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Metal matrix composites (MMC) were manufactured using hot pressing followed by hot extrusion of alu-
minum (Al) powder reinforced by alumina (Al,O3) particles. Under tensile as well as compressive loads,
a strength improvement of 64 to 100% compared to the matrix material strength was obtained. The per-
cent elongation to fracture ranged from 20 to 30%, which indicates good ductility as compared to the
ductility of MMC manufactured by other techniques. Optical as well as scanning electron microscopy
(SEM) examinations were used for characterization of the material microstructure and fracture behav-
ior. Porosity retained in the microstructure was very limited in the case of pure aluminum billets. Micro-
structural examination revealed uniform distribution of Al ,03 particles in the Al-matrix. Under tensile
loads, voids opened by decohesion between the matrix and reinforcement. Such behavior led to a de-
crease in strength properties of the MMC as a function of reinforcement volume fraction. The fracture
surface is dominated by the ductile fracture features, that is, dimples. Voids were found to initiate at re-
tained porosity sites at the Al/ALO3 interface or in the matrix close to the interface due to stress concen-
tration. The SEM revealed the formation of a complex fine subgrain structure. Such a polygonized
structure is a major source of strengthening.

Keywords fractography, mechanical behavior, metal matrix powdered metals, and the component is produced in near net-
composites, microstructures, powder metallurgy shape dimensions.

Of all metals, aluminum is used most commonly as a matrix
for MMC. The light weight of aluminum allows the production
of high strength to weight ratio materials. The major obstacle in
the processing of aluminum using PM methods is the oxide and

Metal matrix composites (MMC) are manufactured using hydroxide films coating the powder (Ref 12). Aluminum oxide
different techniques. These techniques could be classified asas well as aluminum hydroxide layers affect the bonding and
(a) liquid-phase (casting) processes, for example, squeeze casmechanical behavior of materials made from powdered alumi-
ing (Ref 1-4), vacuum infiltration (Ref 5-6), pressureless infil- num. Usually, sophisticated techniques of degassing or vacuum
tration (Ref 7-8), and dispersion methods (Ref 9), (b) solid statepressing are used to produce higher mechanical strengths.
processes, for example, powder metallurgy (PM) techniquesHowever, these techniques add limitations to the size and ge-
with variations in the processing steps, that is, use of hot sinter-ometry of the produced billet. Thus, to reach final shape, exten-
ing, cold sintering, hot pressing, dynamic compaction (Ref 2, sive machining might be needed. This cancels a major
10), and (c) liquid-solid processing, for example, compocast- advantage of PM techniques, that is, producing near net-shape
ing, semisolid forming (Ref 11). components.

The limitations of the first and third groups arise from diffi-
culties in mixing the two phases thoroughly, difficult determi-
nation of critical temperature for infiltration, problems due to .
fluidity and/or wettability at matrix-reinforcement interface, as 2. Processing Parameters
well as harmful reactions at the interface.

Powder metallurgy (PM) techniques are used extensivelyin  Many parameters control the mechanical behavior of metal
manufacturing particulate MMC. Using these techniques, the matrix composites manufactured by PM techniques. These pa-
matrix as well as the reinforcement are used in the form of pow-rameters could be classified as intrinsic and extrinsic parame-
der. The powders are thoroughly mixed in the solid state; thenters. The intrinsic parameters include particle size, particle size
they are manufactured into billets using vacuum hot pressing ordistribution of both matrix and reinforcement powders, reactiv-
degassing followed by hot pressing and hot extrusion. ity and affinity of matrix and reinforcement particles to each

Several advantages could be achieved using this methodother, which controls the formation of an interface, its depth
Homogeneity of the mixture is well controlled. The produced and strength, and so on.
composite inherits all the advantages of the rapidly solidified  Extrinsic parameters are those related to processing variables.
These include compaction parameters: uniaxial or multiaxial

A.A. Mazen andA.Y. Ahmed, Mechanical Engineering Dept., The ~Compaction, compaction stress, compaction temperature, com-
American University in Cairo, Egypt. paction rate, and time at maximum load.

