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CHARACTERISTICS OF PRODUCTION METHODS
OF ALUMINIUM AND MAGNESIUM MATRIX
COMPOSITE CASTINGS

Light metal (aluminium and magnesium) matrix conifgssin particular are being
increasingly used in various kinds of transportatiehicles. The properties of final
products are closely related to the employed pribgiutechnology. This paper pre-
sents a brief review of the technologies used umalium and magnesium matrix
composite casting, with a focus on the risks amefies of each technology.
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1. Introduction

Metal composites, especially the reinforced contpesiare not easily ava-
ilable or widely applied in various technical sabums. This is largely due to their
high manufacturing costs. Studies carried outfiiednt countries aim to simplify
the methods of production of composites as welbagplace the expensive spe-
cific reinforcement fibres with less expensive amare readily available alterna-
tives while maintaining the required mechanical phgsical properties of the
composites. The strive to replace homogeneous ialatarith composites results
from studies on light metal matrix composite matistiFor example, as it can be
seen in Table 1, the mechanical properties of adiwm and magnesium alloys
are characterised by significantly higher valuegmvbompared to the properties
of Al or Mg matrix fibre composites [1-3].
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Table 1. Standard properties of light alloys andrahium and magnesium matrix composites

Tabela 1. Standardowe tawosci stopow lekkich i kompozytéw na osnowie aluminiumagnezu

Materials Volume fraction | Densityp Rm Rm/p E Elp
of fibres [%)] [g/cmd] [MPa] | [km] | [GPa]| [km]
Mg-B composite 75 2.4 132 55.0 340 14200
Al-B composite 30 2.7 101( 37.5 18D 6660
Al-SiC composite 22 3.1 700 22.¢ 230 7410
Mg-5.5 Zn-0.5 Zr alloy - 1.8 290 16.Q 45 2500
Al-5.6 Zn-2.5 Mg alloy - 2.7 570 21.1 70 2590

For instance, comparing the magnesium alloy withNg-B composite, it
can be concluded that the tensile strength of theposite exceeds the strength of
the non-reinforced alloy almost fivefold and thedulus of elasticity (E) almost
eightfold. Since the specific density of magnesitomposites exceeds the spe-
cific density of the magnesium alloy only by lekarn 40%, profiles and ready-
made elements manufactured from such compositedeaapplied in critical
construction elements of the aircraft and autoneotndustries. In result, by rein-
forcing aluminium or its alloys with high-temperegiboron fibres, we are able to
obtain a construction material from which some pagiarts can be manufactured
[1-3]. The composite is characterised by nearlybtead tensile strength and al-
most three times higher modulus of elasticity imparison to the non-reinforced
matrix material. Such valuable properties of thedus Mg and Al matrix com-
posites are due to their reinforcement by meam®dn fibres, which are charac-
terised by very high tensile strength. Becauséaf tost, however, they are used
only in the cases where composites are requirpdgsess high strength and high
stiffness.

The Al-carbon fibre composites have very favourabfeecific tensile
strength and stiffness parameters. They are clyreséd in the manufacture of
aircraft, missiles and other military equipmenteTiasic technology for the pro-
duction of these composites is continuous liquidaiefiltration, which aims to
produce Al (or Al alloy)/carbon fibre 'wires' orp@, and their subsequent hot
pressing or modified extrusion pressing. The rasujood bonding between the
fibres and the matrix. The tensile strength of ssicbmposite is approx. 700 MPa
and its Young's modulus equals approx. 150 GPa thighdensity of approx.
2.35-2.80 g/crh) depending on the proportion of carbon fibres.Heigvalues are
exhibited by Al-B composites (Tab. 1) obtained gsinsimilar technology [4].
Aluminium matrix composites reinforced with cerandibOs fibres, containing
60% aluminium oxide, achiev®, = 655 MPa and elastic modulds= 260 GPA
with a density of 3.45 g/chj4]. The structure of an AlSi11 alloy matrix compo
site reinforced with AlO; fibre is shown in Fig. 1.
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Fig. 1. Cross section of a ceramic fibre rein
forced composite f}

Due to the fact that reinforcements in the forncarfitinuous fibres (carbon
or aluminium oxide fibres) are very expensive, thaye been gradually replaced
by steel fibre reinforcing elements. The densityhef Al-steel fibre composite is
about 3.98 g/ciand its tensile strength Rn = 1230 MPa at room temperature
and above, which enables replacement of sometitaalloys used in aircraft and
the automotive industry with this type of compog$8es]. The properties of final
products are closely related to the technology ey in their production. This
paper presents a brief description of technologgesl in aluminium and magne-
sium matrix composite casting with a focus on teksrand benefits of each tech-
nology.

