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1.1
Introduction

Metal composite materials have found application in many areas of daily life for
quite some time. Often it is not realized that the application makes use of compos-
ite materials. These materials are produced in situ from the conventional production
and processing of metals. Here, the Dalmatian sword with its meander structure,
which results from welding two types of steel by repeated forging, can be men-
tioned. Materials like cast iron with graphite or steel with a high carbide content, as
well as tungsten carbides, consisting of carbides and metallic binders, also belong to
this group of composite materials. For many researchers the term metal matrix
composites is often equated with the term light metal matrix composites (MMCs).
Substantial progress in the development of light metal matrix composites has been
achieved in recent decades, so that they could be introduced into the most important
applications. In traffic engineering, especially in the automotive industry, MMCs
have been used commercially in fiber reinforced pistons and aluminum crank cases
with strengthened cylinder surfaces as well as particle-strengthened brake disks.

These innovative materials open up unlimited possibilities for modern material
science and development; the characteristics of MMCs can be designed into the
material, custom-made, dependent on the application. From this potential, metal
matrix composites fulfill all the desired conceptions of the designer. This material
group becomes interesting for use as constructional and functional materials, if
the property profile of conventional materials either does not reach the increased
standards of specific demands, or is the solution of the problem. However, the
technology of MMCs is in competition with other modern material technologies,
for example powder metallurgy. The advantages of the composite materials are on-
ly realized when there is a reasonable cost — performance relationship in the com-
ponent production. The use of a composite material is obligatory if a special prop-
erty profile can only be achieved by application of these materials.

The possibility of combining various material systems (metal — ceramic — non-
metal) gives the opportunity for unlimited variation. The properties of these new
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1 Basics of Metal Matrix Composites

materials are basically determined by the properties of their single components.
Figure 1.1 shows the allocation of the composite materials into groups of various
types of materials.

The reinforcement of metals can have many different objectives. The reinforce-
ment of light metals opens up the possibility of application of these materials in ar-
eas where weight reduction has first priority. The precondition here is the im-
provement of the component properties. The development objectives for light met-
al composite materials are:

e Increase in yield strength and tensile strength at room temperature and above
while maintaining the minimum ductility or rather toughness,

¢ Increase in creep resistance at higher temperatures compared to that of conven-
tional alloys,

e Increase in fatigue strength, especially at higher temperatures,

o Improvement of thermal shock resistance,

e Improvement of corrosion resistance,

e Increase in Young’s modulus,

e Reduction of thermal elongation.

To summarize, an improvement in the weight specific properties can result, offer-
ing the possibilities of extending the application area, substitution of common ma-
terials and optimisation of component properties. With functional materials there
is another objective, the precondition of maintaining the appropriate function of
the material. Objectives are for example:

e Increase in strength of conducting materials while maintaining the high con-
ductivity,

e Improvement in low temperature creep resistance (reactionless materials),

e Improvement of burnout behavior (switching contact),

e Improvement of wear behavior (sliding contact),

¢ Increase in operating time of spot welding electrodes by reduction of burn outs,

e Production of layer composite materials for electronic components,

e Production of ductile composite superconductors,

e Production of magnetic materials with special properties.

For other applications different development objectives are given, which differ
from those mentioned before. For example, in medical technology, mechanical
properties, like extreme corrosion resistance and low degradation as well as bio-
compatibility are expected.

Although increasing development activities have led to system solutions using
metal composite materials, the use of especially innovative systems, particularly in
the area of light metals, has not been realised. The reason for this is insufficient pro-
cess stability and reliability, combined with production and processing problems
and inadequate economic efficiency. Application areas, like traffic engineering, are
very cost orientated and conservative and the industry is not willing to pay addition-
al costs for the use of such materials. For all these reasons metal matrix composites
are only at the beginning of the evolution curve of modern materials, see Fig. 1.2.
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Fig. 1.1  Classification of the composite materials within the group of materials [1].
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Fig. 1.2 Development curve of the market for modern materials [2].

3



4

1 Basics of Metal Matrix Composites

Metal matrix composites can be classified in various ways. One classification is
the consideration of type and contribution of reinforcement components in parti-
cle-, layer-, fiber- and penetration composite materials (see Fig. 1.3). Fiber compos-
ite materials can be further classified into continuous fiber composite materials
(multi- and monofilament) and short fibers or, rather, whisker composite materi-

als, see Fig. 1.4.

Classification of the
composite materials
with metal matrix

Composites with metal phase

dispersion
hardened and
particle
composites

Layer composites
(Laminates)

Fiber
composites

Infiltration
composites

Fig. 1.3 Classification of composite materials with metal matrixes.

L

Mono filaments

Whiskers/
Short fibers

Particle

Fig. 1.4 Schematic presentation of three shapes of metal matrix

composite materials [3].

1.2

Combination of Materials for Light Metal Matrix Composites

1.2.1
Reinforcements

Reinforcements for metal matrix composites have a manifold demand profile,
which is determined by production and processing and by the matrix system of the

composite material. The following demands are generally applicable [4]:




1.2 Combination of Materials for Light Metal Matrix Composites

o low density,

e mechanical compatibility (a thermal expansion coefficient which is low but
adapted to the matrix),

e chemical compatibility,

o thermal stability,

e high Young’s modulus,

e high compression and tensile strength,

e good processability,

e economic efficiency.

These demands can be achieved only by using non-metal inorganic reinforcement
components. For metal reinforcement ceramic particles or, rather, fibers or carbon
fibers are often used. Due to the high density and the affinity to reaction with the
matrix alloy the use of metallic fiber usual fails. Which components are finally
used, depends on the selected matrix and on the demand profile of the intended
application. In Refs. [4, 5] information about available particles, short fibers, whisk-
ers and continuous fibers for the reinforcement of metals is given, including data
of manufacturing, processing and properties. Representative examples are shown
in Table 1.1. The production, processing and type of application of various rein-
forcements depends on the production technique for the composite materials, see
Refs. [3, 7]. A combined application of various reinforcements is also possible (hy-
brid technique) [3, 8].

Every reinforcement has a typical profile, which is significant for the effect with-
in the composite material and the resulting profile. Table 1.2 gives an overview of
possible property profiles of various material groups. Figure 1.5 shows the specif-
ic strength and specific Young’s modulus of quasi-isotropic fiber composite mate-
rials with various matrixes in comparison to monolithic metals. The group of dis-
continuous reinforced metals offers the best conditions for reaching development
targets; the applied production technologies and reinforcement components, like
short fibers, particle and whiskers, are cost effective and the production of units in
large item numbers is possible. The relatively high isotropy of the properties in
comparison to the long-fiber continuous reinforced light metals and the possibility

Tab.1.1 Properties of typical discontinuous reinforcements for aluminium
and magnesium reinforcements [6].

Reinforcement Saffil (Al,O;) SiC particle Al,O; particle
crystal structure 5-AL0; hexagonal hexagonal
density (g cm™) 3.3 3.2 3.9

average diameter (pm) 3.0 variable variable
length (pm) ca. 150 - -

Mohs hardness 7.0 9.7 9.0

strength (MPa) 2000 - -

Young’s Modulus (GPa) 300 200-300 380

5
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1 Basics of Metal Matrix Composites

Tab. 1.2 Property potential of different metal matrix composites, after [2].
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Specific Young’s modulus

of processing of composites by forming and cutting production engineering are
further advantages.

1.2.2
Matrix Alloy Systems

The selection of suitable matrix alloys is mainly determined by the intended appli-
cation of the composite material. With the development of light metal composite
materials that are mostly easy to process, conventional light metal alloys are ap-
plied as matrix materials. In the area of powder metallurgy special alloys can be ap-
plied due to the advantage of fast solidification during the powder production.
Those systems are free from segregation problems that arise in conventional solid-
ification. Also the application of systems with oversaturated or metastable struc-
tures is possible. Examples for matrix configurations are given in Refs. [7, 9-15]:
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e conventional cast alloys
— G-AlSi12CuMgNi

G-AlSi9Mg

- G-AlSi7 (A356)

- AZ91

— AE42

e conventional wrought alloys
— AIMgSiCu (6061)
— AICuSiMn (2014)
— AlZnMgCul.5 (7075)
- TiAl6V4

e special alloys
— Al-Cu-Mg-Ni-Fe-alloy (2618)
— Al-Cu-Mg-Li-alloy (8090)
— AZ91Ca

For functional materials non-alloyed or low-alloyed non-ferrous or noble metals
are generally used. The reason for this is the demand for the retention of the high
conductivity or ductility. A dispersion hardening to reach the required mechanical
characteristics at room or higher temperatures is then an optimal solution.