1. Introduction
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The results of an experimental study on the mechanical be-Through the use of a mechanical mixer, the two powders were

havior of Al-Al,0; MMC manufactured by PM techniques is

thoroughly mixed to achieve homogenization.

presented. Two processing schemes are used in manufacturing Four different compositions were prepared, that is, Al-
the specimens. In Scheme |, the compaction parameters corBwt%Al,05, Al-2.5Wt%Al,05, Al-5wt%Al,0,, and Al-
sisted of compaction stress of 74 MPa and compaction tem-10wt%Al,05.

perature of 723 K applied for 4 h, followed by hot extrusion. In

The Al-Al,O; powder mixture was then hot pressed using

Scheme I, the compaction parameters were a compactionthe hot-pressing setup shown in Fig. 1, using a compaction
stress of 157 MPa, a compaction temperature of 873 K appliedpressure of 74 MPa on the 24 mm diameter billets. Pressing was
for 3 h, followed by hot extrusion. The results of the first done at 723 K. The temperature was maintained for 4 h at the

scheme are presented here.

3. Experimental Program

3.1 Specimen Fabrication

Preweighed pure alumina powder 48k) was mixed as a
reinforcement with pure aluminum (Al) powder as matrix.
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maximum compaction pressure.

The hot-pressed billets were then hot extruded at 723 K with
an extrusion ratio of 5. The extruded rods were used as raw
stock out of which specimens for different test were machined.

3.2 Tension Testing

Tension testing at room temperature was conducted in a uni-
versal testing machine using an average strain rate- 8570
along the 15 mm gage length. The specimen geometry is shown
in Fig. 2.

3.3 Compression Testing

Cylindrical specimens of aspect ratio/do = 1.0, wherdo
anddo are the initial height and diameter of the specimen, re-
spectively, were tested under conditions of no friction at speci-
men/compression platen interface. The crosshead speed was
adjusted to give an average strain rate of 50! across the
specimen height. The test was terminated after considerable re-
duction in height (corresponding to a strain of 60% or more) or
at the observation of the first surface fracture. Specimens that
showed fracture failed by shearing, and the fracture was in-
clined at an angle of 45° to the load axis.

3.4 Microstructural and Fracture Surface Examinations

Specimens for different conditions were prepared, and their
microstructures were examined in an optical microscope.
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Fig. 3 Stress-strain curves for Al-Owt%4d3 (two different
batches)
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Scanning electron microscopy (SEM) was used to examine andby casting techniques gave higher ductilities (Ref 17-19). The
analyze the fracture mechanism in the tension test specimens.increase in ductility and strength parameters could be attrib-
uted to the small grain size, which is characteristic of materials
produced by PM techniques. As seen in SEM fractographs, the
4. Analysis and Discussion of Results microstructure consists of small grains and smaller subgrain
structure. Such a structure could lead to generation of high dis-
location density during deformation and thus act as an efficient

4.1 Mechanical Characteristics of Unreinforced PM barrier to dislocation motion. Arsenault et al. (Ref 20) showed
Aluminum that when high dislocation densities and small subgrain sizes
Figure 3 shows the tension stress-strain curves of two specid€velop in pure alumlnurrl, its strength could reach levels com-
mens made of the same chemical composition, Al-Ows@l  Parable to that of Al-20wt%SiC composites.

and manufactured using the same processing parameters. The

two curves are almost identical, and the var.iations are W!thin a4 2 Tensile Deformation Behavior of Al-AD;

reasonably narrow range. Table 1 summarizes the tensile me-  composites

chanical parameters for commercially pure aluminum manu-

factured using different techniques as given in corresponding  Figure 4 shows the tensile stress-strain curves of ABAI
references. The material showed significant improvement in MMC materials as a function of the weight percent reinforce-
strength and ductility compared to these materials. For exam-ment. The yield and ultimate strength were substantially af-
ple, using PM techniques, Arsenault and Wu (Ref 13) obtainedfected by the addition of AD; particles. As shown in Table 2, the

