 20@m and tens of particles
MICRAL-20™ are given in Table | [11]. The typi- were included within the indent. The peak aged con-
cal appearance of MICRAL-28 prior to blending is  dition was deduced from graphs of hardness versus
shown in Fig. 1 [12]. The composites were manufac-aging time. At least ten measurements were made on
tured by a conventional powder metallurgy process. each specimen in order to obtain averaged hardness

Metal powder and microspheres were blended, comvalues.
pacted by cold isostatic pressing, and then sintered Volume fractions of particles were measured in the
into a 125 mm diametex 357 mm billet. The unrein- polished surfaces of the composites using a Quantimet
forced alloy was melted and cast into a mould 125 mnB00 image analyser fitted to an optical microscope.
diameterx 149 mm in size. All were extruded into  The dynamic elastic modulus was measured using the
19 mm diameter rod. Prior to extrusion, the dies andGrindo-sonic method [14] for material in both the as-
billets (or ingot) were preheatedte480°C and the ma- extruded and T6 conditions for the unreinforced alloy
terial then extruded at a speed of 8-10 m per minuteand composites. The measurements were made using
A liquid metallurgy composite containing 20% volume 17 mm diametex 170 mm specimens.

Figure 1 The original form of MICRAL-2GM prior to blending [12].

TABLE | Properties of MICRAL-20M [11]

CTE Density Porosity
Microsphere E (GPa) Kic (MPa,/m) Hardness (HV) 1k °ch) (g/cr?) (%)
MICRAL-20™ 240 2.9 1140 6.3 34 <1
TABLE Il Chemical composition of materials (wt %)
Material \; Mg Si Cu Fe Mn Cr Ti Al
AA 6061 0% 0.8 0.4 0.1 0.2 0.09 0.06 0.03 Balance
PM 5 5% 0.6 0.46 0.23 0.16 <0.02 <0.02 <0.02
PM 10 10% 0.7 0.52 0.25 0.18 <0.02 <0.02 <0.02
PM 15 15% 0.8 0.50 0.23 0.18 <0.02 <0.02 <0.02
PM 20 20% 0.8 0.48 0.23 0.19 <0.02 <0.02 <0.02
PM 25 25% 0.8 0.51 0.22 0.20 <0.02 <0.02 <0.02
PM 30 30% 0.8 0.48 0.22 0.22 <0.02 <0.02 <0.02
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Figure 2 Schematic drawing of tensile specimen (dimensions in mm).

Tensile testing was performed in accordance with3. Results
ASTM E8 under displacement control using an In-3.1. Aging response
stron 1185 100 kN screw-driven machine. The crossAging curves for the composites at Ftbare shown
head speed was 0.2 mm/min, giving a strain raten Fig. 3. The aging response was generally similar for
of 1074 sec! for the specimen gauge length used.all six of the composites with the hardness increasing
Test specimens were machined from the as-extrudeprogressively with volume fraction. Peak hardness was
bar with the loading axis parallel to the extrusion achieved in 6 hours and this time was therefore used as
direction. For testing materials in the T6 condition, the T6 aging time for all the composites.
the specimens were heat treated prior to machining The particle volume fraction was measured using an
to prevent specimen distortion by thermal residualimage analyser for each of the composites from samples
stress. Because of the limited available material, reeut from the tensile specimens. The results are given in
duced size specimens were used with a gauge lengfrable Ill. The measured volume fractions are close to
of 36 mm and an approximate cross-sectional areghe nominal values.
of 28.3 mnt, as shown in Fig. 2. Specimen strain
was monitored using an extensometer with a gauge
length of 25 mm. Three specimens were tested for each. 2. Microstructure

material. A longitudinal section of a sample containing 20% vol-
After tensile testing the fractured specimens wereyme fraction of particles (designated PM 20) is shown
metallographically sectioned longitudinally. The num- iy Fig. 4, from which it is apparent that the composite
ber of particles which were present on the fracture surshows little evidence of particle clustering. Damaged
face was counted manually. Debonded particles wergarticles were frequently observed in the composites at

weighted by a factor of two when obtaining the to- the higher volume fractions but to a much lesser extent
tal particle count, since only 50% of the debonded

particles should be present on either of the two mat-
ing fracture surfaces. The results were then compared,g| £ || measured particle volume fractions
with the number of particles present along an arbi
trary straight path of the same length as the projecte#iaterials PM5 PM10 PM15 PM20 PM25 PM30
fracture_ surface. Th_ls value was obtained by _coun_tlnghommlVf 5% 10%  15%  20%  25%  30%
the particles along five randomly selected straight I|ne§,|easured,f 56% 92U 141% 19.7% 24.6%  28.9%
parallel to the fracture surface and then averaging the
results.