1.23
Production and Processing of Metal Matrix Composites

Metal matrix composite materials can be produced by many different techniques.
The focus of the selection of suitable process engineering is the desired kind,
quantity and distribution of the reinforcement components (particles and fibers),
the matrix alloy and the application. By altering the manufacturing method, the
processing and the finishing, as well as by the form of the reinforcement compo-
nents it is possible to obtain different characteristic profiles, although the same
composition and amounts of the components are involved. The production of a
suitable precursor material, the processing to a construction unit or a semi-fin-
ished material (profile) and the finishing treatment must be separated. For cost ef-
fective reasons prototypes, with dimensions close to the final product, and reform-
ing procedures are used, which can minimize the mechanical finishing of the con-
struction units.
In general the following product engineering types are possible:

e Melting metallurgical processes
— infiltration of short fiber-, particle- or hybrid preforms by squeeze casting, vac-
uum infiltration or pressure infiltration [7, 13-15]
— reaction infiltration of fiber- or particle preforms [16, 17]
— processing of precursor material by stirring the particles in metallic melts, fol-
lowed by sand casting, permanent mold casting or high pressure die casting
[9, 10]

7
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e Powder metallurgical processes

— pressing and sintering and/or forging of powder mixtures and composite
powders

— extrusion or forging of metal-powder particle mixtures [11, 12]
— extrusion or forging of spraying compatible precursor materials 7, 18, 19]

e Hot isostatic pressing of powder mixtures and fiber clutches

o Further processing of precursor material from the melting metallurgy by thixo-
casting or -forming, extrusion [20], forging, cold massive forming or super plas-
tic forming

e Joining and welding of semi-manufactured products

e Finishing by machining techniques [21]

e Combined deformation of metal wires (group superconductors).

Melting metallurgy for the production of MMCs is at present of greater technical
importance than powder metallurgy. It is more economical and has the advantage
of being able to use well proven casting processes for the production of MMCs.
Figure 1.6 shows schematically the possible methods of melting metallurgical pro-
duction. For melting metallurgical processing of composite materials three proce-
dures are mainly used [15]:

e compo-casting or melt stirring
e gas pressure infiltration
e squeeze casting or pressure casting.

Both the terms compo-casting and melt stirring are used for stirring particles into
a light alloy melt. Figure 1.7 shows the schematic operational sequence of this pro-
cedure. The particles are often tend to form agglomerates, which can be only dis-
solved by intense stirring. However, here gas access into the melt must be abso-
lutely avoided, since this could lead to unwanted porosities or reactions. Careful at-
tention must be paid to the dispersion of the reinforcement components, so that
the reactivity of the components used is coordinated with the temperature of the
melt and the duration of stirring, since reactions with the melt can lead to the dis-
solution of the reinforcement components. Because of the lower surface to volume
ratio of spherical particles, reactivity is usually less critical with stirred particle re-
inforcement than with fibers. The melt can be cast directly or processed with alter-
native procedures such as squeeze casting or thixocasting. Melt stirring is used by
the Duralcan Company for the production of particle-strengthened aluminum al-
loys [9, 10]. At the Lanxide Company a similar process is used, with additional re-
actions between the reinforcement components and the molten matrix being pur-
posefully promoted to obtain a qualitatively high-grade composite material [16]. In
the reaction procedures of the Lanxide Company it may be desirable that the rein-
forcement component reacts completely with the melt to form the component in
situ, which then transfers the actual reinforcement effect to the second phase in the
MMC.

In gas pressure infiltration the melt infiltrates the preform with a gas applied
from the outside. A gas that is inert with respect to the matrix is used. The melting
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of the matrix and the infiltration take place in a suitable pressure vessel. There are

two procedure variants of gas pressure infiltration: in the first variant the warmed
up preform is dipped into the melt and then the gas pressure is applied to the sur-

face of the melt, leading to infiltration. The infiltration pressure can thereby be co-
ordinated with the wettability of the preforms, which depends, among other

things, on the volume percentage of the reinforcement. The second variant of the
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particle
(pure or with
carrier gas)

crucible

heating
melt
rabble

gas pressure infiltration procedure reverses the order: the molten bath is pressed
to the preform by the applied gas pressure using a standpipe and thereupon infil-
trates the bath (see Fig. 1.8). The advantage of this procedure is that there is no de-
velopment of pores when completely dense parts are present. Since the reaction
time is relatively short with these procedures, more reactive materials can be used
than e.g. with the compo-casting. In gas pressure infiltration the response times
are clearly longer than in squeeze casting, so that the materials must be carefully
produce the appropriate composite

selected and coordinated, in order to be able to
material for the appropriate requirements.

Fig. 1.7 Schematic operational
sequence during melt stirring.
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Fig. 1.8 Gas pressure infiltration technique.
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Squeeze casting or pressure casting are the most common manufacturing vari-
ants for MMCs. After a slow mold filling the melt solidifies under very high pres-
sure, which leads to a fine-grained structure. In comparison with die-casted parts
the squeeze-casted parts do not contain gas inclusions, which permits thermal
treatment of the produced parts. One can differentiate between direct and indirect
squeeze casting (Fig. 1.9). With direct squeeze casting the pressure for the infiltra-
tion of the prefabricated preforms is applied directly to the melt. The die is thereby
part of the mold, which simplifies the structure of the tools substantially. Howev-
er, with the direct procedure there is a disadvantage in that the volume of the melt
must be determined exactly, since no gate is present and thus the quantity of the
melt determines the size of the cast construction unit. A further disadvantage is
the appearance of oxidation products, formed in the cast part during dosage. In
contrast, in indirect squeeze casting, where the melt is pressed into the form via a
gate system, the residues will remain in this gate. The flow rate of the melt through
a gate is, due to its larger diameter, substantially less than with die casting, which
results in a less turbulent mold filling and gas admission to the melt by turbulenc-
es is avoided.

Both pressure casting processes make the production of composite materials
possible, as prefabricated fiber or particle preforms are infiltrated with melt and so-
lidify under pressure. A two-stage process is often used. In the first stage the melt
is pressed into the form at low pressure and then at high pressure for the solidifi-
cation phase. This prevents damage to the preform by too fast infiltration. The
squeeze casting permits the use of relatively reactive materials, since the duration
of the infiltration and thus the response time, are relatively short. A further advan-
tage is the possibility to manufacture difficultly shaped construction units and to
provide partial reinforcement, to strengthen those areas which are exposed to a
higher stress during service.

a) pressure b)
direction

melt
preform

pusher

core

counter die
form

heating casting

die
gating

press table

base plate shoot

cylinder

T piston

Fig. 1.9 Direct and indirect squeeze casting.
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13
Mechanism of Reinforcement

The characteristics of metal matrix composite materials are determined by their
microstructure and internal interfaces, which are affected by their production and
thermal mechanical prehistory. The microstructure covers the structure of the ma-
trix and the reinforced phase. The chemical composition, grain and/or sub-grain
size, texture, precipitation behavior and lattice defects are of importance to the ma-
trix. The second phase is characterised by its volume percentage, its kind, size, dis-
tribution and orientation. Local varying internal tension due to the different ther-
mal expansion behavior of the two phases is an additional influencing factor.

With knowledge of the characteristics of the components, the volume percent-
ages, the distribution and orientation it might be possible to estimate the charac-
teristics of metallic composite materials. The approximations usually proceed from
ideal conditions, i.e. optimal boundary surface formation, ideal distribution (very
small number of contacts of the reinforcements among themselves) and no influ-
ence of the component on the matrix (comparable structures and precipitation be-
havior). However, in reality a strong interaction arises between the components in-
volved, so that these models can only indicate the potential of a material. The dif-
ferent micro-, macro- and meso-scaled models proceed from different conditions
and are differently developed. A representation of these models can be seen in
Refs. [3, 23]. In the following, simple models are described, which facilitate our
understanding of the effect of the individual components of the composite materi-
als and their form and distribution on the characteristics of the composite.

Fiber model Layer model

normal E, E,=E,
Same
strain
E
2
Same
tension

.= G
Same
tension
G:u = Gu
Same
strain

Fig. 1.10 Schematic presentation of elastic constants in composite materials.



1.3 Mechanism of Reinforcement

Simply, we can consider a fiber and/or a plate model. Depending on the load di-
rection, different elastic constants in the metallic composite material can result.
Figure 1.10 illustrates the two different models and shows the resulting E and G-
moduli as a function of the load type. On the basis of these simple considerations
an estimate can be made of the attainable strength of the fiber reinforced compos-
ite material for the different forms of the fibers.

