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Particulate reinforced metal matrix composites (PRMMCs)
containing a high volume fraction of ceramic particles
(> 50 vol.%) display an elastic stiffness that far exceeds that of
aluminium and its alloys, at only a small cost in terms of density. If their microstructure is adequately designed and optimized, these materials can be made to exhibit strength/
toughness combinations that match those of unreinforced
high-strength engineering aluminium alloys.[1,2] The potential
of these composites in energy-intensive structural applications is thus clearly high.
The elevated toughness of these composites is achieved by
meeting certain critical microstructural conditions, defined
and explained in.[1–4] To summarize, these include: (i) the initial (high) quality of the stiff ceramic particles used, which
must be free of stress concentration sites and internal defects,
(ii) the presence of a ductile matrix free of brittle second
phases, (iii) a capacity for composite bulk plastic deformation,
made possible in spite of the high ceramic loadings by the fact
that only the metal is continuous in their microstructure.
These characteristics combined produce, in the composite, a
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ticularly if these are located along the matrix/reinforcement interface, are well-documented to
affect the toughness and tensile ductility of metal matrix composites,[13–19] particularly when
they exceed a relatively small critical thickness.[20–24] A second factor in matrix selection is
the need for strong interfacial bonding, this
being especially important in particulate composites.
These considerations previously led us to select pure Al and Al-Cu binary alloys containing
less than the maximum solid solubility limit of
5.65 wt.% Cu as the matrix of alumina particle
reinforced composites.[1] Al2O3 being furthermore chemically inert with both Al and Cu at all
processing temperatures, these matrices could
be produced free of intermetallics or interfacial
reaction products (with the exception of a few
residual Al-Cu-Fe phases caused by iron impurities in the matrix). Aluminium alloys with a
higher strength than Al-Cu alloys are generally
alloyed with magnesium (most 2xx or 2xxx series alloys and all 7xxx series alloys contain Mg).
Magnesium in aluminium unfortunately reacts
with alumina, causing the formation of brittle
interfacial reaction products.[7,9] We therefore
Fig. 1. SEM images in the backscattered mode of polished section of the composites. (a) and (b): as-cast
explore here another, more unusual, alloying
condition; (c) and (d): after solution heat-treatment and subsequent peak-aging. In the as-cast condition,
addition that is documented to yield high
AlAg2 precipitates (c phase) in the shape of elongated plates (in bright) are formed between adjacent particles; after heat-treatment all coarse c phases are dissolved.
strength in aluminium while not being prone to
react with alumina, namely silver.
Silver is highly soluble in aluminium: the
peak solubility of Ag in Al is about 55 wt.% (23.5 at.%) at
local fracture cohesive law,[5,6] that features both (i) an ele567 °C.[25,26] With such a high amount of solute in the matrix,
vated peak stress and (ii) a high local fracture energy. The
it is expected that a matrix flow stress exceeding that of peakability for macroscopic plastic deformation in the composite
aged Al-4.5 wt.% Cu can be produced in this system. Althen amplifies this local fracture energy, resulting in a high
40 wt.% Ag (corresponding to 15 at.% Ag) was therefore seglobal composite fracture energy characteristic of the formalected. This alloy can be solutionized in the a single-phase
tion and propagation of a macroscopic plastic zone surroundfield. It age-hardens by GP zone formation; these are followed
ing the tip of a propagating crack.
by c (Ag2Al) precipitates growing in the form of fine WidIt was shown by alloying the aluminium matrix of these
manstätten plates.[25–28] There also exists in the Al-Ag phase
composites with copper that, when the above conditions are
diagram a spinodal region with a critical composition that is
met, the fracture toughness and the tensile strength of these
near the selected alloy composition (at approximately
composites can be increased simultaneously by increasing the
20 at.%).[29] Hence, this matrix can also be quenched to a temmatrix flow stress ry, all else being constant.[1] We demonstrate here further simultaneous improvements in composite
tensile strength and toughness, using a somewhat exotic matrix alloy, namely an alloy of aluminium with silver; we justiTable 1. Mechanical properties (tensile, hardness) of Al-40 wt.%Ag matrix composites
fy this choice in the next section.
in the various heat-treatment conditions. For comparison with other composites and Al
alloys, the density of the composites is also indicated in the table.