Optical microscopy was used to examine microstruc-
ture and particle size distribution. Specimen prepara:
tion procedures for optical microscopy included several 140
steps of grinding and polishing. Material was sectioned
by a low speed diamond saw both in the longitudinal < 1307
and transverse direction. The sectioned material wat
then mounted and ground using SiC grinding paper. &

. . . . . (]
Polishing was carried out using;8n and 1umdia- 5 1101
mond paste. Final polishing was carried out on a rubbelg
pad using colloidal silica which was a suspension of = 1001
0.05um SiO, particles.

A JEOL 840 scanning electron microscope (SEM)

1204

90+

was used to examine fracture surfaces of the specimer ol
after tensile testing. Standard preparation and imag 0 2 4 6 8 10 12 14 16 18 20 22 24 26
ing procedures were used. T_he specimens were given Time (hrs)

coating of carbon and examined using an accelerating

voltage of 20 kV. Figure 3 Aging response of composites.
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Figure 4 Optical micrograph of PM 20 at low magnification.

at the lower volume fractions. In the high volume frac- effect does not increase with increasing volume frac-
tion (25% and 30%) composites, regions in which ation. On the contrary, the results suggest that the yield
small number of particles were in contact were fre-and tensile strengths both decrease slightly as the vol-
quently observed, Fig. 5, and micro-porosity was seemme fraction of particulate is increased. Results were
to occur in between the particles in these regions. Foalso obtained from material in the as-extruded condi-
the lower volume fractions, particle contact was raretion. In this condition, the yield and tensile strengths
and no pores were detected in the material, even whewere not increased markedly by the addition of partic-
examined at magnifications up to 500 ulate, Fig. 9, although a general increase occurred with

increase in volume fraction. The ductility decreased

linearly with particle volume fraction in both the as-
3.3. Mechanical properties extruded and T6 conditions, Fig. 10.

3.3.1. Elastic modulus

The elastic moduli of the unreinforced matrix alloy

and the six composites are shown in Fig. 6. The elas3.3.4. Fractography

tic modulus increased with increasing volume fractionFracture surfaces of the composites are shownin Fig. 11

of particulate, but the rate of increase in the modulusand Fig. 12 for the T6 and as-extruded conditions re-

decreased slightly with increasing volume fraction.  spectively. In the T6 condition, fractured particles are
clearly seen on the fracture surface while fractured par-
ticles are less frequently observed in the as-extruded

3.3.2. Hardness condition. This observation was supported by quan-

The hardness of the composites is shown as a functiotifative analysis of the crack profiles, Fig. 13, which
of particle volume fraction in Fig. 7. Data is given for shows that more fractured particles are associated with

the material before heat treatment (i.e., as-extruded) d§€ crack profile in the T6 condition than in the as-
well as for the T6 condition. The results show that theextruded condition. The results also show that there
hardness varies linearly with volume fraction in both are more particles (fractured plus unfractured) on the
the T6 and as-extruded conditions. However, the effectracture surface than on an arbitrary parallel section,
is about 40% greater for the material in the T6 conditionindicating that the fracture exploits the particles.
than for the as-extruded material, with the rates of in-
crease being 1.05 and 0.75 HV per 1% particle addition
respectively. 4. Discussion

4.1. Aging response

The aging process in AA 6061 consists of several
3.3.3. Tensile properties steps: supersaturated solid solutiem Si-vacancy
The tensile properties are shown as a function of volclusters— spherical G. P. zones> 8’ needles~> g’
ume fraction for the T6 condition in Fig. 8. For each rods — equilibrium 8-Mg,Si plates [15]. When ag-
material three specimens were used to obtain the resultisg is carried out below the criticsd” — g’ transfor-
The addition of particulate significantly increases bothmation temperature~x200°C), as was the case in this
yield (0.2% proof strength) and tensile strength, but thevork where the aging temperature was 1Z5he main
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Figure 5 SEM micrographs of PM 30 showing broken particles and voids formed in a particle cluster.
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Figure 6 Elastic modulus versus particle volume fraction.
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Figure 7 Hardness values of composites in the T6 and as-extruded

conditions.
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Figure 8 Yield strength and tensile strength of composites in the T6

condition. Figure 9 Yield strength and tensile strength of composites in the as-

extruded condition.

