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1. Introduction

Due to the very high performance requests, a new type of, so called, “high tech” materials
which are used in aircraft, rocket or automobile industry, need to have a good combination
of properties under static and dynamic loading. One group of materials that can meet such
requirements are metallic composites which consist of the metallic matrix (metal or alloy)
reinforced whit whiskers or directionally oriented fibers of secondary phase.

Currently, there are many different composite materials available, enabling one to easily
select the most suitable combination of metallic matrix and reinforcing phase, depending on
the uniquely defined application requests. By selecting proper type of matrix and suitable
chemical composition, shape and the amount of reinforcing phase, many composites with
different mechanical properties can be produced. Potential application of such materials is
very wide, but the limiting factor is still their quite high price due to the complexity of their
production.

In the last two decades there was an intense development of one class of composites with
aluminum alloy matrix best known as the discontinuously reinforced aluminum materials
(DRA). These materials consist of aluminum alloy matrix reinforced by ceramic particles.
Although, DRA composites can be produced in many ways, powder metallurgy technique
offers the best results.

This article presents results of both fundamental and development studies of sintered
composite materials with the Al-Zn-Mg-Cu matrix and the SiC reinforcing phase, conducted
in last couple of years. As this is the composite which is already commercially applied or on
the verge of being applied, all gathered results are thoroughly analyzed from the aspects of
its synthesis, microstructure and several mechanical and fracture properties.

2. Matrix properties of sintered DRA materials

Mostly used alloys in the aircraft industry belong to the Al-Zn-Mg-Cu system. Usually in
these alloys, traces of transient elements (below 1 mass %) such as: Fe, Si, Co and Ni can also
be found. Commercially these alloys are known as 7000 or 7xxx class. One that has been
used for this study is best known as CW67 alloy. Compared to the Aluminium alloys of the
same composition produced by different techniques (such as melting and casting), sintered
alloys have much better properties such as strength, fracture toughness and stress corrosion
resistance (Tietz & Palmour, 1986). Mentioned advantages of these alloys can be related to
the high amount of fine secondary precipitates and undiluted dispersed particles.
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It is known that the phase particles which consist of elements such as Co or Fe+Ni are less
prone to coarsening than the particles consisting of Cr, Ti or Mo (Tietz & Palmour, 1986).
Precipitating phases Co2Aly and FeNiAly, which are formed in the Al-Zn-Mg-Cu alloy, are
very fine, ranging from 0.05-2 pm in size.Even finer particles can be produced by forming
the dispersed oxide phase due to presence of oxygen (0.05-0.08 mass %) in this type of
alloy.

Incr};ased stress corrosion resistance of sintered DRA is favored by adequate grain
morphology and presence of the higher amount of Co,Aly precipitates in the structure.
Presence of higher amount of Co has a very big influence on the higher fatigue resistance
values of sintered alloys compared to casted ones (Tietz & Palmour, 1986). In order to obtain
finer and more stable structure, a small amount of elements, such as Zr (0.2-0.8 mass %) can
be added. Within casted alloys, amount of Zr cannot be higher than 0.12 mass %.

For further improvement of mechanical properties of sintered aluminum alloys, mechanical
alloying can be applied (Tietz & Palmour, 1986). By performing mechanical alloying,
multiple strengthening effects can be achieved: strengthening of the solid solution
(commonly with Mg as an alloying element), precipitation strengthening and dispersed
phase strengthening. It has been found that higher stress corrosion resistance of
mechanically alloyed alloys of 550 MPa and high value of the Young’s modulus of 76.5 GPa
compared to other sintered alloys with values of 310 MPa for the stress corrosion resistance
and 73GPa for the Young's modulus, make these alloys very interesting candidates for the
further development and characterization.

Improvement of many properties (strength, Young’s modulus, toughness etc.) of sintered
Al-Zn-Mg-Cu alloys compared to the casted ones is achieved by using the contemporary
powder metallurgy techniques. Production of alloy powders by rapid cooling process (rate
of cooling in the range from 104 to 10° K/s), vacuum degassing of powders or compacts and
powder compacting at elevated temperatures (hot pressing) are just a few of mentioned
powder metallurgy techniques which can improve alloy properties (Figure 1).

An initial powder which is used for the production of sintered aluminium alloys can be
made by several techniques, but mostly used one is pulverization. This technique is equally
used in industry and smaller laboratories and there are several different types of it (Figure
2): gas atomization, ultrasound gas atomization, splat quenching, melt spinning efc. (Tietz &
Palmour, 1986).