2. Characteristics of production methods of aluminim
and magnesium matrix composite castings

Composite material technologies, especially of in&iemposites, are consi-
dered to be very difficult to implement practicallhis is due to the need to meet
the requirements that lead to obtaining the neveri@tby means of a combina-
tion of at least two chemically distinct materiaissuch a way that, while main-
taining an appropriate and permanent bonding ottmponents, a clear boun-
dary between them is maintained and that the bligidn of the reinforcing
components throughout the matrix is as uniforma@ssible. The characteristics
of the material obtained in such a way are detegthioy the volume fraction of
the components and their physical and mechanicainpeters [7]. Creation of
a strong bond between two distinct components resjtine use of high tempera-
tures or very high pressure forces, or the comiminadf these two factors at
the same time. In such conditions, there is a eafskhanges to the mechanical
characteristics of the materials to be joined, aence of unwanted reaction
products in the vicinity of the bond, or mechanita@inage to the fragile reinforce-
ment fibres due to large pressure forces during ffemanent bonding to the
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matrix [8-10]. In order to limit the possibility @he occurrence of these negative
phenomena, the technology used for composite ptimtushould be selected on
the basis of the type and form of the componentsetined. Listed below are
the main methods for obtaining metal matrix comigesj5-6]:

1. Continuous-reinforced Metal Matrix CompositeBI/Cs)

 casting methods,

» thermal spraying,

» powder cloth,

« foil-fibre-foil method.

2. Dispersion-reinforced Metal Matrix CompositdMMCs)
 casting processes for the production of composéterials,
» sand casting,
 die-casting,

» special methods
- full mould methods (lost-foam, expandable patterstiag),
- squeeze casting,
- injection moulding,
- pressure infiltration,
- spontaneous infiltration.
» powder metallurgy
- solid/liquid pressing,
- kinetic blending,
- in situ processes.

The output products may take the forms of ingoii¢etb, granules, metal
sheets, profiles, slabs or products of sizes doghe finished product. These
products are then formed by means of melting, iol@sbcessing (forging, extru-
sion), machining, joining (brazing, welding), oftesing non-traditional methods
and modern technology.

Special attention should be paid to the procestedtaining metal matrix
composites, including the aluminium alloy matriy, loeans of pressure infiltra-
tion. At the present stage of technological develept, this process is probably
the most cost-effective and versatile in the prtdacof fibre and dispersion-re-
inforced composite materials. The advantages efrttéthod are: relatively low
cost of the matrix, limited risk of mechanical dedation of the reinforcement,
production speed, simplicity of equipment (as igular casting), as well as the
possibility of precise reproduction of shapes amfiages which significantly re-
duces the required machining and finishing. Otltvaatages arising from the
preservation of limits in the chemical nature & thatrix/reinforcement structure
are: shortened contact times, i.e. reduced inferatietween the reinforcement
and matrix thanks to the quicker infiltration aclgd by means of the applied
pressure, increased intensity of the heat exchpragesses and limited outflow
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since the infiltration occurs at the temperaturéowethe matrix melting or
liquidus point. In the case of pressure infiltratidhe potential appearance of
unfiltered (unsaturated) parts is significantlyueeld as the liquid matrix metal
reinforces the porous areas under pressure by neéanproperly adjusted tem-
perature field, which results in a highly fragmehtaicrostructure. The main
shortcomings of pressure infiltration that wereniiféied are higher requirements
in terms of tooling and the equipment generatimgekternal pressure. Problems
also arise in the case of large or locally reinéorcastings.