strengthening phase is the needle shaedt is gen-  present study, Dionne and Lo [18] found that the aging
erally accepted that particle addition does not alter thé&inetics were faster in the powder metallurgy compos-
aging sequence but accelerates the aging kinetics dfes than in the matrix alloy.
the strengthening precipitates. High dislocation den-
sities are produced by the addition of particles as a
result of the difference in the coefficient of thermal 4.2. Elastic modulus
expansion (CTE) of the particles and the matrix. ThisThe results show that the addition of particulate in-
difference is substantial for MICRAL-28 reinforced  creases the elastic modulus, the effect becoming greater
AA 6061 for which the values are®x 10°6°C-1[11]  withincreasing volume fraction. The experimental data
and 24x 10 °C~1 [16] respectively. The high dislo- is compared with the values predicted by a number of
cation densities, and also the particle/matrix interfacesnodels [19-23] in Fig. 14. The predicted values were
provide short circuit diffusion paths which acceleratecalculated using the measured modulus of the matrix
the aging process. However, the dislocations and interalloy, the measured volume fractions and the reported
faces also provide sinks for quenched-in vacancies, ansiodulus of the MICRAL-20M reinforcement [11].
this can retard nucleation. The results show reasonable agreement with the Ge
The powder metallurgy processed compositesand Schmauder model [21] at low volume fractions
showed an acceleration in the aging response (i.e., theut exhibit an increasing deviation from this model as
time to attain peak hardness). This is supported by prethe volume fraction increases. Metallographic exami-
vious work on AA 6061 which has shown that the for- nation revealed that broken particles were present in
mation of the intermediate phas#;, occurs faster in the composites and that the level of particle fracture in-
powder metallurgy material than in the liquid metal- creased with volume fraction. Elomaai al. [24] have
lurgy processed alloy [17]. shown that particle fracture reduces the elastic modu-
Itis of interest to note that the aging response of thdus in AA 6061 reinforced with alumina particles, and
composites was not affected by the particulate voluméhe same would be expected for the composite studied
fraction. A similar result was obtained by Dionne andhere. Since the level of particle fracture increased with
Lo [18] for powder metallurgy processed AA 6061 con- volume fraction, an increasing deviation from linear
taining 25 and 30 volume % SiC particulate. As in thebehaviour would be expected and this may account for
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Figure 11 SEM micrographs of fracture surfaces of composites in the
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Figure 10 Percent elongation of composites, (a) in the T6 condition, and
(b) in the as-extruded condition.

the increasing deviation from the Ge and Schmaude
model as the volume fraction increases.

4.3. Hardness

The hardness of the composites increased progressive
with volume fraction, with the results indicating that
the rate of increase was linear, Fig. 7. The increase
in hardness produced by the addition of particulate is E
consistent with the view that the particulate strength- s
ensthe composites. There are anumber of factors whic &
contribute to the strengthening effect including resid- g
ual elastic stresses, increased dislocation densities, d&®
creased grain and subgrain size and increased plastig &
constraint. The relative contributions from these var-|g =
ious effects cannot be established from the results o
this study, but it is apparent that their combined effectj
increases linearly with volume fraction. Certainly, the
dislocation density, residual stresses and the level ofs®
plastic constraint would be expected to increase pro{'
gressively with volume fraction. It would also be ex- ~
pected that the increasing dislocation density would im- (®)

prove the aging response of the matrix, as is found iftigure 12 SEM micrographs of fracture surfaces of composites in the
material cold-worked before aging, and that this wouldas-extruded condition with, (a) 15% particulate, and (b) 30% particulate.
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produce an additional progressive increase due to in-
creasing matrix strength. This is consistent with the
finding that hardness increased more rapidly with vol-
ume fraction for the composites in the T6 condition

than in the unhardened as-extruded condition.

Itisinteresting to note thatthe aging kinetics were not
affected by increasing the volume fraction of particles
and this would, at first sight, suggest that the disloca-
tion density did not increase with increasing volume
fraction. However, as discussed earlier, an alternative
explanation for the observed aging behaviour could be
thatthe acceleration in kinetics which would result from
the increased density of dislocations was offset by a re-
tardation due to annihilation of quenched-in vacancies
by the dislocations, and this would then be consistent
with the increase in hardness being at least in part due
to an increase in dislocation density.