As it can be seen from the Fig.1, there are two mostly used compaction processes. Both
processes consist of several steps. The first one starts with encapsulation, followed by
powder degassing ending with compaction at higher temperatures (Tietz & Palmour, 1986).
In the second process, powder is iso-staticaly pressed up to 70% of the theoretical density,
degassed and only afterwards compacted at high temperatures up to theoretical density
(Bozic et al., 1997). Both of these production processes are widely used, but the first one is
more complicated (due to encapsulation/decapsulation), while the second one is less
effective in removal of hydrogen and oxygen originating from the absorbed moisture in
hydrated aluminum oxides. Degassing temperatures are in both cases in the range from 400
to 500 °C. Powder compaction at elevated temperatures (up to 500 °C) is done by hot
pressing, hot iso-static pressing or hot extrusion which is mainly used for the production of
the final products. By hot pressing at 450 °C during 2h and applied pressure of 35 MPa, a
pore free compact can be produced (Fig. 3).
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Fig. 1. Schematic presentation of high strength aluminum alloys production techniques
(Tietz & Palmour, 1986).
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Fig. 3. SEM. Microstructure of hot-pressed Al-Zn-Mg-Cu alloy. Arrows denote a few prior
particle boundaries.

Primary particle boundaries can be seen in the microstructure of the hot pressed compacts
(arrows in Fig. 3), and most of the unwanted oxides which are deteriorating mechanical
properties of the materials are located at these places (Gnjidic et al., 2001). Therefore, it is
necessary to deform these materials by hot extrusion or rolling before use for the high risk
applications (Bozic et al., 1997).

Since the Al-Zn-Mg-Cu alloy matrix is the precipitation strengthened alloy, it is important to
perform adequate thermal treatment of the alloy after compaction. This treatment consists of
the solution annealing at 475°c for 1h followed by water quenching and further ageing at
120°C for 24h or 160°C for 16h.

Mechanism of the thermally induced precipitation in Al-Zn-Mg-Cu alloys with the high Zn :
Mg ratio can be presented in this way:

Saturated solid solution - Gunier-Preston (GP) zones - 1" (MgZny) - n(MgZny)

Gunier-Preston (GP) zones are precipitating from the saturated solid solution, and they have
coherent interfaces with the parent phase. Semi coherent p’ (MgZny) phase has the
monoclinic type of the crystal lattice, while the stable p(MgZn;) phase has the hexagonal
crystal structure. These phases are precipitating at different temperatures in the different
time interval. When GP zones and the small amount of u’ (MgZn;) are present in the
structure, alloy exhibits the highest strength values. Addition of Cu above 1 mass % can also
increase the strength (strengthening due to alloying) but the precipitating mechanism still
remains the same. When there is more Cu in the chemical composition of the alloy, it can be
involved in the precipitation by replacing the Zn atoms.

3. Reinforcing phase properties of sintered DRA materials

Selection of an appropriate composition, morphology and volume fraction of reinforcing
phase is a matter of trade off between the requested mechanical properties and its economic
value. Typical properties which have the biggest effect on the selection of the particular
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reinforcing phase are: Young's modulus value, wear resistance, fracture toughness, fatigue
resistance and thermal expansion coefficient. A proper choice of the type and geometry of
the reinforcing phase is very important for achieving the best combination of required
properties and costs.Mostly used reinforcing phases for the production of discontinuously
reinforced composites are: SiC in the shape of whiskers, particles of SiC or AlLOs;, short
Al,O3 or graphite fibers. Compared to fibers, particles and whiskers are easier for
production; they are less expensive and have stable properties.

Whiskers are monocrystalline materials with a high length/width ratio (50 to 100). This
shape of reinforcing phase is mostly used for composites that will be submitted to extrusion,
rolling or forging. Unlike the particle reinforced composites, materials reinforced with
whiskers are slightly less isotopic and their price is much higher.

Reinforcing phase in particle shape is not very expensive. Maximal/minimal particle
dimension ratio is quite low (1 to 5). They have more isotropic properties compared to
whiskers, resulting in better characteristics of composite materials. This property enables
obtaining better characteristics of composite materials. It is important to know that this type
of reinforcing phase is most commonly made by conventional methods used for the
production of the metallic materials as well.

Technical SiC, which is mostly used as a particle reinforcing phase is often produced by
reaction between SiO, and coke (in excess amount). SiC powder obtained in this way may
still contain a small amount of un-reacted SiO. or free graphite (Fig. 4). Free graphite in a
SiC powder can reduce the mechanical properties of the composites and therefore it has to
be removed. Removal of this graphite can be done by thermal treatment of the powder at
900 °C for 2h (Gnjidic & Bozic, 1999).

