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Material Selection and Grade Optimization Applied to 
Aluminum Matrix Composites 

& Eliasson and R. Sandstr6m 

A general model for the optimal use of materials based on structural optimization is derived. The com- 
petitiveness of materials is assessed with merit parameters. The competition between materials (material 
selection optimization) and the role of the composition and microstructure for a given material (grade op- 
timization) are analyzed. The model is applied to aluminum matrix composites. The influence of matrix 
material, amount of reinforcement, and value of weight savings is studied. Mechanical properties are 
analyzed with the aid of published experimental data and available models. The Tsai-Halpin model is 
used to represent the variation of the elastic modulus with the amount of reinforcement. For yield 
strength the modified shear lag model is applied. It can satisfactorily describe experimental data and the 
variation with reinforcement for high-strength matrix alloys. For aluminum alloys of medium and lower 
strength, the observed increase is larger than the predicted one. This can be explained with the help of 
more recently developed micromechanical models that take into account the changes in microstructure 
in the matrix. For structural parts, large values of weight savings are usually necessary to make the par- 
ticulate-rcinforced composites competitive with carbon steel or their parent aluminum alloys. In other 
applications, combinations of properties are important to make the composites competitive. 
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1. Introduction 

DURING the last decades there has been intense research on 
metal matrix composites (MMCs). These materials have also 
found a number of  applications, especially aluminum-base ma- 
terials. Examples are pistons in engines, brake discs in automo- 
biles, and bicycle frames. For surveys of  potential and realized 
applications, see Ref 1 to 4. 

However, MMCs are not commercially well established. In 
fact, for MMCs and many other types of  advanced materials, 
the total number of  applications is limited in comparison to the 
large efforts that have been spent on research and development. 
There are a number of  reasons why it is difficult to achieve 
commercial success with advanced materials: 
�9 Some materials have excellent values for some properties 

but have lower values for certain crucial properties than 
conventional materials do. For example, in some materials 
the ductility or the toughness can be significantly reduced if 
the strength is raised. 

�9 The scatter in properties may be large (i.e., it may be diffi- 
cult to predict which property values a given piece of  mate- 
rial actually has). A contributing factor to the uncertainty in 
property values is the limited database for new materials. 

�9 The processing of advanced materials is complex and ex- 
pensive. High-precision and high-purity source materials 
are frequently required. 

�9 Advanced materials are usually tried in high-performance 
applications to justify their higher cost. Consequently the 
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requirements for high and reliable property values are 
strict. 

�9 If  the ductility or toughness is low, an advanced material is 
less forgiving than a conventional material, so accurate and 
systematic design is essential. 

It is evident that introducing MMCs into a new application 
is not a simple task. It is essential to use systematic procedures; 
nonsystematic or intuitive approaches may lead to solutions 
that are far from optimal. This paper presents the fundamental 
principles for judging the competitiveness of  advanced materi- 
als, and it applies these principles to MMCs. 

2. Material Selection and Grade Optimization 

2.1 Problem Formulation 

Optimal use of  materials involves many types of  problems, 
such as: 
�9 Finding the material that satisfies all the requirements and 

has the lowest overall cost 
�9 Finding the material that maximizes performance at a given 

cost 
�9 Finding the shape of a component that makes the best use of  

the material (e.g., yields the lowest weight) 
�9 Finding the composition of a material that maximizes the 

loading capacity 
These types of  problems have a number of  characteristic fea- 
tures: 
�9 Some quantity is minimized or maximized (i.e., optimiza- 

tion is involved). 
�9 Component geometry must be considered. 
�9 Many material properties are important, and some of these 

properties have a direct influence on the component ge- 
ometry. 

�9 Both the material and the component have to satisfy a num- 
ber of  requirements. 
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�9 For advanced materials in particular, and often for conven- 
tional materials as well, the properties must be adapted to 
the application in question. This implies that composition 
and microstructure play a role. 