Crawford and Griffiths [25] have conducted hardness
andtensile tests on MICRAL-2Y reinforced AA 6061
composites with the same nominal volume fractions as
in the present work, and heat treated to the T6 condi-
tion (aging was at 17% for 8 hours rather than the
6 hours used here). Their microhardness results show a
systematic increase of approximately 6% (from 132 HV
to 140 HV) as the volume fraction increases from 5%
to 30%. Comparison with Fig. 7 shows that these data
are consistent with the present results. Crawford and
Griffiths assume that this slight increase may be caused
by increased plastic constraint as the particle spacing
decreases and conclude that the yield stresses of the
various composites were effectively constant.

4.4. Tensile properties

Figure 13 Comparison of number of particles encountered onarandonwh”e the hardness of the Composites increased pro-

path with number observed on crack path, (a) in the T6 condition, and

(b) in the as-extruded condition.
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gressively with volume fraction the strength did not,
at least for the material age hardened to the T6 condi-
tion. The addition of 5% particulate produced an initial
increase in both the yield strength (0.2% proof stress)
and tensile strength to about 10% above that of the un-
reinforced alloy, but further addition of particulate pro-
duced no further increase in strength. Instead, a slight
progressive reduction in both yield and tensile strength
was observed, Figs 8 and 9. The hardness results clearly
indicate that the addition of particulate produces a pro-
gressive strengthening effect, and progressive increases
with increasing volume fraction would thus be expected
in the yield and tensile strengths. However, similar ef-
fects have been reported elsewhere. Ravi Kumar and
Dwarakadasa [26] observed lower yield and tensile
strengths in Al-Zn-Mg composite than in the unrein-
forced alloy, which Dionneet al. [27] interpreted as
being due to premature fracture of the particles dur-
ing loading. Indeed, in their work on SiC/7091, Dionne
et al. confirmed that particle fracture occurred before
the ultimate strength of the matrix was reached. To ac-
count for the reduction in yield strength as well as ten-
sile strength, particle fracture would have to occur at

Figure 14 Comparison of measured elastic moduli with moduli pre- stresses below that at which the matrix yields

dicted using upper [19] and lower bound [20], Ge & Schmauder [21],
Halpin-Tsai [22] and self-consistent [23] models. The aspect ratio used

Fractographic results show that particle fracture does

in the Halpin-Tsai model was 1.0 and the Poisson’s ratio used in the G@CCUT in the age hardened composites, and that it oc-
& Schmauder model was 0.33.
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substantially below the ultimate strength of the matrix.the aging response as the particle volume fraction was
In view of these findings it appears that the observed beincreased, although a progressive increase in the peak
haviour can be explained by two competing effects. Ashardness was observed.
the volume fraction of particulate increases, strengthen- 2. The composites had higher elastic moduli than
ing occurs due to matrix strengthening from increasedhe unreinforced alloy. The elastic modulus increased
dislocation density and increased aging response. Hovas particle volume fraction was increased but at a pro-
ever, during tensile loading, particle fracture occurs begressively decreasing rate. The decrease in the rate of
low the yield strength of the matrix, so that the load isstiffening with increasing particle volume fraction is
carried only by the matrix. As the volume fraction in- attributed to an increase in the number of fractured par-
creases, the amount of matrix remaining to carry thdicles present in the composites.
load decreases so that final failure occurs at a lower 3. The composites had better tensile and yield
value ofthe applied load and hence at alower stress. Th&rengths than the unreinforced alloy. However, there
decrease in strength with volume fraction due to particlevas no significant change in strength as the particle
fracture appears to outweigh the increase due to matrixolume fraction changed. The increase in strength in
strengthening. The observed reduction in yield strengtlthe composites is attributed to an increase in the dis-
parallels the observed reduction in tensile strength, sudecation density together with an increase in the aging
gesting that most of the particles fail below the yield response. While these effects appeared to increase with
strength. Particle failure would not be expected to occuincreasing particle volume fraction, this increase was
during hardness testing since the loading is compressiveffset by a reduced load-carrying capability brought
not tensile, and an increase in hardness would thereforgbout by premature particle fracture.
be expected. 4. The composites had lower ductility than the un-
The explanation given above is supported by the rereinforced alloy. The ductility decreased linearly with
sults obtained for the as-extruded material. In this casecreasing particle volume fraction.
the matrix is not age hardened and yields and fails at
lower strength. Failure occurs in this material princi-
pally by matrix failure around the particles rather thanAcknowledgements
by particle fracture, indicating that matrix yielding and This work was supported by Comalco Research Centre
failure occur before the fracture strength of the particleg15 Edgars Road, Thomastown, VIC 3074, Australia)
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