Unlike composites produced by melting and casting that consist of particles with
dimensions of hundreds of microns, composites produced by powder metallurgy techniques
can use only much finer particles. Usual size of the SiC particles lies in the range from
submicron size up to around 20 um (Figs. 5-7).

As it can be seen from the images, SiC powder characteristics can differ depending on its
particle shape, which can be: spherical (Figs. 5 and 6), polygonal (Fig. 6) or irregular with sharp
edges (Fig. 7). In submicron powders, appearance of the agglomerates is common (Figs. 5).

Fig. 4. SEM. SiC powder particles before heat treatment. Arrows appointing free graphite.
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Fig. 5. SEM. Size and shape of SiC powder particles (average size 0.7 um). Circles denote
agglomerates.

Fig. 7. SEM. Different shapes of SiC particles (average size 15 pm).
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4. Mixing process

Mixing or homogenization of powders is one of the most critical processes in production of
DRA materials by powder metallurgy techniques. If it is done properly, particles of the
reinforcing phase can be uniformly distributed in the composite metallic matrix which
improves the structural and mechanical properties of these materials. The most important
parameters that influence effectiveness of the mixing process are: mixing dish filling rate,
rotation velocity and mixing time (German, 1994). Optimal values of these parameters are
mostly confidential or patent protected. This means that for every combination of powders
(shape, size, amount of reinforcing phase) and mixing dish type it is necessary to
experimentally find optimal mixing conditions, i.e. optimal values of the previously
mentioned parameters.

One method for quantitative analysis of the SiC particle distribution homogeneity is based
on the concept of homogeneity index, Q, which is a quantitative measure of the one
component powder particle distribution homogeneity in the mixture of a few powders
(Gray, 1973). It should be noted that this concept can only be valid under assumption that
the volume fraction of the observed particles is equal to their surface fraction.

Standard deviation (a) of particle surface measurements is defined by Eq. (1):

1

)

Where N is the number of repeated measurements, A; is the individual area fraction and A
is the mean value of all measured particle surfaces.

Equation (2) describes the case in which completely separated system appears (complete
segregation) or, in other words, system in which the whole measuring surface belongs to the
particles of just one powder component.

Ai- A (1)

By combining Egs. (1) and (2), homogeneity index, Q, can be calculated as:

Q=a/ Useg (3)

Values of homogeneity index vary from 0 (perfect uniform distribution of particles in the
mixture) to 1 (complete non-uniformity of the powder particles).

Using this method, a homogeneity index for all mixtures can be determined by analyzing
the eight randomly chosen measuring fields split into 16 measuring units. The size of the
measuring unit can be calculated from the Eq. (4):

A=1/Na 4)

Where Ny is the number of SiC particles in the measuring unit.

By using any type of software for the quantitative analysis of the microstructure,
homogeneity of SiC particle distribution in metal matrix can be calculated (Mc Kimpson et
al., 1999).

In our study, which is based on the data found in the literature (German, 1994), mixing dish
rotation velocity was taken to be constant and equal 70 rpm for all regimes. Beside the
rotation velocity, mixing time of 30 min was taken as a constant for the first five regimes as
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well. The amount of powders was different and it was increased by 5 vol. % for each
following regime. In the second five regimes, mixing dish filling rate was kept constant
while the time of mixing was changed. The selected mixing dish filling rate was the optimal
value from the first five experimental regimes (Table 1).

Mixing of powders occurred due to ‘diffusion” in the cylindrical dish without any mixing
accelerators. Results of quantitative microstructural analysis showing the effect of the
mixing dish filling rate on the homogeneity index values are presented in Fig. 8.

All mixtures were well mixed and differences between their homogeneity indexes were in
the range of 15%. Dependence of homogeneity index on the mixing dish filling rate for three
different volume fractions of SiC particles in the mixture exhibits the same trend. The
optimal value was achieved for the mixture with the lowest amount of the reinforcing
phase.