a yield strength of 37.3 MPa, whereas the yield strength pres-yield strength of the composites, except for Al-2.5Wt%aR|
ently achieved is 104 MPa, an improvement of 178%. The ulti- demonstrated improvement over that of unreinforced aluminum.
mate tensile strength showed an improvement of 100%. TheSuch an increase in yield strength could be attributed to the pres-
ductility expressed in terms of percent elongation to fracture ence of reinforcing particles, which constrain the plastic flow of
also improved as compared to pure aluminum manufactured bythe matrix material. A maximum improvement of 20% over the
other techniques (Ref 14-16). However, aluminum processedmatrix was obtained for Al-10wt%A0D,.

Table 1 Tensile properties of commercially pure aluminum produced by different techniques

Manufacturing technique Yield stress, MPa Tensile strength, MPa Elongation, % Reference
Casting 29.0 40.0 37.0 14
Casting 32.0 81.0 42.0 15
Casting 35.0 90.0 45.0 16
Casting 25.6 93.0 17
Squeeze Casting 56.0 84.0 19.3 18
Spray roll 127.0 22.0 19
Vacuum infiltration 72.0 22.8 20
PM 37.0 85.6 21
PM 103.8 171.0 29.4 Present work
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In contrast, the tensile strength of the MMC continued to de-
crease as more /D, particles were added to the matrix. De-
creases of 13% for Al-2.5wt%4D; and 20% for the other two
compositions were observed. Two factors affect the magnitude
of the tensile strength; they are the homogeneity of distribution
of reinforcement particles in the matrix and the bond strength
developed between the two phases. Optical microscopy and
SEM revealed the presence of porosity and particle-rich areas
in the matrix. This nonuniformity of particle distribution is
usual in MMC materials. It affects the stress and strain distribu-
tion and develops triaxial stresses in the matrix. As a result,
large stress gradients are generated locally in the matrix, and
these regions are potential sites for failure (Ref 21-23).

The other factor that affects the tensile strength of MMC
materials is the bond strength between the matrix and the rein-
forcement particles. It was observed during SEM fractographic
examination that some alumina particles are totally debonded.
This indicates weak bond strength and could be explained in
view of the large difference between the melting points of Al
and AbOa. In liquid phase processing of MMC, wettability,
which enhances the bond strength, is achieved only at high
processing temperatures (>1173 K) (Ref 1). In solid state Al-
Al,03 MMC, a strong interfacial bond is possible only above
918 K (Ref 24). Also, the absence of alloying elements in the
matrix contributed to the weak interfacial bond. Hosking et al.
(Ref 25) attributed the decrease in tensile strength of AGAI
MMC compared to that of the unreinforced matrix to the ab-
sence of degassing in their processing of the composite. De-
gassing was not used in processing of the specimens to simplify
the process. Thus, this could be another factor that explains the
decrease in the tensile strength of the composite. However, a
comparison of Tables 2 and 1 shows that the lowest tensile
strength obtained is higher than the tensile strength obtained
for MMC manufactured by all other techniques. For example,
an improvement of approximately 59% is obtained if the tensile
strength of Al-10wt%AJO5 of the present work is compared to
that of Ref 14.

4.3 Compressive Deformation Behavior of Al-&);
MMC

Figure 5 shows the stress strain curves under compressive
loads. The yield stress of the unreinforced matrix (i.e., pure Al)
was found to be 78 MPa. This represents an improvement of
105% compared to the values published in Ref 14. The yield
strength continued to increase ag@ particles were added to
the matrix. At 10 wt% AJO,, the yield stress reached 128 MPa,
an improvement of 64% over the yield stress of unreinforced
matrix.

The improvement in yield strength indicates the effective-
ness of AJO5 particle in hindering the motion of dislocations.
Such arole is enhanced by the densification processes that oc-
cur under compressive loads (Ref 26). These processes consist
of two elements: densification due to compressive deformation
of the matrix grains and densification due to closure of any
pores at matrix particle interfaces.