Matrix Selection: There are, as mentioned above, several
factors that practically limit the choice of the matrix alloy in
high-performance metal matrix composites. The greatest conHeat-treatment
E
r0.2
q
U.T.S. ef [%] Vickers
[GPa] [MPa] [MPa]
Hardness [g/cm3]
cern is to avoid coarse brittle phases, such as intermetallics or
silicon. Such embrittling phases can form at various stages of
As-cast (AC)
176
350
396
0.77
197
3.84
composite processing: by reaction between the matrix and the
Solution treated (ST)
181
436
461
0.60
265
“
reinforcement, during solidification, or during heat-treatPeak aged (T6)
179
503
509
0.48
319
“
ment.[7–14] Even small quantities of brittle second phases, par-
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higher magnification micrograph in Figure 1(d) indicates that no coarse residual intermetallic phases
remains after heat-treatment. This is in contrast with
corresponding Al-Cu matrix composites, where Fe impurities prevented complete solution of a small fraction
of the intermetallics.[10] Elemental compositions measured by EDX in the window inset of Figure 1(c) indicate an Al:Ag weight ratio of 60:40; this is fully coherent
with the nominal composition of the matrix alloy.
Mechanical Properties. Tensile testing: Average values of tensile properties of the composites in the various heat-treatment conditions are given in Table 1. A
typical tensile curve of the present composite after
solid solution treatment and subsequent peak aging
is presented in Figure 2, together with other curves
from our previous study of similar Al-Cu and pure
Al matrix composites. A slight increase in the flow
stress and UTS is noticed for the current Al-Ag matrix composites. At the same time, the strain to failure
Fig. 2. Tensile curves of the composite (peak-aged condition) and comparison with previous data
on analogous composites with the same reinforcement varying the matrix. Data for pure Al madecreases to about 0.5 % and there is little macroscoptrix composite are from, [52] for Al-Cu matrix composites from. [1]
ic plastic deformation prior to failure, such that r0.2
and UTS are nearly equivalent, falling in the range
500 – 520 MPa. The Young’s modulus remains on the order
perature where spinodal decomposition, and nucleation and
of 180 GPa.
growth, of c plates occur simultaneously.[29] The main drawFracture toughness and validity criteria: Fracture toughness
back of this model system is that, although Al-Ag alloys have
values inferred form chevron-notch fracture testing are given
been explored to study precipitation hardening and spinodal
in Table 2. A typical chevron-notch curve for a peak-aged
decomposition, precise data on their mechanical behaviour,
Al-Ag matrix composite is presented in Figure 4, together
including basic mechanical properties such as flow stress, are
with a similar curve from an Al-4.5 wt. % Cu T6 matrix comscarce in the literature. Another drawback is of course the fact
posite. A few comments on the validity of the tests are necesthat such alloys are less attractive than Al-Cu alloys from an
sary before presenting the data.
engineering standpoint: Al-40 wt.% Ag is clearly more dense
(1) The specimen size criterion necessary to ensure planeand much more expensive than Al-4.5 wt.% Cu.
strain conditions, and given by B > 1.25 (KIv/ry)2 for chevWith no interfacial reactivity, no brittle intermetallics, and
a higher flow stress than peak-aged Al- Al-4.5 wt.% Cu, if our
ron-notched specimens, was met for all specimens at all heattreatment conditions.
interpretation of the properties of these composites is correct
(2) There is an additional plasticity criterion in chevrona matrix of Al-40 wt.% Ag should simultaneously increase the
notch testing for the data to be validated; the definition of this
tensile strength and the fracture toughness of these composcriterion and its significance can be found in.[30–32] In the presites. We show in what follows that this is, indeed, observed.