The resulting force that affects particles in powder mixture during mixing is a result of
unified influences of centrifugal, gravitational and frictional forces.The latter one exhibits
the predominant effect on the mixing (homogenization) results. It was found in this study
that optimal mixing dish filling rate was the lowest one (20 vol. %). The reason for this
might be the fact that inter-particle contact is minimal during mixing since the available
length for the free fall of particles is maximal, and therefore, agglomerates are hard to form
and the ones already formed can easily be destructed (Fig. 8). With increase of the mixing
dish filling rate, amount of SiC powder also increases forming more agglomerates that need
to be destroyed. Available length for the free fall of particles also decreases resulting in
overall decrease in powder mixture homogeneity. Negative effect of agglomerate presence
in the microstructure can also be increased with the increase of SiC particle amount. It is
known that a very large number of parameters influence the efficiency of particle stacking in
the volume of the powder (Gray, 1973). The most important parameters are shape, size,
physical and chemical characteristics of the powder particles as well as the shape, size and
material of the mixing dish and many more. The real influence of only one parameter is very
hard to predict since it often overlaps with the influence of another one. In the case of
heterogeneous system there is one additional parameter and that is the volume fraction of
the second powder. Higher amount of additional powder decreases the efficiency of particle
stacking but not very dramatically since homogeneity indexes do not differ much between
the different analyzed mixtures (Fig. 8).

Regime Mixing dish filling rate (vol. %) Mixing time (min)

I 20 30

I 25 30
II1 30 30
IV 35 30
\Y% 40 30
VI 30 60
VII 30 90
VIII 30 120
IX 30 150

Table 1. Different mixing regimes for metallic-ceramic composites
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Fig. 9. Plot of homogeneity index values vs. mixing time for alloys with a) 0.7 pm and b) 15
pum sized reinforcing powder particles.

It can be noticed from Fig. 9 that influence of the mixing time on the homogeneity index
values is much higher than the influence of the mixing dish filling rate (Fig. 8). Values of
homogeneity index increase up to 40% with the increase of mixing time compared to the
optimal one.

Plots of homogeneity index values vs. mixing time, for the optimal value of mixing dish
filling rate, exhibit the same trend for all mixtures. The best homogeneity is, like in the
previous case (Fig. 8), obtained for the mixtures with 5 vol. % SiC. Mixing time of 60 min
was optimal from the aspect of secondary (reinforcing) phase distribution. It is known that
during longer mixing time the effect of particle “diffusion” is more pronounced (German,
1994). All plots display the increase of homogeneity index with increase of the amount of
reinforcing phase in the mixture during constant mixing time. That kind of behavior is
somewhat expected because of increase of the number of reinforcing phase particles that
need to be mixed. Figs. 10 a-c and 11 a-c display the microstructures of samples with the
optimal homogeneity which are produced under the optimal mixing conditions. Figs. 10 d
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and 11 d illustrate so called diffusion mixing as a result of prolonged mixing time. Scanning
electron images clearly show clusters of SiC as well as areas without SiC presence.

Fig. 10. SEM. Composite microstructure (dsic=0.7 pm)-optimal homogeneity. a) 5 vol. % SiC,
b) 10 vol. % SiC, c) 15 vol. % SiC, and example of prolonged mixing time effect, d) 15 vol. %
SiC, 150 min mixing time.

SiC powder with medium size particles of 15 um, used in this study is characterized by
wider particle size distribution. Around 20 mass.% of this granulation contained particles
larger than 20 pm, and a certain percent of 1-2 pm sized particles. Several authors (Flom and
Arsenault, 1989) found that when a SiC particle size is 20 um or larger, fracture process
changes from mainly matrix controlled failure to particle cracking controlled. On the other
hand, particles of around 1 um are often prone to agglomeration during mixing. Therefore,
even under optimal mixing conditions, segregation of particles, presence of surface defects
and cracking of large particles can be expected with this kind of reinforcing material.

By sieving this fraction, a powder with the medium size SiC particles of 10 pm,
characterized by the considerably narrower particle size distribution than the previous one
can be extracted, Fig. 6.
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Mixing of aluminum alloy and SiC powders was conducted under the same conditions as in
the previous cases in this study. Dependence of the homogeneity index on the mixing dish
filling rate and mixing time is shown in Figs. 12 and 13. Although the character of the plots
is similar to the previous ones in Figs. 8 and 9, we can see some differences. In this case,
higher degree of homogenization is achieved and better distribution of reinforcing particles

is observed even for longer mixing times. Microstructures of such mixtures are presented in
Fig. 14 a and b.
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Fig. 13. Plot of homogeneity index values vs. mixing time for the alloys with 10 pm size
reinforcing phase particles.

Fig. 14. Composite microstructure (dsic=10 pm). a) LM. Optimal homogeneity reached-15
vol.% SiC and b) SEM. Effect of prolonged mixing time -10 vol.% SiC.