The main process parameters to be carefully madtorclude [3-6]: initial
temperature of the preform, form and metal, voldiraetion of reinforcement, the
applied pressure and infiltration rate (these atendependent). Physical circum-
stances, such as continuity and conservation of ded mass, are important
factors considered in the determination of boundemyditions. Designing
mathematical models of various infiltration proastads to complicated solu-
tions, which is due to the complexity of the int#ian between the processes of
matrix solidification, liquid metal flows, heat exange, etc. Despite this, it is
possible to obtain a satisfactory agreement betweecalculations and experi-
mental data.

The practical consequences of the physics of thegss result from the fact
that preformed infiltration is an irreversible pess somehow independent of the
rate of pressure rise. Low temperatures of preamchform, combined with high
pressure values at cycle end, result in reductfamwanted interactions within
the reinforcement-matrix system. High pressuresiishanly be applied when the
whole preform (process, state?) is already preratd — this helps to avoid
preform deformation. The preform temperature meshigher than the matrix
liquidus temperature and the preform should be @ty inert which reduces
the segregation of structural components of theimanfiltration rate is largely
dependent on the initial temperature of the pref@ifnit is below the matrix
liquidus temperature), volume fraction of reinfar@nt and overheat temperature
of the metal. The conditions of external coolingghremoval intensity) and the
methods of pressure application determine the maxinnfiltration distance.

There are also more practical aspects to the pgodé= production of pre-
forms, as a rule, is complex and expensive. It lve® pressing or suction of
a specially prepared suspension of fibres in aisoludrying, burning, sometimes
arranging the continuous fibres in the form andijm them using a binder or
complex spatial structures. The resulting voluraetion of fibres depends on the
type of reinforcement and the selected method oflyetion. The achievable
maximum is 50-60% of volume for oriented fibrespagx. 50% for equiaxial
particles of similar size and below 40% for noreated fibres and whiskers. The
finished preforms are then arranged in the forrterofogether with appropriate
fillers or cores. The location of the preforms égetmined directly by the require-
ments established for the local reinforcement effthal product. The gas accu-



290 K. Gawdziiska et al.

mulated in the preform on the infiltration frong arule, is removed by means of
ventilation channels in the form. In the case @&sgure-vacuum gas infiltration,
what prevents the flow of liquid metal into the wam system are the porous
ceramic fittings (of high ceramic content and srohlnnels) [6].

The infiltration pressure can be applied mechalyida means of an injec-
tion plunger (as is the casesifueeze castingvhere the plunger is a part of the
form, or injection moulding, where the plunger tigethe metal into the mould
cavity) or using gas. The injection plunger diameted the dimensions of the
gating for pressure casting of composites are &fyibigher than in a monolithic
casting. Hence, the mould locking forces, as wsetha wall thickness of the pres-
sure forms should be higher. The forms are madeabfsteel and are designed
for hot working temperatures. Their working tempera is maintained in the
range of 200-300°C, which prevents the adhesionadfen metal to the form and
provides quicker solidification. In the case of thigressures, the gas is not as
effective or as fast as its mechanical equivalelwever, in the case of gas
infiltration, hot melt ceramic materials can alsodpplied.

Shrinkage porosity is usually eliminated by direntl solidification com-
bined with pressure application that provides lbettgoport for casting zones,
which are the deepest within the structure ortasblidify. Solidification can be
uneven if the casting includes both reinforced maatholithic zones. In this case,
the conductivity, heat capacity and latent heagadidification of the composite
are different than in the case of the matrix. Thiuws,mechanisms of solidification
in various zones of a locally reinforced castingyndifer substantially. In the
case of mechanical pressure actuators, the appticat a porous insulating
coating on the inner walls of the mould allows bmtter management of the
process of heat release through the form walls.cbia¢ing works as an insulator
prior to the infiltration and provides faster hdasipation after the process.

There is a possibility to adapt the basic proceste®ulding to obtain con-
tinuous-reinforced composite castings. For exampeng techniques similar to
the above-mentioned methods of preventing the petieat of metal into the
vacuum system, in the case of the gas actuatorfilamwadis preform infiltration
can be performed.