The compressive strengthy, for the tested specimens was
taken arbitrarily as the stress corresponding to a strain of 50%.
Large improvement io. was observed for Al-2.5wt%A05
as compared to unreinforced Al. However, for the other
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compostions, the composite showed slight reduction in the than those under compressive loads. Such high valuearef
compressive strength. Again, this reduction could be attributedcharacteristic of PM materials with retained porosity. It reflects
to microstructural features such as clusters of reinforcing parti-the effects of the difference between macroscopic and micro-
cles and lack of perfect bond between the two phases. Suctscopic deformations. While macroscopic deformations might
features lead to softening of the material under compressivebe low, microscopic deformations could be appreciable and ac-
loads. This also explains the large ductilities observed undercompanied by significant hardening (Ref 28).

compressive loads, which reache8b% in the case of Al-

10wt%Al,05. 4.2 Microstructural Analysis
. . Figures 7 through 9 show the micrographs of specimens of
4.4 Hardening Behavior of Al-AI0O; MMC different Al,Oz weight fractions under different loading condi-

Figure 6(c) shows the variation of the work-hardening ex- tions. All micrographs were taken in the as-polished and etched
ponentn, in the power lawg = Ke", with the type of loadingas  condition at a magnification of 188Figures 7(a-d) show the
a function of the weight percent alumina. Under tensile as well microstructures of the material before testing, that is, hot
as under compressive loadsyalues were found to be quite pressed and extruded.
different from those of ingot aluminum. Ingot commercially Figure 7(a) (Al-Owt%AJO4) shows some retained porosity
pure aluminum has amof 0.25 (Ref 27). In the present work, in the microstructure, which appear as little black spots scat-
unreinforced aluminum had arof 0.65 under tensionandan  tered throughout the micrograph. Fig. 7(b-d) show that the alu-
of 0.75 under compression. The exponewraries with the mina particles are uniformly distributed in the aluminum
type of loading and with variations in material composition. matrix. Clusters of particles were observed during SEM ex-
The n-values obtained under tensile loads are always higheraminations. Thus, it is believed that each of the spherical

Table 2 Tensile properties of Al-ALO; MMC

Technique Composition Yield stress, MPa Tensile strength, MPa Elongation, % Reference
Casting Al-20Wt%AL0, 116 142 1.10 14
Al-2.2 (Al,05-Mg0) 48 92 24.0 15
PM Al-2.5wt%Al,04 87.5 148.8 24.7 Present work
Al-5Wt%Al ,04 1155 155.0 27.0 Present work
Al-10Wt%Al,04 124.3 136.3 26.7 Present work
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Fig. 7 Microstructures of material before testing (¥38a) Al-Owt%Al03, (b) Al-2.5Wt%AkLO3, (c) Al-5wt%Al>,03, and
(d) Al-10wt%AIl>,03
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black areas in Fig. 7(b-d) consist of clusters of alumina parti- 4.3 Fracture Mechanisms in Al-Al0; PM MMC
cles surrounded by an interface of porous aluminum matrix.

Figures 8(a-d) show the microstructures of the different  Figures 10(a-d) show the SEM fractographs taken for speci-
compositions after compression testing. It is clear that com-mens of different AJO; content. The main mechanism of frac-
pressive loads have significant effects on the morphology ofture is the ductile mode of void initiation, growth, and
the reinforcement particles. While these particles appear as circoalescence. Figure 10(a) shows the fractograph of pure PM
cular cross-sections before testing, they become flattened an@luminum (Al-0%ALO5). The fractograph is dominated by
elongated after compressive loads. This morphology change iglimples of different sizes. Figures 10(b) and 10(d) clearly show
the direct result of shearing strains experienced by the matrixthe clusters of alumina particles in the matrix (indicated by ar-
during deformation. Due to mechanical bond and strong inter-rows on the fractograph). Porosity can be observed between
locking between the particles and the matrix, that is, generatedhese particles and at a particle/matrix interface. Voids initiate
by severe friction at high temperature during processing, thefirst at this retained porosity. Once these voids grew, strain lo-
particles followed the same deformation pattern dictated by thecalization caused more void initiation at the weakest interparti-
matrix. The alumina particles embedded in the matrix acted cle bonds. Coalescence of these voids lead to eventual fracture.
as stress concentration sites as well as strain localizationThe fractographs show that the microstructure consists of sub-
sites. This explains the reduction in compressive strength ofgrain structure in larger grains. Thick ligaments of the matrix
the Al-Al,O; MMC as compared to that of the unreinfor- material appear to have bound this fine subgrain structure,
ced matrix. which provides a strong barrier to dislocation motion due to its