Different values of mixing dish filling rates and mixing time have great influence on the SiC
particle distribution in aluminum alloy and hence on the mechanical properties an
mechanical behavior of the produced DRA material.
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5. Methods of powder mixture consolidation

In order to make a fully dense product, powder mixture needs to be consolidated. Powder
metallurgy consolidation techniques consist of three basic steps:
1. Cold isostatic pressing (CIP) - enables formation of compacts with density of 65-75% of
the theoretical density;
2. Compacts degassing at high temperatures-removal of absorbed gases and moisture;
3. Hot or hot vacuum pressing, hot iso-static pressing or hot extrusion -production of
compacts with theoretical density.
Existence of the open porosity in compacts after cold iso-static pressing enables further
vacuum degassing. Degassing temperature is usually in the range from 400 to 500°C.
Incomplete degassing results in detaining a large amount of oxides on the particle surface
which cause weaker particle bonding in the following stages of consolidation process. In this
kind of material, formation of cracks and fracture along the primary particle boundaries is
likely to occur. On the other hand, too high degassing temperatures or very long degassing
times are not very favorable since they can lead to decrease of the Zn amount in the
composite matrix (in 7000 alloys).
Mostly used consolidation techniques for production of DRA materials are hot pressing and
hot vacuum pressing. Difference between these two is that in the first case mixture of
powders or porous compact is encapsulated, degassed and then hot pressed in air, while in
the second case degassing is done without encapsulation of the material just before the hot
pressing under vacuum. It is accepted that the latter one offers better results.
To control a large number of parameters and to understand certain mechanisms of above
mentioned processes is very important for the production of composites. By presenting
the densification process with densification maps it is much easier to comprehend these
issues (German, 1996). Practical value of these maps is that they link the influence of the
crystal structure and atomic bonds on the plastic flow of the materials. This further
enables more simple analysis of mechanisms which are very important for the experiment
design.
Densification maps presented in Figure 15 (Bozic et al.,, 2009) are determined for the
constant pressure of 35 MPa and for the constant size of matrix powder particles (2R=125
pm). A model that is used is universal and it allows the comparison of densification
mechanism for different applied pressures and different particle sizes. Other densification
process parameters can easily be changed by changing boundaries between zones of
dominating densification mechanisms. Due to the modular model structure, complete
modulus can be corrected or changed. This fact is particularly useful since it enables
potential corrections of the model.
A model used in this study was made for analyzing different densification mechanisms
during the hot pressing, such as plastic flow, power-law creep and diffusion. From the
chosen examples it can be noted that the process of densification is slowing down as the
fraction of the reinforcing phase increases (slope of the dashed lines) which is in agreement
with the experimental studies. A change in densification mechanism during hot pressing
induced by the change of fraction of reinforcing phase can also be observed from this maps
(different size of the zones for certain densification mechanism).
Densification maps provide a possibility of predicting dominant deformation mechanism,
densification rate and time of pressing for the given conditions of hot pressing process.
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Densification parameters are slightly changed compared to the optimal hot pressing
parameters for the DRA materials production. Poreless structure was obtained at higher
temperature (470 °C) and during longer time (5h). Only under these conditions densification
can be fully performed when low pressure (35 MPa) is applied.

In the presented case, complete densification was achieved for aluminum alloy and DRA
composite with 15 pm SiC, but not for the composite containing the smallest (0.7 um
diameter) SiC particles.
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Fig. 15. Deformation mechanism maps ( X; po is a time curve, where f is the time of
densification and Dy is the starting density of the powder, and Epy_ is the group of
experimental values; thick line represents the boundary between power-law creep and
diffusion zones. a) Pure Al powder; b) Al-10 vol.% SiC composite. Al particle radius in the
composite was 2R=125 um, and SiC particle radius was 2R=33 um. Applied pressure was
P=35 MPa (Bozic et al., 2009)
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Microstructures of the hot-pressed composite materials show that mixing parameters used
in the present work enabled formation of relatively uniformly distributed SiC particles in
the aluminum matrix ( Fig. 16 a and b). Porosity existing in the composites reinforced with
0.7 pm SiC, which has been detected after density measurements (Table 2) is illustrated in
Fig. 17. Formation of agglomerates during mixing was the primary reason for such
behaviour.

Sample Theoretical density, pt Density, p Percentage of
(g/cm3) (g/cm?d) theoretical density
CW67 2.88 2.87 100
CW67-0.7 pm SiC 2.90 2.80 97.5
CW67-15 um SiC 2.93 2.93 100

Table 2. Density values of the hot pressed aluminum alloy (CW67) and two selected
composites.