1.3.1
Long Fiber Reinforcement

For the optimal case of a single orientation in the direction of the stress, no fiber
contact and optimal interface formation (Fig. 1.11), it is possible to use the linear
mixture rule to calculate the strength of an ideal long fiber reinforced composite
material with stress in the fiber orientation [23]:

Oc=Dp 0+ (1-Pg)- 0’y (1)

where oc is the strength of the composite, @y the fiber volume content, or the fi-
ber tensile strength and 0"y, the matrix yield strength. From this basic correlation
the critical fiber content @ ., which must be exceeded to reach an effective
strengthening effect, can be determined. This specific value is important for the
development of long fiber composites:

Limit of reinforcement:
Om = (DF,crit ~op+(1- d)F,crit) . UM (2)
Critical fiber content:

Om — O*M
Dy iy = ————— A3)
O — O

Fig. 1.11  Load of a unidirectional fiber composite layer
with a force F in the fiber direction.
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Approximation of high fiber strength:
Om — 0% M
®F,Crit = (4)
Op
Figure 1.12 shows the dependence of the tensile strength of unidirectional fiber
composite materials on the fiber content. The basis is the use of a low strength duc-
tile matrix and of high-strength fibers with high Young’s modulus. For different
matrix fiber combinations different behavior of the materials results. In Fig. 1.13
Oc =0 @p* Oy (1- B}
GCT Long fiber
=
o
c
2
12
Q
2
o Onm
= Fig. 1.12  Linear mixture rule for tensile
P 7T~ ~ %~ Om 1) strength of unidirectional fiber composite
0;/' L 1 =~ - materials with a ductile matrix and high
. =~ strength fibers [23].
1
0 Pc Cr >
Fiber content
G Single Multiple
__ L _BF_|_fracture _ _ | fracture
:fiber
o (.
[ !
®» !
8 Icomposite
& -
1 1matrix
T--1
1
11
11
Ear*Eac “%am =1
€ . OF
Elongation Fiber content
Fig. 1.13  Stress—strain behavior of a fiber ogc=strength of composite material,
composite material with a ductile matrix, in Ogm=matrix strength, g= elongation
which elongation at fracture is higher than at fracture of the fiber, egy=elongation
that of the fibers (oge=tensile strength of at fracture of the matrix, egc= elongation
the fiber, o* =effective fiber strength at fracture of the composite material) [24].

at the fracture of the composite material,
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the stress—strain behavior of fiber composite materials with a ductile matrix, whose
tensile strength is larger than of the fibers itself (according to Fig. 1.12) is shown.
Above the critical fiber content @y ;, the behavior is affected considerably by the
fiber. On reaching the fiber strength a simple brittle failure develops and the com-
posite material fails.

For composite materials with a brittle matrix, where no hardening arises and
where the elongation to fracture is smaller than those of the fibers, the material
fails on reaching the strength of the matrix below the critical fiber content (see Fig.
1.14). Above this critical parameter a higher number of fibers can carry more load
and a larger reinforcement effect develops. In the case of a composite material with
a ductile matrix and ductile fibers; where both exhibit hardening during the tensile
test, the deformation behavior is, in principle, different (Fig. 1.15). The resulting

________ OB _ | ____
\ . Single
(<) 1 Fiber Gun |rovre| fracture
B
Dl [ =m———m———- - P, e e - - - - -
4 , Composite
» ! , M
y matrix = - =
1 0_* \, J\
________ M L7 : S.as
1 1 DT
1 1 >~
eer=%rc Sam OO0 B =1
Strain €

Fiber volume content<bF

Fig. 1.14 Stress—strain behavior of a fiber
composite material with a brittle matrix,
which shows no strengthening behavior and
whose elongation at fracture is smaller than
that of the fibers (oge=tensile strength of the
fiber, o”¢=effective fiber strength at fracture

of the composite material, ogc=strength of
the composite material, 0gy=matrix strength,
egr=elongation at fracture of the fiber,
eam=elongation at fracture of the matrix,
esc=elongation at fracture of composite
material) [24].

| Il 1] Fiber
do, !
_
dey
o} :composile
(2] . .
@ ) Fig. 1.15  Stress—strain behavior of fiber
= 1 composite materials with a ductile
@« : matrix and fibers, both have strength
. in the tensile test (egr=elongation
do, ) matrix (or & .
. at fracture of the fiber, ez =elongation
Mt 1 at fracture of the matrix, egc=elongation
! at fracture of the composite material)
24].
880 = 83F SBM

Strain €



16

1 Basics of Metal Matrix Composites

stress—strain curve can be divided into three ranges: range I is characterized by the
elastic behavior of both components by a Young’s modulus in accord with the lin-
ear mixture rule. In range II only the matrix shows a strain hardening, the fiber is
still elastically elongated. Here the composite material behaves as represented in
Fig. 1.13. In range III both matrix and fiber show strain hardening behavior: the
composite material fails after reaching the fiber strength.

1.3.2
Short Fiber Reinforcement

The effect of short fibers as reinforcement in metallic matrixes can be clarified
with the help of a micromechanical model (shear lay model). The influence of the
fiber length and the fiber orientation on the expected strength can be shown as a
function of the fiber content and the fiber and matrix characteristics with the help
of simple model calculations. The starting point is the mixture rule for the calcula-
tion of the strength of an ideal long-fiber-reinforced composite material with load
in the fiber direction (Eq. (1) [23]). For short-fiber reinforcement the fiber length
has to be considered [25]. During the loading of the composite materials, e.g. by
tensions, the individual short fibers do not carry the full tension over their entire
length. Only with over tension and predominantly shear stresses at the fiber/
matrix interface will the load transfer partly to the fiber. Figure 1.16 shows the
modeling of the load of a single fiber, which is embedded in a ductile matrix and
stressed in the fiber direction.

The effective tension on the fiber in dependence on the fiber length can be cal-
culated as follows:

dox

cdx o 421 Ty rrdx =0 )
dx

a) Strain field in the matrix
b)Shear strength at the interface fiber/matrix
and tensile strength within the fiber

Fig. 1.16 Model of loading of a single fiber, embedded in a ductile matrix (after [23]):
(a) Stress field in the matrix, (b) shear stress distribution at the interface fiber/matrix
and tensile strength contribution in the fiber.
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2 2

OF=_'TFM'|:__x] (6)
e 43

lc _ Of * dF (7)
2 Ty

Where o = fiber tension, r = fiber radius, d; = fiber diameter, 7y, = shear stress
at the fiber/matrix interface. A critical fiber length I results, at which the fiber can
be loaded to its maximum (Fig. 1.17).

The shear strength at the interface matrix/fiber is

Tem = 0.5 - O™ 8)

where 0,,* = matrix yield point.
The effective fiber strength or . in dependence on the fiber length is

lC
Oper=1]" OF-(l—Z'ln) 9)

where 1= fiber efficiency (deviation from optimum 0<n<1) [28]; l,,.= average fiber
length.

According to Fig. 1.17 three cases, depending on the fiber length, can be distin-
guished [23-27]:

Fiber length [,,,>1.:

oc=n-C~¢F-0F-<1—dF-#> (10)

where C = orientation factor [26] (orientated C =1, irregular C=1/5, planar isotrop-
ic C=3/8).
Fiber length [, = I.:
0c=1n-C-05-Pp-0p + (1 - Dg) - o™ (11)
Fiber length [,,, < I.:

‘m

oc=1n-C-om*- 5 + (1= D) - o™ (12)

*UE
At a fiber length below the critical fiber length I the tensile strength of the fiber
under load cannot be completely utilized. The reinforcement effect is lower [27]:

Op — O™

L=dg (13)

o

o™

The models are based on idealised conditions: ideal adhesion between fiber and
matrix and ideal adjustment and distribution of the long fibers or the arranged
short fibers. Figure 1.18 shows schematically the influence of the length/thickness
relationship of the fibers on the reinforcement effect under optimal conditions. By
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o Fig. 1.17 Dependence of the effective
o fiber strength on the fiber length
g g
(0r= Ok 1), after [24].

\ O
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o

2 q ) § )

R —
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increasing the fiber length the potential of long fibers (1/d 100) will be approached.
For irregular or planar-isotropically arranged short fibers an optimal distribution is
the basic condition for applicability. The result of an estimation is shown in
Fig. 1.19. It represents the relationship of the strength of fiber-reinforced light
metal alloys, calculated with Egs. (1) and (10)—(12), to the strength of the non-rein-
forced matrix (reinforcement effect) as a function of the content of aligned fibers
for different fiber length [29]. For the matrix characteristics the following mechan-
ical properties at room temperature were used: tensile strength, 340 MPa; yield
strength, 260 MPa. The aluminum oxide fiber Saffil (fiber tensile strength,
2000 MPa; diameter, 3 pm) was the fiber used. At small fiber contents a reduction
in strength first occurs, up to a minimum fiber volume content, above this value
the strength increases until a fiber content ¢,—¢, (depending on the fiber length) is
reached, this is the strength of the nonreinforced matrix. Thereafter the reinforce-
ment effect increases with increasing fiber content and length.