Centrifugal casting is another process which ersathle application of pres-
sure (in this case resulting from the centrifugédat) for the infiltration of pre-
forms. It involves the application of a device thaes alternating magnetic field
inducing eddy currents in the liquid metal, whiohurn leads to the Lorentz force
acting directly on the infiltration front in thegform. The ALCOA Company also
applies pressure casting for obtaining shapedngsstising DURALCAN ingots
(15 to 20% SiC), as well as materials containing6% SiC. This method is less
expensive than classical pressure casting and desuetter properties of the
obtained composite. The obtained castings requringally no machining [6].
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Gas infiltration processes were also examined padaThe preforms used
in the studies contained woven or film-laminateddures, largely made of stiff,
large diameter fibres oriented in such a way astieve the desired combination
of properties. The applied pressure helped to sehietter contact between the
metal and the reinforcement and eliminated thelprob of wetting that occur in
other processes.

Casting under high hydrostatic pressure (squeegtingainvolves placing
the heated preform inside a mould cavity into whita metal is poured and then
the pressure is applied by means of an injectiang®r. High pressures used in
this method help to produce castings with enhameegerties and to eliminate
any structural defects. This method provides higbnemic efficiency and an
opportunity for full automation, which is particula useful in large scale pro-
duction.

The obtained pressure values are usually in thgerah50-150 MPa, but the
devices and tooling are quite expensive. The madhiealt modelling of heat
transfer and metal flow in the process of squeasgéng enabled to determine the
factors that affect the optimum values of the thodd pressure, its increment rate
and infiltration depth. These include: volume fractand size of fibres, preform,
form, and metal temperature, infiltration rate, thethod of external pressure
application, the exothermic effects occurring afteeform heat treatment, and
others. The threshold pressure reaches only atfeaspheres, while the pressure
required to eliminate gas and shrinkage porosibukhbe several times higher.
Another distinguishing feature of this processtéssdeclared isothermal, partial
re-melting of the composite that contributes touacker change in the shape of
the original matrix dendrites towards their spheisation and a significant reduc-
tion in the resistance of the suspension agairistration [6].

The processes associated with further processitigeo$emi-finished com-
posites require less complex machines, devicesaoiliohg. In order to produce
composites on a large scale, complete and precis&rot of the process is
required. The main variables in the process inclogerheating temperature of
fibres and metal, the type of alloying elementstainguality, temperature of the
shaping device, time between filling the form, ahgsit, and the applied pressure,
pressure rate and time, and speed of injectiorgeluj8, 9, 11, 12]. The remaining
factors of the process that can be determineddecltime of direct contact of
liquid metal with the form (minimised), infiltrattorate (in combination with
minimised segregation), spatial structure of thefggm providing minimum
saturation and deformation resistance of the aat@mt of the fibres in high
pressure and high temperature conditions. The wesithe preform should also
take into account minimisation of the volume frantof fibres (yet still providing
the reinforcement effect), which contributes taastic reduction in the cost of its
manufacture. Degassing of the ceramic suspensittregfreform material imme-
diately following mixing contributes to a significaincrease (of about 26%) in
the composite's resistance to cracking.
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In the case of particulate composites, centrifggating involves pouring the
mixture of particles in the molten metal into a rabiotating at speeds of several
thousand revolutions per minute. The size of tmdrifagal force is controlled by
the rotational speed. For example, an aluminiunpesusion initially containing
10% SiC (Fig. 2) can be cast with an outer layetaaing 30% SiC (Fig. 3). By
changing the particle size and selecting the kingtioforcement/matrix compo-
sition, it is possible to adjust the type and shaffibe final composite; the heavier
particles will gather on the outer surface of tlastocylinder, while the lighter
particles will accumulate on the inner surface. 8a@frthe most important process
parameters are: difference in density between #dnticfes and the matrix liquid
metal, size of the centrifugal form, and the pogitemperature [6, 8, 9, 11, 12].