Results. Microstructure: Electron micrographs of the composites are shown in Figure 1. In the as-cast condition
(Fig. 1(a) and 1(b)), the matrix is multiphase: in the BSE detecTable 2. Fracture toughness of Al-40 %Ag matrix composites as measured by chevronnotched testing. The crack length increment Dam at which crack deviation occurred (see
tor mode, Ag-containing second phases appear bright and in
text and Fig. 3) from stereomicroscope images are also indicated. The critical crack
clear contrast from the a solid solution. The higher magnificalength at which the toughness is computed is Dac = 5.45 mm.
tion micrograph in Figure 1(b) shows that the Ag-rich phases
have an elongated plate-like structure contacting adjacent
p
Dam
Heat-treatment
KIv [MPa m]
particles. According to the Al-Ag phase diagram, these plates
[mm]
are of the Ag2Al (c phase) intermetallic compound. SemiAC
15.9
No crack deviation
quantitative compositions obtained by EDX on individual
ST
36.1
7.9
spots of the bright phases are given in the inset of Figure 1(b).
These confirm a high silver concentration within the plate,
ST
36.4
8.3
although the measured at.% value remains below that of the c
T6
34.7
–
phase (a more precise quantification than possible by EDX in
T6
37.6
7.1
the single-spot mode was not deemed necessary).
T6
37.1
5.9
After solid-solution treatment, quenching and aging, the
large c plates are dissolved, Figures 1(c,d). In particular, the
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ent case, the value of the relevant parameter (the “p-value”)
was found to be negative; this is most likely due to residual
stresses arising from the heat-treatment. Although negative
p-values invalidate the data according to the Standard, we do
not view this as a significant problem, mainly because p-values are strongly dependent on the precise method used in
computing their value (see for instance the fracture curves
presented in Fig. 4); the matter is further discussed by Grant
et al.[32]
(3) In the present tests, the main issue potentially limiting
validity of the data was a deviation of the crack from its nominal plane of propagation (along the chevron notch) for all
heat-treated specimens. This may affect the validity of the
data. More specifically, in chevron-notch testing, for a fixed
load there exists a minimum in the curve giving the stress
intensity vs. the crack length a (the crack driving force curve).
The critical value at which this minimum is reached, ac, is a
function of the sample geometry. For an ideal elastic material
exhibiting a flat R-curve, the crack length at the maximum
load Qm is by definition ac. At this point, both the stress-intensity factor and the crack length ac are known, hence allowing
to infer the toughness.[33] For materials showing limited
R-curve behaviour, a compliance method is defined in the
Standard, and here again the toughness is measured at this
known critical crack length ac. In the chevron-notch short-bar
geometry used here, ac equals 14.25 mm (corresponding to an
adimensional value ac/W of 0.537 where W is the specimen
length), and the initial crack length a0 equals 8.8 mm. The
critical length ac is thus attained after a crack increment Dac of
5.45 mm. The crack increment at which the crack deviated
away from the chevron notch, Dam, was measured using
stereomicroscope macrofractographs as indicated in Figure 3,
for all samples that presented crack deviation (this point is
clearly apparent from a top-view of the sample, Figure 3(b),

Fig. 4. Chevron-notched fracture curves of the present composites and comparison with
previous data for analogous Al-4.5 wt.% Cu T6 matrix composites. The plane-strain
chevron-notched fracture toughness, JIv, is measured from a load essentially equivalent
to the peak load. Since the geometry of the two specimens is the same, the toughness
scales essentially with the peak load.

as that where crack edges deviate from the machined chevron
triangle). The values are given in Table 2. As seen, for all
samples of this work, the crack left the chevron notch after
reaching the stress intensity factor minimum; i.e., Dam > Dac
(= 5.45 mm); Figure 3 illustrates this. Therefore, at the critical
load used to infer the plane-strain fracture toughness of these
samples, the crack was still in its main propagation plane.