Clearly, several types of variables must be taken into ac- 
count: geometrical variables, material properties, and micros- 
tructural quantities. In many material applications, there is 
close interaction between these variables. 

A mathematical formulation of the problem will now be 
given. First, an objective function w is given. The objective 
function is assumed to be minimized (this does not imply any 
limitation because it is only to change the sign of the function 
that is to be maximized): 

min w(x, P) (Eq 1) 

For example, w can be the material cost, the weight of the com- 
ponent, or a linear combination of these. P is the material pro- 
preties. 

In general, the objective function depends on the geometri- 
cal variables x = (x 1, x 2, x 3 ..... Xn) and the material properties 
P/t. The section thickness, the height of the part, and the width 
of the part are examples of geometrical variables, also called 
sizing variables. They control the dimensions and the shape of 
the part. The geometrical variables are summarized in a vector, 
x. The vectors in this paper are marked by bold symbols. The 
geometrical variables typically cannot take just any value but 
have to lie in a certain interval, because the component has to 
function in combination with other parts of the product: 

x j < x j < x j  ( j =  1 ..... nx) (Eq 2) 

The total number of geometrical variables is n x. A bar below 
or above a variable indicates that it is the lower or upper limit, 
respectively. Other reasons for having lower and upper limits 
are the restrictions in manufacturing techniques with regard to 
the product dimensions. Quantities that are allowed to vary 
during the analysis are called design variables, and quantities 
that are fixed at the outset of the problem are called design pa- 
rameters. 

The value of property l for material k is denoted Plk: 

Plk = Plk(d) (k = 1 ..... n M) (l = 1 ..... np) (Eq 3) 

np properties for n M materials are assumed to be involved. The 
properties can be, for example, the density, material cost, elas- 
tic modulus, or maximum allowable stress. The composition 
and the condition of a material usually have a strong effect on 
the properties. In Eq 3 this is taken into account by including 
the microstructural variables d =(dl, d2, d 3 ..... dnd). These mi- 
crostructural variables can be the grain size, particle sizes, 
phase fractions, and so on. These variables can typically take 
values only in a certain range: 

d m < d m < d m (m = 1 ..... na) (Eq 4) 

The requirements on a component are given in the design 
specification. From this specification, design criteria or con- 
straints are derived. Some of these constraints involve only the 
geometrical variables and take the form of Eq 2. Such criteria 
are referred to as geometrical constraints (gi). However, for the 
component to operate satisfactorily, constraints that depend on 
both the geometrical variables and the property values are pre- 
sent. The number of such constraints is ng. For example, restric- 
tions on elastic displacements or plastic collapse take the form 
of Eq 5: 

gi(x, P) < 0(i = 1 ..... ng) (Eq 5) 

These conditions are identified as stiffness and strength con- 
straints. The properties present in the constraints influence the 
final dimensions of the part, so they are referred to as sizing 
properties. 

Another group of properties are important in material selec- 
tion. The criteria for these properties are simply expressed as: 

P--lk < Plk 1 < Plk (Eq 6) 

Manufacturing properties are often specified in this way. Thus, 
for example, a part that is going to be welded must have a mini- 
mum weldability. These properties are referred to as deselect- 
ing properties or discriminating properties, because their 
function is to ensure that only materials satisfying the condi- 
tions in Eq 6 are selected. The values of the deselecting proper- 
ties do not influence the geometry of the part, so the conditions 
in Eq 6 can be formulated independently of the geometry. 

The formulation presented above can be considered a struc- 
tural optimization model (see, for example, Ref 5 and 6). In its 
original form, shape optimization, it has been used formore 
than two decades. The model above (Eq 1, 2, and 5) with given 
material properties represents such a formulation. The geomet- 
rical variables are the only design variables. In principle, con- 
ventional structural optimization can take material selection 
into account by also allowing the material to be a variable. Sur- 
prisingly few such studies have been performed (Ref 7). One 
reason might be that the conventional formulation does not 
make the role of the material explicit and therefore makes it 
more difficult to analyze and interpret. 