The presented calculations presuppose an orientation of the fibers in the stress
direction, with an irregular arrangement there is a smaller reinforcement effect.

ac =0 + o (1-85) [ 100
e =B * Om (1-0r 50

Oc Long fiber 30
5 2 G et (K)
c 0 = e B * Ol (1B F,eff
2 Short fiber 15
»
% =10
c O
o M Ld | o
[ L5 F,eff

. /7 S~ o
Om y” 1 I S~ ~

i A ~
0 Orcll) OFcK) Op
Fiber content

Fig. 1.18 Linear mixture rule of the tensile strength of unidirectional
fiber composite materials, the right ordinate represents the effective
fiber strength according to Eq. (9), after [23] and [27].
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Linear mixture rule
l,=25pum
Iy = 1. = 16 pm

Fig. 1.19  Influence of the fiber
length and volume content

on the properties of magnesium
composite materials
(AZ91+Saffil-fibers) [28].

l,=10 pm

Strength o, [MPa]

X I

Figure 1.20 illustrates this using as an example magnesium alloy AZ91 strength-
ened by Saffil fibers. With increasing isotropy more fibers must be added in order
to obtain a reinforcement effect. The amount of fibers required for the reinforce-
ment effect is: for long fibers, a fiber content @, = 3.2 vol %; for aligned short fibers
@,=3.5 vol % and for planar-isotropically distributed fibers @;=12.5 vol %. This ef-
fect increases with increasing load temperature, as shown in Fig. 1.21. This figure
gives the calculated strength of composite materials for two different yield

1000

800

“
Long fibers /
800 il /
-

Cg= om*l’l—@)+q:*®'/
700 // /
500 r//
500 A

aligned short fibers; I/d=70, C=1

I
0e=C" & " (1-(de "o/ 271y "oy )} +(1-Te J |

Composite strength [MPa]

400 // —
// |
3‘23'" Z - e isoplanar contribution, C=3/8
200 B ekl SE X EE S POA S -
Rpoz k =0 *1-P)
100
. Oy [P D5
0.00 0.05 0.0 0.15 0.20 0.25 030 035
Fiber volume content ®
Fig. 1.20 Influence of the fiber length and fiber orientation on the composite

material strength for the system magnesium alloy AZ91 (yield strength: 160 MPa,
tensile strength 255 MPa) + C fiber (fiber strength 2500 MPa, fiber diameter 7 pm),
schematic after Eqs. (1) and (10).

19



20

1 Basics of Metal Matrix Composites

3 Fig. 1.21 Influence of the fiber length and
® R,.=80MPa fiber orientation on the reinforcement effect
B R, = 120 MPa oc/owm for a composite material with 20 vol. %
” aligned aluminum oxide fibers for different matrix
s yield strengths [29].
o)
g
O
o)
1 -
1 1

1 10 100 1000
Fiber length [pum]

strengths of the nonreinforced matrix (80 MPa and 115 MPa) [29]. Although for the
calculations only models with simplified boundary conditions were used, they
show the objective for the production and processing of such composite materials.
A goal is an optimal alignment of the fibers with the retention of a long fiber
length.

133
Strengthening by Particles

The influence of ceramic particles on the strength properties of particle reinforced
light metals can be described by using the following micromechanical model [30,
31]:

AR, c = Aoy, + 0k + Aoske + Aoke (14)
where AR,  is the increase in tensile strength of aluminum materials by particle

addition.
The influence of induced dislocations Ao, is given by:

Aoy=0-G-b-p'? (15)
with
ACD
p=12AT s (16)

where Ao, is the yield strength contribution due to geometrical necessary disloca-
tions and inner tension, « is a constant (values 0.5-1), G is the shear modulus,
b the Burger’s vector, p the dislocation density, AT the temperature difference, AC
the difference in thermal expansion coefficient between matrix and particle, @, the
particle volume content and d the particle size.
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The influence of the grain size Ao is given by:

Aoyg = ky, D71/2 (17)
with
1- @\
D=d( P) (18)
P

where Aoy is the yield strength contribution from changes in grain size (for exam-
ple recrystallization during thermomechanical treatment of composite materials,
analogue Hall-Petch); ky, is a constant, D is the resulting grain size and @, is the
particle volume content.

The influence of the grain size Aoskc is given by:

Aoske =ky, - D72 (19)
with
2\ 1/2
D,=d ( nd ) 20)
60,

where Aosyg is the yield strength contribution due to changes in subgrain size (for
example in a relaxation process during thermomechanical treatment of composite
materials), ky, is a constant (typical value 0.05 MN m™/?), D, is the resulting sub-
grain size and @, is the particle volume content.

The yield point is usually measured as the yield strength with 0.2 % remaining
elongation. A significant strain hardening occurs, which is dependent on the par-
ticle diameter and content.

The strain hardening contribution Aoy is given by

2b)\ 112
AOKF=KG(DP<7) V2 (21)

where Kis a constant, G the shear modulus, @; the particle volume content, b the
Burger’s vector, d the particle diameter and ¢ the elongation.

According to whether the particle size or the particle content is the dominant
effect, different characteristic tension contributions of the individual mechanisms
to the technical yield strength Ry, of the particle strengthened light metal alloys
result. The example of a particle-strengthened composite material with two differ-
ent particle diameters in Fig. 1.22 clarifies this in principle. Generally higher hard-
ening contributions are made by smaller particle diameters than by coarser parti-
cles. For smaller particle diameters the work hardening and the grain size influ-
ence contributes the most to the increase in the yield strength. Figure 1.23 shows
schematically the change in the substantial hardening contributions with increas-
ing particle content for a constant particle diameter.

21



22

1 Basics of Metal Matrix Composites

75 d=3um 75+ o d=20um
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Fig. 1.22  Strain contribution of different mechanisms to the technical yield
point calculated after the micromechanical model for aluminum alloys
with SiCp-addition, after [31].
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Fig. 1.23 Composition of particle reinforcement of various strengthening
contributions (after [27]).

1.3.4
Young’s Modulus

An objective in the development of light metal composite materials is to increase

the modulus of elasticity (Young’s modulus). Which potential arises here, can be

estimated by the mixture rule, whereby the well-known border cases apply only to

certain geometrical alignments of the components in the composite material. The

universally used models are the following linear and inverse mixture rules [3]:
Linear mixture rule: Voigt-model (ROM)

Ec= ®,E, + (1- @,)Ey, (22)
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Inverse mixture rule: Reuss-model (IMR)

D, 1-P,\1
{3152
P ™M

Where @ is the volume content of particles or fibers, E. the Young’s modulus of
the composite material, E, the Young’s modulus of the particle or fiber and E,, the
Young’s modulus of the matrix.

The Voigt model is only applicable for long-fiber-reinforced composite materials
with a stress direction parallel to the fiber orientation, while the Reuss model ap-
plies to layer composite materials with a load perpendicular to the layers. An ad-
vancement of these models, which is also applicable for short fibers or particles, is
the model by Tsai Halpin. By implementing an effective geometry factor, which
can be determined from the structure of the composite materials as a function of
the load direction, the geometry and the orientation of the reinforcement can be
considered [32]:

Eu(1+2Sq D)

b= 24
with:
E,/Ey) -1
q= L (25)

(Ep/Em) +2S

where S is the geometry factor of the fiber or particle (1/d).

Figure 1.24 presents as an example the Young’s moduli calculated using Egs.
(22)—(25) for SiC particle reinforced magnesium materials as a function of the par-
ticle content and for different geometry factors according to Egs. (24) and (25).
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o)
o
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(2]
o
1
i

IMR

Young's modulus (GPa)
N
)
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N
o
1

| | I
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Volume content (%)

Fig. 1.24 Comparison of theoretically calculated Young’s modulus values
with the experimentally determined values for particle reinforced composite
materials (ROM: linear mixture rule, IMR: inverse mixture rule [33].
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Comparison of the measured Young’s moduli is shown. A good agreement
between calculated and experimental values can be seen; using a geometry factor
S=2 for the applied SiC particles [33]. The basic condition for the application of
such models is the presence of a composite material with an optimal structure, i.e.
without pores, agglomerates of particles or nonreinforced areas.

1.3.5
Thermal Expansion Coefficient

Reinforcement of light metal alloys with ceramic fibers or particles entails a reduc-
tion in the thermal expansion coefficients. For this physical characteristic also,
simple models are available to estimate the thermal expansion coefficients with the
help of the characteristics of the individual components. The model of Schapery
[34] was developed, in order to describe the influences on the thermal expansion
coefficients:

Er 0 @p + Ey 0y (1 — Dp)

Oc = E. (26)

where ;¢ is the axial thermal expansion coefficient, oy the thermal expansion co-
efficient of the fibers and o, the thermal expansion coefficient of the matrix.

o= (1 + ) O Pu + (1 + Vi) O Pr = Oac Vaic (27)
Viic = Vi P + Viu (1- d)F) (28)

where o is the transverse thermal expansion coefficient, v Poisson’s ratio of the
fibers and vy, Poisson’s ratio of the matrix.