Fig. 16. Microstructures of hot-pressed samples. a) LM. Composite containing 10 vol.% - 0.7
pum SiC, b) SEM. Composite containing 10 vol.% - 15 pm SiC.

Fig. 17. SEM. Microstructure of hot-pressed composite containing 10 vol.% - 0.7 p SiC.
White arrows -particle agglomeration; Black arrows-pores.
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6. Influence of the reinforcing phase on mechanical and fracture characteristics of
DRA materials

Prior to compressive testing, all hot-pressed materials were subjected to two types of
thermal treatments: under-ageing and peak-aging. Initially, all samples have been
homogenized by solution thermal treatment (1h at 475 °C) followed by water quenching to
room temperature. Under-ageing was performed at 120 °C for 1h, while the peak-ageing
was done at the same temperature of 120 °C for 24h for the CW67 alloy and 22h for the
composites. Presence of SiC particles significantly influences the heterogeneous nucleation
of strengthening phases. Capability for heterogeneous nucleation can be partially attributed
to high dislocation density in the composite matrix, which is present due to the large
mismatch between the thermal expansion coefficients of the matrix and the reinforcing
phase. It is well known that dislocations act as nucleating sites for precipitation during
aging, but they also promote accelerated ageing in the matrix. For that reason, peak-aging
conditions for composites are reached in shorter times than for the monolithic alloy (Fig. 18).
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Fig. 18. Yield strength of the CW67 alloy and its corresponding composite vs. aging time.

Influence of different SiC particle sizes on the yield strength (oy.), ultimate strength (o) and
ductility (strain to failure) (¢) under compression at room temperature for both under-aged
(UA) and peak-aged (PA) samples is listed in Table 3.

Values of yield strength (measured at 0.2 % offset strain) for all composites, irrespective to
heat treatment, are higher than those of the monolithic alloy. On the other hand, the
ultimate strength and ductility values of the composite samples are lower than those
obtained for the unreinforced alloy. It can also be noted that 0.2 % offset strain occurred at
much higher fraction of the total strain-to-failure in the composite than it did in the case of
the CW67 alloy. Main reason for such behavior could be the influence of the SiC particle
sizes, their nature and agglomerate formation. These results also imply that smaller number
of particles is damaged when the applied stress reaches yield stress in the composites. Stress
will continue to accumulate after reaching the yield strength, leading to rapid failure and
therefore low values of the ultimate strength and ductility.
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Analysis of results indicates that the samples submitted to peak-aging generally exhibited
higher yield strength and ultimate strength values but also lower ductility when compared
to under-aged samples.

The highest compressive property values are obtained for the composite reinforced with 10
pm SiC particles. It is worth noting that the lowest values are obtained for the composite
material with 0.7 pm SiC particles. This result is unexpected since it is known that particle
size decreasing is associated with improved mechanical characteristics of the particle
reinforced composites.

Material oyc(MPa) ouc(MPa) € (%)
UA PA UA PA UA PA
CWe7 235 340 860 950 38 35
CW67-0.7 pm SiC 312 400 720 740 22 19
CW67-10 pm SiC 400 490 850 930 27 23
CW67-15 pm SiC 331 437 743 830 24 20

Table 3. Compressive properties of pure aluminum alloy and reinforced materials in under-
aged (UA) and peak-aged (PA) conditions.

Generally, mechanical behavior of composites is affected by the presence of reinforcing
particles dispersed in the metal matrix. When analyzing the yield behaviour of these
materials, it is important to recognize that the yielding strength of the composite is
determined by the yield strength of the matrix. Most probably yield strength may not be the
same as yield strength of the monolithic alloy processed and heat-treated in a similar way
(Doel & Bowen, 1996). The local yield strength of the matrix may, in fact, be higher than that
of the monolithic material due to the increased dislocation density and reduced grain size.
Namely, matrix grain size is reduced by particles acting as nucleation sites during
solidification. Also, grain size is smaller due to formation of subgrains after dislocation
rearrangement into boundaries within the grain (Rees, 1998). These subgrains are formed in
grains with high dislocation density surrounding a SiC particle. This rearrangement is a
recovery process driven by the energy stored within the distorted matrix at the interface of
two phases. Also, SiC particles act as obstacles for dislocation motion.