There are two types of material optimization. In material se- 
lection optimization (Ref 8), the performance of the component 
is maximized by choosing the appropriate grade and commer- 
cial condition for existing materials. In grade optimization, the 
performance is maximized by adapting the microstructural 
variables of a given material. In industrial practice, material op- 
timization is rarely handled as a mathematical optimization 
problem. Instead, phenomenological or intuitive approaches 
are used. At the very best, these result in a satisfactory rather 
than an optimum performance. Within the last few years, for- 
mal procedures for selection optimization have been made 
available (Ref 8-12). In these papers, assumptions equivalent 
to those in Eq 1 to 5 are made, but with only one sizing variable. 
The analysis is thus concentrated on the materials aspects. 

Ideally, grade optimization should be the formal tool for im- 
proving properties of available materials. In practice, however, 
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it is more common to have the goal of improving one or more 
properties, disregarding many constraints that may be involved 
in the process. In the mathematical framework above, plain im- 
provement of one property or a combination of properties im- 
plies maximizing this combination by varying the 
microstructural variables. Since the maximization of a property 
is rarely the ultimate goal when using a material, the optimiza- 
tion of an objective function w under given constraints is some- 
thing entirely different. With the formulation above, this type 
of problem is possible to handle. 

2.2 Material  Optimization with One Sizing Variable 

Consider the special case with only one sizing variable x, 
where the constraints (gl (x)) take the form 

min w (x) = p.k(C k + Cw)B(p~k ] V,, (Eq 12) 

min w(x)=Pk(Ck+Cw)(~_) v (Eq 13) 

The material is selected that minimizes w(x), that is, the in- 
verse of the material-dependent part should be maximized: 

Plk(d) V", 
max Qe,k = Pk(d)[Ck(d) + Cwl (Eq 14) 

1 
gt(x) < Plk (k = 1 ..... NM) (l = 1 ..... Np) (Eq 7) m a x  Qx - Pk(d)[Ck(d ) + Cw ] (Eq 15) 

and where N m and Np are the number of materials and sizing 
properties involved, respectively. Equation 7 has a common 
form that applies to stiffness and strength constraints. In each 
constraint, a specific property is involved. For many elemen- 
tary cases, gt(x) can be given an explicit form that applies ap- 
proximately to a more general class of applications. Equation 7 
can be expressed as: 

~--.~l <_Vil ~ (k = 1 ..... AIM) (l = 1 ..... Np) (Eq 8) 

where A l and n I are positive constants. The constraints can then 
be rewritten as: 

x >_ (k = 1 ..... NM) (l = 1 ..... Np) (Eq 9) 

The objective function is assumed to take the form 

rain w (x) = PkCkV(x) + PkCwV(x) (Eq 10) 

where w(x) is the linear combination of the material cost and 
the weight of the part. Pk is the material density is the material 
cost per unit weight. The weight constant C w is the value of sav- 
ing one unit weight of the material. C w is therefore called the 
value of weight savings. In the same way as for gl(x), V(x) is 
written as: 

B V(x) = - -  (Eq 11) 
x v 

where B and v are positive constants. Equations 9 and 11 can be 
given a more general form if needed (Ref 11). Since only one 
sizing variable is involved, one constraint from either Eq 2 or 9 
controls the value of the objective function. Two alternative ex- 
pressions for w(x) are obtained by combining these constraints 
with Eq 10and 11: 

The expressions Qp and Qx are called merit parameters (also 
�9 . . lk 

merit mdwes or merttfactors, Ref 13). The dependence of the 
microstructural variables d is indicated explicitly. Maximizing 
the merit parameters Qt, tk and Qx, and thereby minimizing the 
object function w, is an example of material selection optimiza- 
tion. If instead the maximization is performed by varying the 
microstructural variables d, this is material grade optimization. 

In a less general form, Eq 14 and 15 were originally pre- 
sented in Ref 9. 