Since the Schapery model is conceived for the calculation of thermal expansion
coefficients for aligned long fibers the model can only be used for short-fiber rein-
forced materials with restrictions. A basic condition is an alignment of the short fi-
bers. The thermal prehistory of the materials, in order to be able to proceed from a
uniform internal tensile state, also has to be considered. A representation of calcu-
lated and measured values for the thermal expansion coefficients of light metal al-
loy composite materials for the example of a magnesium alloy reinforced with
aligned Al,O;-short fibers (Saffil) is shown in Fig. 1.25. Here the upper curve rep-
resents the calculated values for the transverse thermal expansion coefficients and
the lower curve the calculated values for the axial coefficient. The lower limit curve
was calculated with the help of the theoretical Young’s modulus according to the
linear mixture rule of Eq. (22). When using the experimentally determined values
of the Young’s modulus of the composite material, then the values marked by
squares result. In this case the deviations from the optimal structure are consid-
ered to be in good agreement, for the Mg+15 vol % Al,O, with the measured axial
expansion coefficients. This agreement with the real measured Young’s modulus
of the composite materials can be found also when using particles as reinforce-
ment [35].
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Fig. 1.25 Change in the thermal expansion coefficient with increasing fiber content
(model after Shapery [34]) [33].

The thermal expansion coefficient is determined by the thermal prehistory of the
composite materials, which results from the production and the application. Es-
sentially the internal strain exercises influence. Figure 1.26 shows the temperature
dependence of the thermal expansion coefficients of the monolithic magnesium
alloy QE22 and the composite material QE22 +20 vol % Saffil fibers for different
orientations of the fibers. With the monolithic materials the expansion coefficient
increases with increasing temperature. The same applies to the composite materi-
al with a fibers oriented perpendicular to the level of the planar-isotropic distribu-
tion of the fibers (90°). Since the fibers there are not optimally effective a lower re-
duction in the expansion develops. With increasing temperature the difference
between the reinforced and the nonreinforced matrixes becomes less. In the case
of an orientation parallel to the fiber level (0°) a stronger reduction effect results,

30.0
<
& QE22, as cast
e 27.5-
€
[0
©  25.0
§ QE22+20vol% Saffil, 90°, as cast
2 2254
9o
2
S 20.0
ixa QE22+20vol% Saffil, 0°, as cast
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]
ey
= 150
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Temperature [°C]
Fig. 1.26 Dependence of the thermal expansion coefficient of magnesium

composite materials on the temperature and fiber orientation in comparison
to the nonreinforced matrix [36].
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Fig. 1.27 Influence of the thermal prehistory on the expansion behavior
of aluminum oxide fiber reinforced magnesium composite materials [36].

which increases with increasing temperature. The influence of the thermal prehis-
tory on the thermal expansion coefficients is represented in Fig. 1.27 for the exam-
ple of the magnesium alloy MSR +vol % Saffil. For the cast condition a comparable
process results, as shown in Fig. 1.24. After a T6-heat treatment the curve shifts to
higher values, particularly in the temperature range above the ageing temperature
(204°C). After a thermal cyclic load a reduction in the internal strain appears and
results in further increase in the values.

1.4
Interface Influence

Compared with monolithic materials the microstructure and the interfaces of met-
al matrix composite materials cannot be considered in isolation, they are mutually
related. Chemical interactions and reactions between the matrix and the reinforce-
ment component determine the interface adhesion, modify the characteristics of
the composite components and affect the mechanical characteristics significantly.

In high temperature use of MMCs the microstructure has to remain stable for
long service periods. Thermal stability and failure is determined by changes in the
microstructure and at the interfaces, e.g. reaction and precipitation processes.
Thermal stress of MMCs can take place both isothermally and cyclically. The ef-
fects show differences. During a cyclic load of monolithic materials, especially at
high temperature gradients and cycle speeds, a high probability of failure by ther-
mal fatigue is to be expected, e.g. short-fiber reinforced aluminum alloys possess
good thermal shock stability.

The formation of the interface between the matrix and the reinforcing phase has
a substantial influence on the production and characteristics of the metallic com-
posite materials. The adhesion between both phases is usually determined by the
interaction between them. During the production of the molten matrix e.g. by in-
filtration, wettability becomes significant.
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1.4.1
Basics of Wettability and Infiltration

Basically the wettability of reinforcement with a metal melt can be shown by the
edge angle adjustment of a molten droplet on a solid base as the degree of wettabil-
ity according to Young:

Ysa— Yis = Yia * Ccos @ (29)

where yi4 is the surface energy of the liquid phase, ysa the surface energy of the
solid phase, y;s the interface energy between the liquid and solid phases and O is
the edge angle.

Figure 1.28 shows the edge angle adjustment of a molten droplet on a solid base
for different values of the interface energy. At an angle of >7t/2 a nonwettable sys-
tem is described and for an angle limit of <m/2 a wettable system. With decreasing
angle the wettability improves. In Table 1.3 the surface and interface stresses of se-
lected metal — ceramic systems at different temperatures are summarized. Of spe-
cial relevance is the system Al/SiC, since it is the basis for the melting metallurgy
of particle reinforced aluminum composite materials.

As the contact develops, for example at the beginning of an infiltration, adhesion
occurs. The adhesion work W, for separation is [41]:

Wa = VYsa—Via = Vis (30)

Wa=Via-(1+ cos®) (31)

Tab. 1.3 Surface and interface strains of selected metal-ceramic systems
at different temperatures.

Alloy, Ceramic, Systems ~ Temperature  y, (m) m™3) vy, (m/m?) vy, (m/ m?  Ref

(K)
Al 953 1050 - - 37
Mg 943 560 - - 37
ALO, 0 - 930 - 38
MgO 0 - 1150 - 38
Cu/ALO, 1370 1308 1485 2541 39
1450 1292 1422 2284 39
Ni/ALO, 1843 1751 1114 2204 39
2003 1676 988 1598 39
Al/SiC 973 851 2469 2949 40
1073 840 2414 2773 40

1173 830 2350 2684 40
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Fig. 1.28 Edge angle adjustment of a melt drop on a

G )
Ve 7ﬂ/ 0L solid base for various values of the interface energy
2 (after Young).

Yse = YsL + Yie* COS 6

In the case of immersion the interface between the solid and the atmosphere dis-
appears, while the interface between the solid and the liquid forms. The immers-
ing work W is:

Wi= Vs — Vsa (32)
In the case of spreading the liquid is spread out on a solid surface. During this pro-
cedure the solid surface is reduced as well as a new liquid surface being formed
and hence a new solid/liquid interface is formed. The spreading work Wi is:

Ws = ysa— Yis— Via (33)

The wetting procedure is kinetic and is dependent on time and temperature.
Therefore, the kinetics can be affected by the temperature. Figure 1.29 shows, as
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Fig. 1.29 Time dependence of the wetting degree (unit fraction) of
SiC plates by aluminum melts at different alloy additions [42].
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AICuMg1 Fig. 1.30 Temperature dependence
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an example of the time dependence of a wetting procedure, the wetting degree
(surface fraction) of SiC plates by aluminum alloy melts of different composition.
In Fig. 1.30 the temperature dependence of the wetting angle of one aluminum al-
loy droplet on a SiC plate is represented. Both figures show the further possibility
of the influence of variation of the composition in the appropriate material system.
The alloying elements act by changing the surface tension of the melt or by reac-
tion with the reinforcement. On the one hand the composition of the matrix, or
rather reinforcement, is modifiable and on the other hand there exists the possibil-
ity of purposeful influence by applying coatings on the intensifying phase. The role
of a reaction at the interface is important, because from it a new system can result
and the interface energies can be changed substantially, thus altering the wetting
angle.

In Eq. (29) the change induced by the reaction, for example, of an oxide reinforce-
ment Me;O with a matrix alloy part Me,, has to be taken into consideration [44]:

Yis — Vsa = (Yis — Vsa)o— AYr -AG, (34)
Me, + Me,;O < Me,O + Me, (35)
Yia - COs @ = (Ysa— Yis)o— Ay, — AG, (36)

where (yis— Ysa)o is the wettability without reaction, Ay, the interface tension from
the reaction of newly formed interfaces and AG, the given free energy at the triple
line solid/liquid/atmosphere (reaction energy).

Figure 1.31 shows the influence of pressure-free infiltration through different
reactions by using different reactive binder systems and fiber contents such as
Mg/AlLO; fibers. With a very reactive SiO,-containing binder premature infiltra-
tion happens at lower temperatures than with an Al,O; binder [17].
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Fig. 1.31 Influence of pressure free infiltration by different reactions under use

of different reactive fiber contents on the example of pure Mg/Al,O; fibers,
Dissertation Fritze and [17].