The present data are thus not invalidated by this effect (the
influence of the finite crack plane curvature visible in Figure 3 at a = ac is small and ignored in what follows).
As seen in Figure 4, despite a significant reduction in the
tensile strain to failure (Fig. 2), the resistance to crack-propagation is higher than with the Al-Cu matrix. The
recorded average KIv value is 36.5 MPa.m1/2 in
the peak-aged condition for the present composites (with a maximum of 37.6 for one test), and
36.2 for the ST condition. By comparison, the
composite in the as-cast condition is much more
brittle, attaining only 15.9 MPa.m1/2, i.e., less
than half the value after heat-treatment.
Fracture Micromechanisms: SEM fractographs
in the back-scattered electron imaging mode of
chevron-notch specimens are presented in Figure 5. In the as-cast condition, the secondary
phases previously observed on polished sections (Figs. 1(a,b)) are also clearly detected on
the fracture surface in the form of the numerous
bright elongated particles. As in Al-Cu matrix
composites in the as-cast condition, premature
Fig. 3. Fracture surfaces of a chevron-notched specimen (T6 condition) taken by stereomicroscopy. (a)
cracking of these coarse intermetallic particles
side-view illustrating deviation of the crack plane; (b) the top-view is used to measure at what length the
crack deviated (this is seen by the abrupt enlargement of the crack front beyond the limits of the chevron
provides matrix cavitation nucleation sites;
triangle). In all specimens deviation occurred at a crack length am longer than the crack length ac used to
these also likely promote early ceramic particle
infer the fracture toughness in the chevron-notched geometry and fracture data can be validated. Correcracking.
sponding distances Dac and Dam are reported from (b) on (a).

ADVANCED ENGINEERING MATERIALS 2006, 8, No. 1–2

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.aem-journal.com

59

COMMUNICATIONS

Miserez et al./Increasing the Strength/Toughness Combination of High Volume Fraction Particulate Metal
ent composites: this is expected from a stronger
matrix. Referring to the toughening mechanisms
proposed earlier for these composites,[1,2] if particle fracture remains the main crack advance
mechanism, the local peak stress of the cohesive
law must be roughly the same in both composites. The “amplification” factor by which the local (cohesive) fracture energy is increased cannot then be higher in the present composites
than with Al-4.5 %Cu composites, since this facFig. 5. SEM fractographs of the composites in the backscattered electron detector mode. (a) Composite in
the as-cast conditions, showing coarse secondary phases; (b) heat-treated composite; note that all particles
tor is mainly governed by the ratio of peak coheare broken on the fracture surface, as found in Ref. [1] for analogous composites with a peak-hardened Alsive stress to composite yield stress. Therefore,
4.5 wt.% Cu matrix.
the increase in fracture toughness exhibited by
the present composites must result from an increase in the local work of fracture. Indeed, since the microAfter solution heat-treatment and aging, coarse secondary
mechanisms of fracture for the two composites are essentially
phases are clearly absent from the fracture surface, Figequivalent (formation of large matrix ligaments between broure 5(b), consistent with Figure 1. Broken alumina particles,
ken particles under high stress triaxiality), the local work of
on the other hand, cover a large fraction of the fracture surfracture associated with the creation of the fracture surface
face, more so than with an as-cast matrix. As shown in,[1] in
should increase if the matrix flow stress increases, as exsuch composites containing about 60 vol. %. ceramic particles,
pected from micromechanical models for the creation of duca fracture surface area that is covered by about 75 % broken
tile fracture profiles.[34–37]
particles means that essentially all particles along the crack
The present data are combined with results from earlier
path are cleaved during crack propagation: this is what we
studies in Figure 6, which also includes corresponding values
observe here. Between the particles, the matrix has fractured
for engineering aluminium alloys (empty boxes, from
in a ductile fashion, leaving plastic tearing ridges commensuRef.[38]), as well as data for other particle-reinforced MMCs
rate with the space between particles, Figure 5(b). Overall,
from the literature (shaded boxes). To keep the plot readable,
the fracture surface of aged Al-Ag composites thus resembles
we have deliberately limited our choice of data in this last
that of similar composites with a matrix of Al-4.5 wt.% Cu in
category to: (i) other high volume fraction reinforced composthe T4 or T6 condition.