2.3 Description o f  Competitiveness 

The competitiveness of two materials, I and II, can be com- 
pared with respect to one property, P, with the help of Eq 14. 
Material II is preferable to material I if the following relation is 
satisfied: 

PII rPu(CII + Cw)],, 
='l  . . . . .  r~v 

PI [ PI(CI + Cw) J 
(Eq 16) 

Figure 1 illustrates the relation in Eq 16 for the case where 
the value of weight savings C w = 0. On the ordinate the mini- 
mum property ratio PIIIPI to satisfy Eq 16 is given. For low ex- 
ponents vln an unfavorable cost ratio Pn CIIIPI CI must be 
compensated with a high property ratio. Exponents vln < 1 are 
much more common in actual design cases than vln > 1. This 
has important consequences for advanced materials, which 
typically have a high cost ratio in comparison to conventional 
materials. Still larger property ratios are required. Only for high 
exponents vln can an increase in cost be counterbalanced by a 
smaller property ratio. Unfortunately, high exponents are en- 
countered only in very special cases. 

In Fig. 2 the merit parameter Qp according to Eq 14 is shown 
as a function of the ratio of the value of weight savings and the 
cost of the reference material CwlC I. The merit parameter is 
given as the ratio Q~/Q~. Only the relative values of merit pa- 
rameters are important (Ref 11), so the values are often pre- 
sented in relation to those of another material. From Fig. 2 it is 
evident that there are two special cases of Eq 14: 
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[P.3 PlC___.~I 
Qp=]'~lV/n (Cw< O.1C I) 

L,-Ij PuCII 
(Eq 17) 

[-pH] P__L (C w > lOCI ) 
QP : [ ~T;/n PII (Eq 18) 

In Eq 14, if the value of weight savings C w is small, the val- 
ues to be maximized are the ratio between the property value to 
an exponent vln I and the material cost per unit volume. On the 
other hand, if C w >> C/c the corresponding quantity is the prop- 
erty value to the same exponent divided by the density. 

The presence of the exponent in Eq 18 should be noticed. In 
the literature, in particular the literature on advanced materials, 
specific properties are often considered (e.g., the property 
value divided by the density). According to Eq 18, the specific 
properties have a clear technical interpretation only when vln = 
1 and C w > 10 C I, which is often ignored in the literature. By 
comparing only specific properties, the competitiveness of ad- 

vanced materials is typically greatly exaggerated. In Fig. 3 the 
minimum property ratio according to Eq 16 is presented as a 
function of the value of weight savings at different cost ratios. 
It is striking how rapidly the competitiveness increases with 
higher C w. 

If the value of weight savings C w is neglected in Eq 15, the 
material cost per unit volume should be minimized. This is 
done by choosing either the material k or the value of the mi- 
crostructural variables d. It is interesting to compare the role of 
material cost and the value of weight savings. When one of 
them is essentially smaller than the other, the former plays no 
significant role in the same way as in Eq 15. For large values of 
C w the density should be minimized in Eq 15. 

3. Models for Influence of Reinforcement on 
Mechanical Properties 

The most common way to calculate different properties for 
MMCs, such as elastic modulus, yield strength, and ultimate 
tensile strength, is to use the rule of mixtures. Anumber of mod- 
els have been developed in which this rule has been modified to 
improve the results and the agreement with experimental ob- 
servations. This section summarizes the models that are re- 
quired to describe the influence of the reinforcement. 
Composites with particulates are covered. The equations are 
then used to calculate the merit parameters for structural appli- 
cations. 