An additional possible influence exists through the change in the surrounding
atmosphere or rather the atmosphere in the preform. It is possible, for example,
that a preform before infiltration is flushed with gas, which can lead to a change in
the oxygen partial pressure. Figure 1.32 shows the dependence of the wetting an-
gle in the system Al,O;/pure aluminum on the temperature for two oxygen partial
pressures [40]. For high partial pressures of oxygen high wetting angles occur at
low temperatures. Only when starting from temperatures above 1150 K does the
value for the wetting angle decrease to that for a low oxygen partial pressure. How-
ever, technically this influence is not relevant, because the atmosphere can be
changed only with difficulty. An exception is the infiltration by the production of a

vacuum (gas pressure infiltration); in this case gas pressures can be modified.

Contact angle © [°]

150 4

w0
o
'

a a)P=10"-10"Pa

b)P=2-5-10"Pa

Fig. 1.32 Schematic presentation of the
change in the wetting angle with change in
the oxygen particle pressure [44].
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1.4 Interface Influence

Wetting for the actual infiltration procedure is of substantial importance. This
is shown in a simple schematic representation in Fig. 1.33. In the case of good wet-
ting (small edge angle) a capillary effect occurs (Fig. 1.33a). At large edge angles
this procedure is inhibited (Fig. 1.33b). Additionally this can occur in technical pro-
cesses by a reaction between the melt and the surrounding atmosphere. Then, for
example, an oxide film forms, as in the case of magnesium alloys, which affects the
wetting behavior by formation of a new interface between the reinforcement and
the melt, as clarified in Fig. 1.34. The statements made above apply only to consid-
erations close to the equilibrium. The influence of the wetting on the infiltration
during technically relevant processes is thus less, if applied pressure on the melt,
or rather the flow rate of the melt in the perform, determines the kinetics of the
wetting, for example in the production of a wetted system by high pressure in the
melt. However, the wetting nevertheless still has an influence on the adhesion of
the components in the composite, which will later be described in more detail.

D T \3 2
Fibers< C
‘Melt ﬂ_)\( Vabuum
1€

- ==
a) wetting angle smaller 90°

— i
Fibers< )
Melt /G ) > Vacuum
— L= - Fig. 1.33  Schematic presentation of an

) ideal melt infiltration of fiber preforms
~ —— [45].

=
b) wetting angle greater 90°

Liquid melt D) Air

melt flow amorphous oxide film
g
Fig. 1.34 Schematic presentation of the
amorphous/ infiltrati P lumi id
Cl’ystalline interface infiltration process or an aluminum oxide
preform with molten aluminum [45].

7

gas absorption
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The actual infiltration process for the production of metallic composite materi-
als consists of several indexing steps: the formation of a contact between the melt
and the reinforcement at the surface of a fiber or particle preform, the infiltration
with the melt flow through the preform and the solidification procedure. At the be-
ginning of the infiltration a minimum pressure must usually be developed, so that
infiltration can follow. Usually a pressure-free spontaneous infiltration is not the
rule, and is only possible with thin preforms with reactive systems and with long
process times. The resulting pressure as driving force for the infiltration [46] is

AP=P,—P,— AP, (37)

where AP is the resulting pressure, the driving force for the reaction, Pythe pres-
sure in the melt on entering the preform (see Fig. 1.35), P, the pressure in the melt
at the infiltration front (see Fig. 1.36), AP, the pressure decrease in the melt at the
infiltration front due to surface influences (effect of wettability).

When P, = P, a minimum infiltration pressure AP, can be defined:

AP, = AP, = S¢(VLs — Vsa) (38)

where S is the surface interface per unit area.
Without external applied pressure the effect of induced infiltration by the capil-
lary force can be presented as following [47]:

2 -cos @
p o tVia COST

Y

(39)
.

where r is the radius of the capillary.
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000000000000 Fig. 1.35 Schematic presentation of
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ an adiabatic, unidirectional infiltration,
| > starting condition [46].
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Fig. 1.36 Schematic presentation of an
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1.4 Interface Influence

Using the hydrostatic pressure

S o Ve 40
1=V (49)
results in the rising height:
2 . b
frg = 2 VA COST (41)
p-g-h

where h, is the rising height, g the gravitational constant and p the density.

As a pressure-free infiltration a preform consisting of many capillaries can be
imagined and thus the influence of wettability and structure parameter (surface
and pores — or rather capillary diameter) can be seen when introducing the follow-
ing structure parameter in Eq. (38) [47]:

For a spherical particle:

Sp= _ SV (42)
dr(1-Vy)
For a long fiber bunch and short fiber preform:
SpmeaVr (43)
dr(1-Vy)

Where Vi is the fiber or particle content and d; is the fiber or particle diameter.

Table 1.4 shows the change in the specific surface with increasing fiber portion
in the Al,O;-preform of Saffil fibers [48]. The specific surface also influences the
permeability of a preform. This characteristic is important for the even supply of
the preform with the melt and affects the necessary pressure for the infiltration.
This is shown in Fig. 1.37 for Saffil preforms with water infiltration [48, 49]. It is
noticeable that from fiber contents of 20 vol % the permeability is significantly re-
duced. In this context the viscosity of a melt also has an important influence. By
variation of the temperature and composition optimisation of the infiltration pro-
cess is controllable. Fig. 1.38 gives information on the change in the viscosity of
magnesium and aluminum melts as a function of the temperature for unalloyed
systems.

The previous considerations provide only an explanation of the processes and in-
fluencing variables on the wetting and infiltration, which are relevant in material
systems, for example for stirring particles into melts or infiltrating. For both pro-
cesses further procedures are of course relevant. Examples are the solidification

Tab. 1.4 Specific surface of Al,O; preforms, after [17] and [48].

Fiber volume content of Al,O; preforms 10 20 24 25
[vol. %]
Specific surface: Sy = 10° fiber surfaces (m?)/ 1.26 3.41 4.39 4.58

pore volume (m?)
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5 Fig. 1.37 Comparison of
- O experimental permeability of preforms for
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«E o and calculations of Sangini and
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procedures of the melts. They overlay with the abovementioned procedures. For
poor wetting of particles, for example in the production of particle-strengthened
light alloys, a segregation or liquidization of the particles can take place. During the
infiltration, solidification procedures can affect the permeability and prevent the
complete treatment of the preform. Equation (38) (see Fig. 1.35 and 1.36) assumes
a constant heat balance and no partial solidification. In reality there is heat dissipa-
tion over the tool and thus directed solidification occurs. Also the given free solid-
ification heat has a substantial influence. The solidification worsens the permeabil-
ity and influences the flow conditions in the preform. In reality a feed and a solid-
ification procedure take place during the infiltration as a result of the directed heat
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Fibers

liquid metal plus fibers
and solidified metal —_—

infiltration

front

Fig. 1.39 Schematic presentation of solidification with external heat loss
during a unidirectional infiltration [47].

dissipation, as represented in Fig. 1.39. The heat dissipation in the system pre-
form/liquid or solidified melt is essentially determined by the thermal characteris-
tics of the components (specific heat, thermal conductivity). Thus the reinforce-
ments possess essentially higher specific heat values and smaller heat conductiv-
ities (exceptions are carbon fibers). In Table 1.5 these characteristic values are
summarized for C and AL, O; fibers. In the case of the applied alloys it is to be no-
ticed that magnesium melts possess a smaller heat capacity than aluminum and
therefore are processed at higher temperatures or the preforms have to be at high-
er temperatures than with aluminum alloys.

Tab. 1.5 Comparison of physical data of C fibers and aluminum oxide fibers (Saffil).