There are several factors affecting the local stress in the matrix. First of all, there is a tensile
residual stress field in the matrix due to the difference in coefficient of thermal expansion
(CTE) between aluminum alloy and SiC. Partial relief of this stress can result in an increase
of dislocation density (Miller & Humphreys, 1991). Further, any applied load cannot be
evenly distributed between the matrix and the SiC particles because of difference in
stiffness. Several authors have previously reported that the reinforcing phase can support
more applied load than the matrix (Doel & Bowen, 1996). Thus, local stress in the matrix
may be lower than the nominal applied stress. In addition, SiC particles can withstand this
stress until it becomes sufficiently high to cause particle fracture or failure either at or near
the interface. It is believed that damage will first occur by particle fracture because the
interface between SiC particles and aluminum is very strong. Hence, as soon as the particle
breaks the stress in the undamaged material increases. In time, micro voids are beginning to
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form in the matrix as a result of dislocation pile-up, due to the applied load. These voids
continue to grow causing failure of composite materials.

In order to comprehend the exact influence of SiC particle size on the compressive
properties of the composite, a comparison was made between the properties of three
composites in both under-aged and peak-aged condition.

Composite sample with 0.7 pm SiC particle size had the smallest increase of yield strength,
presumably due to the presence of the agglomerates in the structure (Fig. 17), originating
from the starting powder (Fig. 6). In this case, matrix around the agglomerates is subjected
to higher stress because they cannot support the same amount of stress as non agglomerated
particles. Therefore, matrix is forced to yield at lower applied stress and, therefore, yield
strength of the composites is also lower. Fracture surface of this composite show evidence of
both trans-crystalline and inter-crystalline fracture mechanisms (Fig. 19). A factor that might
have a detrimental effect on the compressive properties of this particular composite material
is the homogeneity of the particle distribution.

Fig. 19. SEM. Fracture surface of composite with 0.7um SiC particles in peak-aged condition.
White arrows appointing agglomerates.

Composites reinforced with 10 and 15 um SiC particles are generally both stronger and
more ductile than the material reinforced with 0.7 pm particles. Of the two analyzed
composites, one containing 10 um SiC particles has the highest increase in yield strength and
the lowest decrease in ultimate compressive strength and ductility for both ageing
conditions.

Main reason for the superior mechanical characteristics of the medium sized particles
composites is uniformity of reinforcing phase particle dimensions (Fig. 20) and structure
without agglomerates.

By making a mixture with narrower particle size distribution, the number of fracture
initiation sites in DRA material is reduced making the matrix/SiC decohesion a dominant
fracture mechanism (Fig. 20).

Formation of the crack and the crack path depend on the microstructure homogeneity of the
alloys. Uniform path of the existing crack is typical for the less homogenous alloys, while
the zig-zag path characterizes homogenous alloys (Fig. 21). The latter type of crack
propagation is a consequence of homogenous distribution of secondary (SiC) particles
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10 gm
——2

Fig. 20. Fracture surface of DRA materials after 60 min mixing. a) SEM. CW67-10 vol.% SiC,
dsjc=10um; b) LM. CW67-10 vol.% SiC, dsjc=10].tm.

which block the propagating crack and deflect it. By deflecting the crack, the energy level at
the crack tip which is necessary for its propagation decreases disabling its further
propagation. Therefore, more energy (larger applied force) has to be introduced to the
system for the continuation of crack movement. This fact explains why these, more
homogenous alloys, have better mechanical properties (Fig. 22).

Fig. 21. Fracture surface of DRA materials after 60 min mixing. a) SEM. CW67- 10 vol.% SiC,
dsic=15um; b) LM. CW67- 5 vol.% SiC, dsic=0.7 pm.

In the case when the reinforcing particles are not evenly distributed in the alloy matrix,
crack propagates easily through the matrix (Fig. 23 a and b). This behaviour corresponds to
poor mechanical properties of the DRA material with such microstructure. When mixing
time is too long a formation of SiC agglomerates is noticeable. Due to the very weak
bonding between the SiC particles in the agglomerates, a particle decohesion will easily
occur under applied stress and the crack will appear (Fig.24).
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Fig. 22. CW67- 5 vol. % SiC composite compression properties dependence on time of
mixing. a) compression strength; b) ductility.
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Fig. 23. Fracture surface of DRA material after 30 min mixing. a) SEM. CW67-10 vol.% SiC,
dsic=15 um and b) LM. CW67-10 vol.% SiC, dsic=15 pm.