3.1 Elastic Modulus for Discontinuous Fibers and 
Particulates 

When calculating the elastic modulus for discontinuous fi- 
ber- or whisker-reinforced composites, Tsai-Halpin derived 
equations take into account the ratio between the fiber length 1 
and the fiber diameter d, and the so-called aspect ratio S is used 
(Ref 14): 

l 
S= 2 (Eq 19) 
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Fig. 4 Elastic modulus versus volume fraction of SiC particu- 
lates for different aluminum matrix alloys 

The elastic modulus in the fiber direction Ellis given by: 

I + 2SbVf 
E1 / = Em 1 - bVf (Eq 20) 

where 

E f / E  m - 1 
b= (Eq 21) 

ECE m + 2S 

Vf is the volume fraction fibers Fibers. Eq and Em are the 
elastic moduli of the fibers and the matrix material, respec- 
tively. To use the Tsai-Halpin relationship, it is obviously nec- 
essary to know the aspect ratios of the fibers. Unfortunately, it 
is not customary to give the length of whiskers and fibers in the 
final semiproduct. If the fiber length is presented, it is usually 
the original length, and original fibers can have aspect ratios up 
to 100, much higher than in real products. When the composites 
are cast or wrought, the aspect ratios can decrease to about 4 or 
5, which strongly influences the properties. 

Another important factor is the fiber alignment. Even if the 
composite is extruded, the fibers are not perfectly aligned. It 
has been found, however, that this is only slightly important 
when the elastic modulus is considered. 

The third problem might be an uneven fiber distribution. 
This seems to be of little significance when estimating the elas- 
tic modulus. 

Equation 20 can also be used to calculate the elastic modu- 
lus for particulate-reinforced composites. Figure 4 shows the 
elastic modulus versus the volume fraction of SiC(p) for sev- 
eral aluminum matrix alloys. AA 7090 (AI-8Zn-2.5Mg-ICu- 
1.5Co) and AA 7091 (A1-6.5Zn-2.5Mg-I.5Cu) are powder 
metallurgy processed materials, wrought after production (Ref 
15, 16). The difference between matrix materials is small, and 
the results are in agreement with the Tsai-Halpin relationship 
(E,q 20) for an aspect ratio of 1 to 2, which is reasonable. The 
particulates usually have an aspect ratio larger than unity, since 
they are not spherical. 

3.2 Yield S trength  o f  Par t icu la te -Rein forced  Composi tes  

The yield strength of particulate-reinforced composites can 
be described by the modified shear lag theory. The particulates 
have been assumed to be in a platelet form; the composite yield 
strength Rpc is given by (Ref 17): 

(Eq 22) 

where Rpm is the matrix yield strength and Vm and Vp are the 
volume fractions of the matrix and the particulates, respec- 
tively. It is important that the value chosen for the matrix yield 
strength is from a matrix material that was processed in the 
same way as the composite. 

Figure 5 shows the yield strength of the hardenable A1-Mg- 
Si alloy AA 606 l-T6 with A1203(P) (Ref 18). The yield strength 
of the AA 7090 alloy with SiC(p) is shown in Fig. 6 (Ref 15, 
16). This material is produced by powder metallurgy and then 
extruded. The yield strength seems to decrease at higher values 
of reinforcement. The agreement with the model is quite ac- 
ceptable for the material. 

If  Fig. 5 and 6 are compared, the modified shear lag theory 
seems to give the best prediction for high-strength alloys. With 
the help of micromechanical models, this is possible to under- 
stand. In high-strength alloys the microstructure is less influ- 
enced by the presence of the reinforcement and consequently 
also the contribution from the microstructure to the strength. It 
has been claimed that at a high initial yield strength, cracks may 
form close to the matrix-particulate interface, which reduces 
the contribution to the strength from the reinforcement (Ref 19, 
20). In the modified shear lag theory, it is assumed that the 
strength of the reinforcement interface is high enough to resist 
debonding when it is subjected to a load. The distribution of 
particulates is not usually taken into consideration, even 
though it is known that commercial composites have rein- 
forcement-dense and reinforcement-free areas. In particulate- 
free areas, the strength of the matrix dominates, reducing the 
overall strength of the composite (Ref 17, 21-23). 

To fully explain the strength of aluminum composites, the 
microstructure must be considered. Models have been pre- 
sented, and the strengthening contributions have been sug- 
gested to be linearly additive. The most important contribu- 
tions are from (Ref 24-26): 
�9 Grain size strengthening: The grains are typically smaller 

in the composite than in the uniform material. The grain 
size is determined by the recrystallization after the material 
is thermomechanically processed or heat treated. 