Fiber Specific heat Coefficient of thermal conductivity
(I m3K) (Wm™ K)

Carbon P100 1.988x10° 520

Carbon T300 1.124x10° 20.1

Saffil 2.31 x10° 0

1.4.2

Objective of Adhesion

The interaction between wetting and adhesion has already been briefly mentioned
in Section 1.1. Figure 1.40 describes this connection using the example of the ad-
hesive strength of a solidified aluminum melt dropped onto a substrate as a func-
tion of the wetting angle, determined by the droplet shear test. For small edge an-
gles high adhesive strength values with a failure by shearing result. At larger an-
gles the adhesive strength decreases and the failure only occurs under tension. In
systems with good wettability reactions play a substantial role. The adhesion in
composite systems can be improved by reaction. However, in some cases the reac-
tions can become too distinctive, so that they result in damage to the reinforce-
ment, e.g. reduction of the tensile strength of fibers. Thus the reinforcement po-
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Fig. 1.40 Edge angle dependence of the adhesion strength of solidified
Al melt drops [51].

tential is reduced. Later, brittle reaction products or pores can develop, which can
again decrease the adhesion. Fot the example of the system Ni and Al,O; in Fig.
1.41 it is clear that an optimum must be sought. With a proceeding reaction bond-
ing is improved and the fiber strength decreases. In the case of poor binding the
interface fails and the fiber failure dominates with increasing binding. In Fig. 1.42
the formation of an interface between an Al,O; fiber and a magnesium alloy is rep-
resented for two conditions. In the cast condition in Fig. 1.42b only sporadic dis-
continuous MgO particles occur. The fibers are negligibly damaged and possess
their full reinforcement effect. After a long-term annealing treatment the reaction
products have grown and the fibers are damaged, the strength of the composite
material decreases (see Fig. 42a) [53]. In an example of a thermal treatment of the
composite material system magnesium alloy AZ91/Al,O; fiber/(Saffil) the connec-
tion between reaction layer thickness and strength properties can be clarified. An
untreated composite material of this system has a tensile strength of 220 MPa [54].
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Fig. 1.42 Reaction products at the interface Mg alloy/Al,O; fiber [53]:
(a) SEM image, long term loading 350°C, 250 h; (b)TEM image, as-cast condition.

With increasing reaction layer thickness the tensile strength decreases to more
than 50 % of the output strength (Fig. 1.43). With support of thermodynamic cal-
culations the risk of this damage can be estimated. Also the influence of the reac-
tion by layer systems on fibers [2, 22] or by modification of the alloy composition
[55] is calculable and thus predictable.

The formation of the interface has, as discussed, a crucial influence on the be-
havior of the metallic composite materials. The influence of the elastic constants
and the mechanical properties on the failure is substantial. As an example the
change in the crack growth behavior in fiber composite materials is represented
schematically in Fig. 1.44. In the case of weak binding (Fig. 1.44a) the crack moves
along the fiber, the interface delaminates and the stress leads to the fracture of the

200

180+
160+
140+
120+ maximum annealing time: 16 h

annealing temperature: 530°C

100 + + +
0.1 0.2 0.3 04 0.5

Tensile strength [MPa]

Reaction layer thickness [pm]

Fig. 1.43  Transverse pull strength of the fiber composite material
AZ91/20 vol % Al,O; fibers in dependence on the reaction layer
thickness as a function of annealing time at 530°C [54].
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Fig. 1.44 Schematic presentation of the fiber/matrix dependence of the
adhesion of a crack run [56, 57].

fibers successively. A classical “fiber pull out” develops. In the fracture image, for
example the tensile test sample of a titanium composite material with SiC fibers
(Fig. 1.45a) or aluminum alloy with C fibers (Fig. 1.46a), pulled out fibers are spo-
radically visible. For the case of very good adhesion of the matrix on the fiber no de-
lamination (Fig. 1.44c) occurs. The crack opens up due to the tensile stress and the
matrix deforms, due to the good adhesion the fiber is fully loaded and malfunc-
tions. During further load the matrix continues to deform above the fiber fracture
area also, thus the fiber is further loaded above and below the separation and mal-
functions in further fragments. Macroscopically a brittle failure without pulling
out of fibers (Fig. 1.45b, 1.46¢,d) develops.

Depending on the interface formation transitions at very small delamination
and fiber pull out also result (Fig. 1.44b and 1.46b). The adhesion for the tensile
strength perpendicular to the fiber alignment (transverse pull strength) is of sub-
stantial importance, see Fig. 1.47 and 1.48. With very poor adhesion the fibers or
particles work like pores and the strength is less than for the nonstrengthened ma-
trix (Fig. 1.47a). In the case of very good binding a failure occurs in the matrix (Fig.
1.47c and 1.48a,b) or by disruption of the fiber (Fig. 1.47d and 1.48c). The strength
of the composite material is comparable to the nonstrengthened matrix. At an av-
erage adhesion a mixed fracture occurs (Fig. 1.47b).

Fig. 1.45 Fracture surface in a monofilament composite material [58]:
(a)low interface shear strength; (b) high interface shear strength.
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Fig. 1.46 Fracture surfaces in aluminum formation of a deformed matrix on the
composite materials after tensile strain fibers (Al,05/Al-2.5Li, medium adhesion);
vertical to the fiber orientation [57]: (c) Fracture in the matrix (SiC/Al good
(a) fiber/matrix- delamination (C/Al, weak adhesion); (d) fracture run in multiple

adhesion); (b) shearing of fibers and dimple broken fibers (SiC/Al good adhesion).

MMM poor adhesion a)

Fiber-matrix debonding

medium adhesion b)
Fiber crack near the interface and
on fiber by matrix

@ good adhesion remains
Fracture within the matrix C)
N ' good adhesion d)

splicing of the fiber
Aty
m— BN

Fiber Matrix

Fig. 1.47  Failure mechanism (schematic) in fiber composite materials
for loading vertical to the fiber orientation [57].
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Fig. 1.48 Fracture surfaces in fiber
composite materials at a strain vertical

to the fiber orientation, Schulte:

(a) Shearing at 45°; (b) formation of dimple
around small SiC particle; (c) fiber split.

1.5
Structure and Properties of Light Metal Composite Materials

The structure of the composite materials is determined by the type and form of the
reinforcement components, whose distribution and orientation are affected by the
manufacturing processes. For composite materials, which are reinforced with long
fibers, extreme differences result with different fibers. For multi-filament-strength-
ened composite materials (Fig. 1.49) the fiber/fiber contacts and nonreinforced ar-
eas are recognizable as a result of the infiltration of fiber bunch preforms. Struc-
ture defects, like fiber/fiber contacts, pores and nonreinforced areas are visible,
which have a substantial influence on the composite characteristics. Figure 1.50
shows the optimal structure of a SiC monofilament/Ti composite material. With

Fig. 1.49  Structure of a unidirectional
endless fiber reinforced aluminum
composite material (transverse grind-
ing) [59]: matrix: AA 1085, 52 vol. %
15 pm Altex-fiber (Al,O5).
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Fig. 1.50  Structure of a titan matrix
composite material of SiC monofila-
ments [60].

monofilament-reinforced materials and with wire composite superconductors
(Fig. 1.51 and 1.52) the uniformity of the fiber arrangement which result from the
production process is remarkable. In Table 1.6 the material properties of different
light alloy composite materials with continuous fibers are shown.

Figure 1.53 shows typical structure images of short-fiber reinforced light alloys.
With short-fiber reinforced composite materials a planar-isotropic distribution of

Fig. 1.51 Composite superconductor
type Vacryflux NS 13000 Ta: 13000 Nb
filaments in CuSn and 35 % stabiliza-
tion material 30% Cu+5% Ta) ina
shell [61].

Fig. 1.52 Composite superconductor
cable consisting of 7 superconductor
cables and 5 stabilisation cables [61].
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Tab. 1.6  Selected properties of typical long fiber reinforced light metal composites.

Material Fiber Density Tensile Young's Ref.
content (gcm™)  strength modulus
(%) (MPa) (GPa)
System Orientation
Monofilaments
B/Al 0° 50 2.65 1500 210 22
B/Al 90° 50 2.65 140 150 22
SiC/TiAl6V4 0° 35 3.86 1750 300 17,5
SiC/TiAl6V4 90° 35 3.86 410 20,2
Multifilaments
SiC/Al 0° 50 2.84 259 310 21,4
SiC/Al 90° 50 2.84 105 19,3
AlL,O;/Al-Li 0° 60 3.45 690 262 16,9
Al,05/Al-Li 90° 60 3.45 172-207 152 21,4
C/Mg-Leg 0° 38 1.8 510 16,6
C/Al 0° 30 2.45 690 160 6, 4
SiC/Al Al+55-70% SiC 2.94 226 7,2
MCX-736™ Al+55-70% SiC 2.96 225 7,3

Infiltration direction
vertical to
fiber orientation

Fig. 1.53  Structure of formation of short
fiber reinforced light metal composite
materials [62].
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the short fibers develops, due to the fiber molded padding production. The pres-
sure-supported sedimentation technology leads to a layered structure. The infiltra-
tion direction is generally perpendicular to these layers. A reinforcement of light
metal cast alloys by short fibers does not lead exclusively to an increase in strength,
e.g. at room temperature, as the objective. It leads to a strength increase with in-
creasing fiber content, as the example of AlSi12CuMgNi with a fiber content of
20 vol. % (Fig. 1.54) shows. However, the achievable effect is not economically jus-
tified in practice. The improvement in the properties, particularly at higher tem-
perature where a doubling of the strength occurs (Fig. 1.54) and the strength prop-
erties under alternating flexural stress at 300°C (Fig. 1.55), makes the material
interesting for applications such as pistons or for reinforced cylinder surfaces in
engines. A dramatic increase in the temperature alternating resistance at the same
application temperature is attainable, see Fig. 1.56.