ites (> 40 vol.%ceramic),[39,40] (ii) commercial particle reinDiscussion: With an Al-4.5 wt.% Cu matrix in similar comforced aluminium composites,[40] and (iii) composites for
posites, optimal property combinations were obtained after
heat-treatment with the same 15 lm
polygonal alumina particles as those
used here. The ultimate tensile strength
reached 480 MPa and the fracture toughness, also measured using the chevronnotch technique, was 34 MPa.m1/2. Comparatively, with the Al-Ag matrix the
tensile strength is near 500 MPa, while
the plane-strain fracture toughness is between 35 and 40 MPa.m1/2. Although not
directly measured, the flow stress of the
peak-aged Al-40 %Ag matrix is also higher than that of Al-4.5 %Cu matrix, as
shown by the Vickers hardness (HV)
data. The present data thus confirm that
tensile strength and fracture toughness
increase simultaneously when the matrix
flow stress is raised, provided conditions
listed in Section 2 are respected.
As with Al-4.5 wt.% Cu T6 matrix
composites produced using the same
polygonal alumina particles (these were
Fig. 6. Strength/toughness combination of the present Al-Ag matrix composite and comparison with (i) similar
from the same shipment), all particles are
composites with matrices of pure Al and Al-Cu; (ii) high-strength unreinforced Al alloys (open boxes), [38] and (iii)
broken along the crack path in the presselected particle reinforced aluminium composites (filled boxes).
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Experimental
Materials processing and characterization: The Al-40 wt.% Ag alloy was prepared in a high vacuum laboratory furnace (Pfeiffer Balzers, model VSG 002),
by induction melting. Ingots of 99.99 % pure Al (purchased from VAW Highpural GmbH, Grevenbroich, Germany) and Ag flakes (Metalor Technology SA,
Neuchâtel, Switzerland), were introduced in a graphite crucible (Al:Ag wt.
ratio 60:40), previously coated with zirconia to prevent attachment to the crucible wall. The vacuum chamber was initially filled with Ar prior to evacuation
and subsequently induction heated. Once the alloy was molten, it was chill-cast
into a graphite-coated Cu mold, to form solidified cylindrical ingots approximately 3.5 cm in diameter and 5 cm long.
The composites were fabricated by gas-pressure infiltration; details are given in Refs.[43–45] In summary, a-alumina particles (Sumicorundum™ alumina,
Sumitomo, Tokyo, Japan) with an average particle size of 15 lm were packed
to their natural packing density in a refractory crucible. A cast Al-Ag ingot was
placed on the top of the packed powder and the crucible was inserted into a
gas-infiltration apparatus. The chamber was slowly evacuated, heated to
750 °C, and infiltration was promoted by pressurizing the chamber with argon
gas at 8 MPa. After infiltration was completed, directional solidification was
initiated by lowering the crucible against a copper chill.
Composite microstructure was characterized using standard metallographic
procedures and a field-emission SEM (Philips XL30 FEG), in the backscattered
electron (BSE) detector mode, at an acceleration voltage of 10 kV. Composite
density was measured by an Archimede method using a high-precision Sartorius MC210P microbalance. Samples for mechanical testing were machined by
Electro-Discharge Machining (EDM). Dog-bone shaped tensile specimens were
tested with a 25 kN capacity, hydraulic-driven Instron (Canton, MA, USA) universal mechanical testing machine, at a nominal strain rate of 10–4 s–1 using a
clip-gauge MTS extensometer (model 632.13F-20). The Young’s modulus was
measured by repeated unload-reload cycling according to the procedure de-
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scribed by Kouzeli et al.[46] Fracture toughness was measured according to the
ASTM standard procedure using short-bar chevron-notched fracture specimens.[47] These specimens were also machined by electro-discharge machining.