�9 Substructure strengthening: This depends on whether the 
material retains its dislocation structure, which in turns de- 
pends on whether the particulates prevent recrystallization 
on annealing. 

�9 Work hardening: This is due to strains between the particu- 
lates and the matrix. 

�9 Quench strengthening: This is mainly due to an increased 
dislocation density that is generated because of large differ- 
ences in the coefficients of thermal expansion between the 
matrix and the reinforcement. 

For a more thorough explanation, see Ref 24 to 26. 
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Table 1 Mater ia ls  data  used in the merit parameters 

Matrix 

Cost of 
matrix, 

S/kg 

Cost of AMC Elastic modulus Yield strength, 
with 10% particulate, of matrix, ofmatrix, Deusit~,, 

S/kg GPa MPa kg/m ~ 

AA606I-T6 
AA 2014-T6 
AI- 10Si-3Cu- 1Ni 
A356 
Carbon steel 
Reinforcement particles 
AI203 
SiC 

AMC, aluminum matrix composite 
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Fig. 5 Yield strength versus volume fraction of alumina par- 
ticulates for a reinforced AA 6061 alloy with curves repre- 
senting the theoretical values based on the shear lag analysis 
according to Eq 22. Source: Ref 18 

4. Evaluation of Competitiveness Using Merit 
Parameters 

The material data used when computing merit parameters 
are summarized in Table 1. The material cost is significantly 
higher for the composite than for the matrix, but cost varies 
only marginally with the amount of  particulates. Material costs 
are always uncertain and depend on many factors, so the fig- 
ures in Table 1 should be considered estimates only. The den- 
sity of  the composite was computed with the rule of  mixtures 
from the values of  the matrix alloy and the reinforcement. The 
carbon steel is compared to the composites because this mate- 
rial is used extensively as a structural material. This compari- 
son also makes it possible to study the competitiveness of  
composites when the reinforcement content is increased. 

In Fig. 7 and 8, merit parameters for the elastic modulus are 
given as a function of the value of  weight savings for v/n E = 

AA 7090 reinforced with SiC-particulates 
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t r  
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Fig. 6 Yield strength versus volume fraction of SiC particu- 
lates for a reinforced AA 7090 alloy with curves representing the 
theoretical values based on the modified shear lag analysis ac- 
cording to Eq 22. Source: Ref 15 

1/3 and vln E = 1, respectively. The Vine value is the same as in 
section 2.2, where 1 in Vine is replaced with the single property 
E. See also Ref  10,11. The merit  parameters are normalized by 
dividing them with the corresponding value for a carbon steel. 
Thus, if the merit  parameter exceeds unity, the material is com- 
petitive with carbon steel; if  the merit parameter is below unity; 
the material is not competitive. The properties for the A1-Mg-Si 
alloy AA 606 I-T6 with A1203(p) are the same as those derived 
in the previous section. Hence, the elastic modulus was calcu- 
lated with the Tsai-Halpin relationship with an aspect ratio of  2, 
consistent with experimental results. 

In Fig. 7, the composite is competitive with carbon steel 
when the value of  weight savings C w exceeds $10/kg. How- 
ever, for the composite to be preferable to the parent metal, C w 
must be more than $80/kg. The amount of  A1203(P) has only a 
small influence. 

In Fig. 8, the situation is reversed for vln E = 1. The merit pa- 
rameter of  the composite exceeds that of  the parent metal at C w 
= $9 to 30/kg, but still higher values are needed to compete 
with carbon steels. However, the aluminum matrix alloy is 
never competitive with the carbon steel, as the merit parameter 
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Fig. 7 Merit parameter of the composite divided by the merit 
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never reaches unity. For the composite to be of interest, its 
merit parameter must be significantly larger than both that of 
the parent metal and that of steel (and other materials). This re- 
quires a value of weight savings of at least $50/kg and higher 
contents ofAl203(P). In addition, the exponent v /n  E must be es- 
sentially larger than 1/3 

In Fig. 9, three materials are compared with carbon steel at a 
value of weight savings of $20/kg. The merit parameter in- 
creases as a function of volume fraction. The high-pressure die 
cast material should be considered. The AI-10Si-3Cu-INi has 
the highest values because of low costs. When the yield 
strength is analyzed, the modified shear lag model is used to de- 
rive the merit parameters. 