500
[ N
400 -
N
mm’ 300 ]
% T / Fig. 1.54 Comparison of temperature
S 200 N P N dependence of the tensile strength of
5 / X nonreinforced and reinforced piston alloy
o ¢ AISi12CuMg (KS 1275) [13]: (a) KS 1275
g 100 \ with 20 vol. % SiC whisker; (b) KS 1275
= r with 20 vol. % Al,O; fibers; (c) KS 1275
0 nonreinforced.
0 100 200 300 400°C
Temperature —
T 1 I 1
150 No=2.5* 10’
P.=50%
©
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= 100 1
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)
©

50
= GP - KS1275/Al,0,

=a GP - KS1275
me GK - KS1275

Alternating bending strength

0 1 1 1 1
0 100 200 300 °C 400
Temperature

Fig. 1.55 Change in the alternating bending strength of nonreinforced
and reinforced piston alloy (20 vol. % AL O; fibers) AlSi12CuMgNi (KS1275),
with increasing temperature (GK=mold casting, GP=die casting) [14].
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60 Fig. 1.56 Temperature shock resistance
of the fiber reinforced piston alloy

a AlSi12CuMgNi (KS1275) for different fiber
contents for a temperature of 350°C [13]:
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The cast particle-reinforced light alloys show typical particle distributions de-
pending on the processing methods. Gravity die cast materials show nonrein-
forced areas due to the solidification conditions (Fig. 1.57a); while with pressure
die cast materials the distribution of the particles is more optimal (Fig. 1.57b).
Even better results are reached after the extrusion of feed material (Fig. 1.57¢). In
powder metallurgically manufactured composite materials (Fig. 1.57d) the ex-
tremely homogeneous distribution of the particles is noticeable after the extrusion

Fig. 1.57 Arrangement of typical structures of different particle reinforced

light metal composite materials: (a) SiC-particle reinforced Al (mold cast [9]),

(b) SiC-particle reinforced Al (die cast [10]), (c) SiC-particle reinforced Al
(extruded powder mixture [11]), (d) SiC- particle reinforced Al (cast and extruded).
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of powder mixtures. The possibility of combining particles and fibers to form a hy-
brid-reinforced composite material with the different effects of both reinforcement
components is shown in Fig. 1.58.

50 um
Fig. 1.58  Structure of formation of hybrid reinforced light metal composite
materials with C short fibers and Mg,Si particles [63].

With particle addition to light metals like aluminum, the hardness, the Young’s
modulus, the yield strength, the tensile strength and the wear resistance increase
and the thermal expansion coefficient decreases. The order of magnitude of the
improvement of these characteristics depends on the particle content and the se-
lected manufacturing process. In Tables 1.7 and 1.8 characteristics of different par-
ticle-reinforced aluminum alloys are presented. In melting metallurgically manu-
factured materials by mixing in particles (Table 1.7) the upper limit of the particle
addition is approx. 20 vol %. This limit is technically justified since a maximum
tensile strength of over 500 MPa and a Young’s modulus of 100 GPa are attainable
with this particle content. Higher particle contents are made possible by reaction
infiltration procedures, however, the materials then take on a more ceramic char-
acter becoming susceptible to brittle failure and, during tensile stress, a premature
failure without plastic deformation takes place. However, the low thermal expan-
sion despite the metallic character of these materials is outstanding.

For spray formed materials (Table 1.8) the limit for the particle content is ap-
proximately 13-15 vol %. However, the utilisation of special alloy systems, e.g. with
lithium addition, can nevertheless lead to high specific characteristics. In powder
metallurgical materials processed by extrusion from powder mixtures the particle
content can be increased to over 40 vol %. Along with the fine-grained structure of
the matrix, very high strength (up to 760 MPa), very high Young’s modulus (up to
125 GPa) and low expansion coefficients (approximately 17x10°° K™") are attain-
able. Unfortunately also the elongation at fracture and fracture toughness are
worsened, however, the values are better than those of cast materials.
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1.5 Structure and Properties of Light Metal Composite Materials
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1.6
Possible Applications of Metal Matrix Composites

Light alloy composite materials have, in automotive engineering, a high applica-
tion potential in the engine area (oscillating construction units: valve train, piston
rod, piston and piston pin; covers: cylinder head, crankshaft main bearing; engine
block: part-strengthened cylinder blocks), see Table 1.9. An example of the success-
ful use of aluminum composite materials within this range is the partially short-
fiber reinforced aluminum alloy piston in Fig. 1.59, in which the recess range is
strengthened by Al,O; short fibers. Comparable construction unit characteristics
are attainable only with the application of powder metallurgical aluminum alloys
or when using heavy iron pistons. The reason for the application of composite ma-
terials is, as already described, the improved high temperature properties. Poten-
tial applications are in the area of undercarriages, e.g. transverse control arms and
particle-strengthened brake disks, which can be also applied in the area of rail-
mounted vehicles, e.g. for undergrounds and railway (ICE), see Fig. 1.60. In the

Tab. 1.9 Applications of metal composites.

L. Drive shaft for people and light load motor vehicles (Fig. 1.61) [65]:
Material: AlMg1SiCu + 20 vol. % Al,O;P
Processing: extrusion form cast feed material
Development aims: — high dynamic stability, high Young’s modulus (95 GPa)

— low density (2.95 g cm™)

— high fatigue strength (120 MPa for n=5x10’, R=-1, RT)
— sufficient toughness (21.5 MPa m'/?)

— substitution of steels

II. Vented passenger car brake disk (Fig. 1.62) [65]:
Material: G-AlSi12Mg + 20 vol. % SiCp
Processing: sand- or gravity die casting
Development aims: — high wear resistance (better than conventional cast iron

brake discs)
— low heat conductivity (factor 4 higher than cast iron)
— substitution of iron materials

II1. Longitudinal bracing beam (Stringer) for planes (Fig. 1.63) [66]:

Material: AlCu4Mg2Zr + 15 vol. % SiC,
Processing: extrusion and forging of casted feed material
Development aims: — high dynamic stability. high Young’s modulus (100 GPa)

— low density (2.8 g cm™)

— high strength (R,,, = 540 MPa. Rp,, = 413 MPa. RT)

— high fatigue strength (240 MPa for n = 5x107, R=-1, RT)
- sufficient toughness (19.9 MPa m'/?)

v. Disk brake calliper for passenger cars (Fig. 1.64) [67]:
Material: Aluminium alloy with Nextel ceramic fibre 610
Weight reduction: 55% compared to cast iron.
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Fig. 1.59  Partial short fiber reinforced
light metal diesel pistons [13, 14].

following some potential construction units made out of aluminum matrix com-

posite materials with data concerning materials, processing and development tar-
gets are presented.

Fig. 1.60 Cast brake disk particle of
reinforced aluminum for the ICE 2 [64].
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Fig. 1.61 Drive shaft particle
of reinforced aluminum for passenger
cars of [65].

Fig. 1.62 Vented passenger car brake
disk of particle reinforced aluminum
[65].

Fig. 1.63 Longitudinal bracing beam
(Stringer) of particle reinforced alumi-
num [66].

Fig. 1.64 Disk brake calliper for
passenger cars of conventional cast
iron (left) and an aluminum matrix
composite material (AMC) with
Nextel® ceramic fiber 610 [67].

In the aviation industry the high specific strength, the high Young’s modulus,
the small thermal expansion coefficient, the temperature resistance and the high
conductivity of the strengthened light alloys are of interest compared with polymer
materials, e.g. for reinforcements, axle tubes, rotors, housing covers and structures
for electronic devices. A compilation of potential and realized applications of most
different metal matrix composites can be seen in Table 1.10.
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1.7
Recycling

Of special economic and ecological interest for newly developed materials is the
necessity for recirculation of arrears, cycle scrap and other material from these
composites into the material cycle. Since ceramic materials usually occur in the
form of particles, short fibers or continuous fibers for the reinforcement of metal-
lic materials, a material separation of the components with the goal being the reuse
of the matrix alloy and the reinforcement is almost impossible. However, with con-
ventional melting treatments in remelting factories the matrix alloy can be recycled
without problems.

In melting or powder metallurgically manufactured discontinuous short fiber or
particle-strengthened light alloys reuse of the composite materials from cycle scrap
or splinters can be possible under certain conditions. Particularly for particle-
strengthened aluminum cast alloys the use of cycle scrap is possible, however
splinters on direct remelting cause difficulties due contamination problems. Ref.
[69] gives an overview of different recycling concepts for light alloy composite ma-
terials in relation to the alloy composition, the kind of reinforcement and the pro-
duction and processing prehistory.
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