As observed by Humphreys (1988), an addition of a brittle reinforcement phase in high
strength aluminum alloys may even decrease the ultimate tensile strength. Indeed, in the
present composites this was found to be the case. Indeed, in the present composites this was
found to be the case. The values of the ultimate strength were lower than the values for the
monolithic material (Table 3). The presence of SiC particles can be detrimental to the
ultimate compressive strength of the composite materials because of more additional
cracking mechanisms compared to monolithic alloy. These mechanisms are: particle
cracking (Fig. 25), particle matrix debonding (Fig. 20 a) and particle agglomerate decohesion
(Fig. 19). The latter two mechanisms are of a secondary importance when particles are well
distributed and strongly bonded. Thus, it is particle cracking that has a major influence on
the ultimate compressive strength of SiC/ Al composite materials.

Extensive studies of the room temperature mechanical behavior of these composites have
been conducted, but the information about mechanical properties of DRA materials at
elevated temperatures is still limited. Therefore, some results of the temperature effect on
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the compressive properties and fracture behaviour of a SiC particle reinforced CW67
aluminium alloy will be presented.

. : LV . 1 f".j T f'ii?&:’:.'i‘..ﬂ'.' ey
Fig. 24. Fracture surface of DRA material after 150 min mixing. a) SEM. CW67-5 vol.% SiC,
dsic=15 um; b) LM. CW67-5 vol.% SiC, dsic=15 um.
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Fig. 25. SEM. Fracture surface of the composite with 15 vol.% SiC.
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Fig. 26. a) to ¢) Compressive properties of CW67 and CW67- 15 vol. % SiC composite as a
function of temperature.
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With increasing temperature matrix becomes softer and stress accommodation around the
particles caused by difference in CTE becomes easier compared to the room temperature.
The constraint around the particles in the matrix can be relaxed by a dynamic recovery
process. It is therefore expected that any misfit strain gradient can be relaxed by the
recovery process which could lead to a decrease in work hardening and strength, resulting
in a small difference in strength between the composite and the monolithic alloy at higher
temperatures (Fig. 26 a, b). Increase of composite ductility with temperature (Fig. 26 c) can
be a consequence of the improved ductility of the matrix. However, ductility of the
composite is lower than that of the monolithic alloy, which is caused by the particle cracking
or particle matrix debonding effects.

Microstructures of composites strained at room temperature show that SiC particles may
fracture more frequently in the regions of agglomerates or by particle cracking of large
particles, rather than by debonding between the matrix and SiC particles.

Presence of cavities is observed in microstructures of samples tested at elevated temperatures
at the matrix/reinforcing phase interface (A in Figs. 27 and 28 b), particle boundaries (B in Fig.
27 b), and in the regions where the SiC particles are agglomerated (C in Fig. 27).

At 200°C, small voids were found at the particle boundaries with tiny linkage between
voids. At 300°C and 400°C these voids become larger. It has been observed (Fig. 27 a-c) that
debonding between particles and the matrix accelerates above 200°C.

Ty . 5 ‘ol fil ol

Fig. 27. LM. Longitudal sections of the composites tested at: a) 200°C, b) 300°C and c) 400°C.

Cu)Zn; precipitates on SiC (indicated with P).

www.intechopen.com



Synthesis and Properties of Discontinouosly Reinforced Aluminum Matrix Composites 173

7. Conclusions

The basic conclusion is that much more research is needed for further enhancement of the
DRA materials properties. Computer simulation and mathematical modeling of composite
fabrication would enable faster achieving of results and therefore these methods need to be
addressed. In this area some scattered work has been done but it still needs further
development. By finding and establishing the proper models actual experimentation and
prediction of properties, shape, size, volume fraction of the participating phases and mixing
parameters would largely be cut down.

As mentioned before, dispersed phase size, shape, volume fraction, wettability and
distribution play the most important role in the properties attained in metal-matrix
composites. A lot of research is focused on optimizing these parameters and based on the
results, property designing of composites is possible. However, all the experimentation has
stopped at decreasing the dispersed phase level below 10pm, possibly due to the difficulty
in dispersing uniformly and without coagulation of finer particles in the matrix. This is
especially pronounced when the liquid metallurgy route is adopted for making the
composites. If the coagulation problem cannot be solved when the particle size is decreased
below 10 pm, alternate methods of fabrication have to be attempted. Most promising
method so far, seems to be in-situ production of composites, which is recently a very
modern trend in science. In the present age of nanomaterials, methods of dispersion or
making composites with nano sized dispersed phase holds a lot of potential for commercial
exploitation in the future.
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