The chevron-notch testing method was selected for its ability to measure the
fracture toughness without the necessity to pre-crack the specimens by
fatigue.[48] Tests were carried out using a Zwick (Ulm, Germany) screw-driven
universal testing machine, at a displacement rate of 0.5 mm/min. The crack
mouth displacement was monitored with a 632.20c-20 MTS extensometer
equipped with copper arms to measure the displacement on the outer faces of
the specimens. The fracture toughness was inferred from the compliance method, as described in the Standard.[47]
The heat-treatment conditions were defined so as to maximize the matrix
flow stress. To this end, various heat-treatment suggested by Moore et al. for
the Al-Ag matrix were tested,[29] and the Vickers hardness was measured using
a 20 kg load, testing the composites and not the unreinforced matrix since it is
well-known that ceramic particles can alter hardening characteristic of metal alloys.[49–51] It was found that (i) quenching at 350 °C (in a molten salt bath) for
30 sec and (ii) water quenching followed by peak-aging at 100 °C for 20 hs give
very similar results, yielding a Vickers hardness in the range of 300 HV for the
composites. This compares with values of about 260 HV for Al-4.5 wt.%Cu matrix composites in the peak-aged (T6) condition. Unreinforced matrix hardness
values showed the same trend: the hardness of the Al-40 %Ag alloy (peakaged) is 150 HV, whereas that of the Al-4.5 %Cu alloy (peak-aged) is 110 HV.
Of the two heat-treatment schedules, the simpler was therefore used: after
homogeneization in the single 両-phase field (550 °C for 20 hs), all mechanical
test samples were water-quenched and subsequently aged at 100 °C for 20 hs.
Additionally, tensile and fracture toughness tests were also performed on the
composites in the as-cast condition (AC composites) and after solution treatment followed by quenching in water without artificial aging (T4 condition).
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which fairly high strength and/or toughness have been
reported.[41,42] As seen, (i) with a high volume fraction of
ceramic, significantly lower toughness values have been obtained elsewhere if microstructural conditions listed above
are not obeyed, and (ii) in high-performance composites such
as Alcoa’s 7093 matrix SiC reinforced composites, strength
increases are accompanied by a decrease in toughness, as in
commercial aluminium alloys but contrary to what is observed here.
The much more brittle response for the as-cast Al-Ag composites confirms the crucial importance of interfacial phases
in the fracture of these materials. The cohesive zone model
can also suitably be applied to explain this effect, since (i)
brittle intermetallics reduce the local work of fracture by
creating smaller dimples,[34] and (ii) they can nucleate premature particle cracking, hence lowering the effective particle
strength distribution and reducing in turn the factor by which
the local work of fracture is amplified to define the global
composite toughness.[2] As-cast Al-Ag composites thus behave as the Al-Cu matrix composites in the as-cast condition,
for the same reason.
Conclusion: Further simultaneous increases in composite
strength and toughness, above values achieved in optimal
conditions with Al-Cu matrices, can be obtained with a
matrix of Al-40 wt.% Ag optimally heat-treated for peak hardness and free of brittle second phases. The data from the present study thus confirm the interpretation offered earlier for
toughening in this class of high-performance composites, and
demonstrate the attractive strength/toughness combinations
that can be achieved with appropriately designed high volume fraction ceramic particle reinforced metals.
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Carbon Nanotubes Strengthened
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WC-Co hard alloy is one of the key engineering materials,
which has been widely used in mechanical industry.[1] Traditionally, tungsten powders had to be fabricated through
reduction of tungsten oxide minerals by hydrogen.[2,3] Once
tungsten powders were fabricated, carburization of which
was necessary to produce WC-Co powders. Carburization is
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