Equation 20 does not take into account the microstructure in 
the matrix, so an aspect ratio of 2 is not always sufficient to give 
realistic increases in yield strength. Therefore, two values of S 
have been used in Fig. 10 and 11. S = 8 shows an increase in 
yield strength with reinforcement, which sometimes represents 
experimental values better. In Fig. 10, for v /n  o = 1/2 the merit 
parameters of the composites exceed that of steel, for a value of 
weight savings of $5/kg. To be competitive with the parent met- 
al, a high aspect ratio and high C w are needed. In this situation 
the volume fraction is important, ff is equal to I in e.g. Eq. 12. In 
Fig. 11, values of C w are lower for v /n  o = 1 than for v /n  o = 1/2, 

which makes the composites competitive. A value ff is equal h 1 
in e.g. Eq. 12 of weight savings of about $20 to 30/kg is re- 
quired for the composite with 30% alumina. 

In Fig. 12, the value of weight savings is set to $20/kg. As 
the volume fraction of reinforcement increases, there is a slight 
decrease in the merit parameter for AA 2014 becanse of the low 

increase in yield strength. For AA 6061 and A 356, the merit pa- 
rameters increase with particulate content, a consequence of 
the larger increase in yield strength. 

This article has focused on how competitiveness is influ- 
enced by reinforcement. However, a thorough examination 
should include other materials. One example is fiber-rein- 
forced aluminum composites, which are much more expensive 
than particulate-reinforced composites. In structural applica- 
tions they become more competitive at high values of weight 
savings because of higher elastic modulus or higher strength. 
Other materials to consider are fiber-reinforced plastics, which 
offer good strength and stiffness properties in relation to their 
low weight. 

5. D i s c u s s i o n  

This report has developed a methodology for optimizing the 
reinforcement content of a composite to achieve the best possi- 
ble properties for a certain application. The properties depend 
on the microstructure, the composition of the matrix and fi- 
bers/particulates, and the heat treatment and mechanical work- 
ing (wrought, cast). Merit parameters have been used as a tool 
where it has been possible to treat the problem as optimization 
of a larger component instead of just optimization of the micro- 
structure. This method requires that the geometrical form of the 
component be considered. 

Because of the general noncompetitiveness of composites, 
which is related to their high cost, values of weight savings 
were also considered, and it was demonstrated that critical ar- 
eas for using MMCs in structural applications can be found. 
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The literature summarizes values of  weight savings that are due 
to better fuel economy. For  example, saved weight is worth 
about $0.5 to 2/kg in saved fuel in the automotive industry, 
$100 to 1000/kg in the airplane industry, and $2000/kg or more 
in the aerospace industry (Ref 3). By comparing different ma- 
terials, as in the previous section, it is possible to judge when a 
composite will be competitive with other materials and at what 
values of  weight savings this will happen. 

By comparing the costs of  different composites, which in- 
crease with increased reinforcement content, it is possible to 
see whether increased reinforcement content will have a posi- 
tive or negative effect on the competitiveness of  the composite. 
A material property (e.g., elastic modulus or yield strength) 

must increase more than the cost to make increased reinforce- 
ment content worthwhile. This has been evaluated for a few 
particulate-reinforced materials. Usually, the value o f  weight 
savings must be much larger than the composite cost to make 
the composite competitive with cheaper materials such as steel 
or the parent material. 