Figures 9(a-d) show micrographs of specimens tested undeentanglement and complexity. This observation explains the
tensile loads. Due to tensile strains, the matrix-particle inter- remarkable improvement in yield strength of PM aluminum
face opens, creating voids. This helps in accelerating the frac-over conventional ingot aluminum. Such polygonized sub-
ture process by reducing it from a three-stage process, that isstructure usually develops during hot working (Ref 29). The
initiation, propagation, and growth into a two-stage process, use of powdered metal coupled with the processing sequence of

that is, propagation and growth. hot pressing followed by hot extrusion lead to the formation of
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Fig. 8 Microstructures of tensile deformed specimens €.8&) Al-Owt%AlO3, (b) Al-2.5wWt%Ak03, (c) Al-5wt%Al>03, and
(d) Al-10wt%AIl>,03
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such polygonized substructures. Figure 10(d) shows more

clea

ture.

rly the thick ligaments surrounding the fine subgrain struc-
As the AJO; weight percent increases (Fig. 10b-d), more -

Al,O4 particles exist as unbonded free particles in the matrix.
Such behavior explains the reduction in strength accompany-

ing t

he increase in AD;0 weight percent. Figure 11 shows an

Al,03 particle unbonded to the aluminum matrix. Itis clear that
microvoids initiated at the boundaries of the particle. Figure 12
shows a view of the thick ligament mentioned above. Voids in-

itiate in this case at the retained porosity sites.

5. Conclusions

@

(©)

Hot pressing followed by hot extrusion without compli-
cated techniques of vacuum pressing or degassing is capa-
ble of producing strong microstructures in aluminum
matrix composites by disrupting the oxide and hydroxide «
layers coating aluminum powder particles. Processing pa-
rameters, such as temperature and pressure, play a key role
in determining final mechanical properties.

Under tensile and compressive loads, a strength improve-.
ment of 64 to 100% compared to the matrix material
strength was obtained. Such strength improvement was at-

Compressive Stress Axis —

«—

(b)

tributed to the formation of fine subgrain structure as re-
vealed by the SEM fractographs.

Al-Al ;03 MMC manufactured by PM techniques exhibited
considerable ductility (elongation to fracture of up to 31%),
which is an advantage of this technique over other tech-
niques of MMC manufacturing.

The stress-strain data were found to fit nicely with the power
law, o =Ke"; however, the work-hardening exponents,
have high magnitudes, characteristic of PM materials.
Microstructural examination of specimens of different
Al,O; weight percent revealed the presence of retained po
Al,0O5 particles were observed to be uniformly distributed
throughout the microstructure. The morphology of these
particles is affected by the compressive loads to become
flattened and elongated. Under tensile loads, the matrix ad-
jacent to these particles opened by decohesion. This is a
major source for initiation of voids in the fracture process.
SEM fractographs revealed that the main fracture mechanism
in Al-Al,0; MMC is the ductile mode of void initiation,
growth, and coalescence. Voids initiated at AJ@Y inter-
facial sites or the porosity retained in the aluminum matrix.
This research will be extended to examine the effects of dif-
ferent processing parameters on the mechanical behavior of
Al-Al ,0; MMC.
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Fig. 9 Microstructures of compressively deformed specimensx)L§8) Al-Owt%Al,03, (b) Al-2.5wWwt%AkLO3, (c) Al-5wt%Al,03, and
(d) Al-10wt%Al,03

Journal of Materials Engineering and Performance

Volume 7(3) Juné&li®®8



Fig. 11 Unbonded A$O3 particle in Al-matrix Fig. 12 Thick ligament of strongly bonded Al-matrix
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