Density has a larger influence on the merit  parameters when 
composites are compared to steel than when they are compared 
to aluminum. This is because the changes in density are small 
when aluminum is blended with the reinforcements, and at the 
same time the mechanical properties increase more. The in- 
crease in yield strength is lower for the higher-strength alloys, 
and an increased reinforcement content is then of  less use in 
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structural applications. The exponents in the merit parameters 
have a major influence on when the aluminum composites are 
competitive. Compared to denser materials, such as steel, the 
material will be more competitive at lower values of  the expo- 
nent, while compared to lighter materials, they will be more 
competitive at higher values of  the exponent. It is then possible 
to compare the required value of  weight savings derived and 
the value of  weight savings necessary to make the composites 
competitive in different applications. It is evident that particu- 
late-reinforced composites can be competitive with conven- 
tional aluminum alloys in the airplane industry. The less costly 
cast ones can be competitive in the automotive industry. 

High values of  weight savings are usual in sport applica- 
tions, and many types of  advanced materials are used. For ex- 
ample, aluminum composites are competitive for bicycle 
frames, despite higher cost, because even a small reduction in 
weight is of  great value to the customer. Another example is the 
choice of  an aluminum composite for a golf club head. This, 
too, is mainly related to weight savings, but some golfers also 
prefer the feeling of  how aluminum hits a ball. 

This paper has considered only structural cases, such as 
cases in which higher stiffness or higher strength is of  interest. 
However, combinations of  properties should also be consid- 
ered, because they can increase competitiveness. For example, 
tiffs can be the case when wear properties or heat conductivity 
are to be optimized at the same time that there is a demand on 
the strength. Consider brake discs in automobiles: Here a low 
unsprung weight is achieved compared to the case when cast 
iron is used. Another example is electronic components, in 
which a low coefficient of  thermal expansion and high heat 
conductivity can prevent thermal fatigue. Combination of  
properties are also important at high temperatures. For exam- 
ple, for parts in pistons, a low coefficient of  thermal expansion 
is important, again to avoid thermal fatigue, but it is also impor- 
tant to have acceptable wear properties and high-temperature 
strength, which cannot be achieved by aluminum alone. 

6. Conclusion 

The role of  the reinforcement has been studied for alumi- 
num matrix composites (AMCs). The effect on the mechanical 
properties has been analyzed with the aid of  available models. 
The models have been used to estimate the competitiveness of  
AMCs. 
�9 A general model for the optimal use of  materials based on 

structural optimization was derived. In this model the com- 
petitiveness of  materials can be assessed with merit pa- 
rameters. Both the competition between materials 
(material selection optimization) and the role of the micro- 
structure for a given material (grade optimization) can be 
analyzed. 

�9 In the model, the Tsai-Halpin equation was used to calcu- 
late the merit parameters, since it gives a good repre- 
sentation of the variation of  the elastic modulus with the 
amount of  reinforcement. 

�9 The modified shear lag model can satisfactorily describe 
experimental data for the yield strength of high-strength 
matrix alloys and its variation with reinforcement. For alu- 
minum alloys of  medium and lower strength, the observed 

increase is larger than the predicted one. This can qualita- 
tively be explained with the help of  more recently devel- 
oped micromechanical models that take into account the 
changes in microstructure with the introduction of  the rein- 
forcement. In particular, the substructure is finer and denser 
in the presence of the reinforcement, which contributes to 
the strength. 

�9 With the help of  the models for material selection and grade 
optimization, merit parameters for different design cases 
were computed. The influence of  matrix material, amount 
of reinforcement, and value of weight savings was studied. 
Only in special design cases are AMCs competitive with 
both carbon steel and the matrix alloy. In addition, some 
other requirements must be fulfilled. For example, when 
the stiffness is controlling for AA 6061-T6, the volume 
fraction of  A1203(p) and the value of weight savings must 
exceed 20% and $50/kg, respectively. When the yield 
strength is controlling, the value of  weight savings must ex- 
ceed $30/kg. 

�9 AMCs can also be competitive in cases where a combina- 
tion of  properties is important, such as strength and wear or 
strength and heat conductivity. 
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