Fig. 2. Structure of the DURALCAN
F3S.20S composite

Fig. 3. Surface layer structure of the F3S.20S
composite cast centrifugally

In the case of the manufacturing method of magnesiatrix composites, it
is necessary to take into consideration the phlystate of the matter, also called
the thixotropic state, in which the liquid and 8w@id exist alongside each other
and which is characterised by low suspension vigcdghis state can be achieved
by applying shear stress to the alloy heated $jidgiglow the liquidus tempe-
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rature. The pre-conditioned ceramic fittings (bisjreontaining reinforcing par-
ticles of SIiC, A%Os, B4C or AZ91D magnesium alloy granules in a semi-solid
state are mixed using a shear bolt heated to atbigherature which leads to the
formation of a semi-solid suspension, which is timgected into the mould cavity
at high speed (20-50 psec/injection) under thespresof 40 MPa. The form is
filled completely with the injection front in a sésolid state, which provides
much lower shrinkage porosity in the final prodeompared to the pressure
casting of the standard liquid metal. Also, thetrthstion of particles seems
satisfactory. Because of the elimination of theitaltal melting operation, the
cost of the process is considerably decreasediditien, a lower metal tempera-
ture (below liquidus) contributes to extending skeevice life of the mould and the
resulting productivity growth. The obtained producan be processed thermally,
as their porosity is substantially reduced [9, 118].

Moreover, there is another method of quasi-graeital infiltration known
as Primex. The molten aluminium alloy is placedontact with the ceramic pre-
form which is typically made of SiC or ADs; particles. This process is distin-
guished by two characteristic features: the mamétal contains 3-10% Mg mass
and is performed in a protective atmosphere (n#nd@t an elevated temperature.
In these conditions, spontaneous preform infilrtccurs. The volume fraction
of the reinforcement can be substantial and cachr8@% or more. This method
has found applications in the production of fitBpgemperature control systems
and electronic microcircuit units [3-4, 6, 10].

3. Summary

The required operational properties combined woth specific weight are
extremely beneficial and desirable in the desigalofost every system and ele-
ment of a modern vehicle. Therefore, it is widehdearstood that transport is the
area where composites may find increasingly wiggtieation [6, 7, 13-17]. Ta-
ble 2 presents existing or potential areas of Udseomposite materials in the
widely understood transportation industry. Compositaterials, although rela-
tively slowly, are steadily entering the modernoaobtive industry and their num-
ber is growing every year. The most commonly usadposite materials in the
automotive industry are silicon carbide and alumimioxide fibre-reinforced
aluminium alloys. In accordance with global trenti®, primary area of applica-
tion of Al and Mg alloy matrix composites in care @arts of the driving mecha-
nism including the engine and braking, steering sugpension systems. One of
the products of high quality made of compositepdemlly aluminum-ceramic
composites [18]) may be foams. Composite foamsymed at the Maritime Uni-
versity of Szczecin are subjects of research iatba of fire insulation and fillings
in ship bulkheads. An example of manufactured fosnskiown in Fig. 4.



294 K. Gawdziiska et al.

Table 2. Scope of application of metal compositéenias in the transportation industry and the
resulting advantages [3, 4, 6, 7, 10-17]

Tabela 2. Obszar zastosawaetalowych materiatdw kompozytowych w przeiteygrodkdw trans-
portu oraz wynikajce z tego korzci [3, 4, 6, 7, 10-17]

Advantages
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Gear parts * * *
Turbine parts * * * *
Aerospace segment f £ 7
Bearings * * * *
Boat masts * * *
Connecting elements (bolts and nuts) working jn . .
chemically aggressive environments
Aircraft landing gear * * *
Land vehicles * *
Marine vehicles * * *
Aircraft covering * *
Worm drives * * *
Engine cylinder liners * * * * *
Brake discs * *
Pistons * * * * * *
* benefits arising from the uniqueness of the matersed

Fig. 4. Foams produced at the Maritime Universft$aczecin (AISi9/SiC composite)
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CHARAKTERYSTYKA METOD WYTWARZANIA ALUMINIOWYCH
| MAGNEZOWYCH ODLEWOW KOMPOZYTOWYCH

Streszczenie

Kompozyty metalowe, a w szczeg&$nbo osnowie z metali lekkich (jak aluminium i ma-
gnez), g obecnie coraz e%ciej stosowane w tdego typusrodkach transportu. W8aiwosci goto-
wych wyrobdéw g $cisle powizane z ich technologiwytwarzania. W niniejszej pracy przedsta-
wiono krotki opis technologii odlewéw kompozytowychosnowie aluminiowej i magnezowej,
koncentrujc sk na wadach i zaletach poszczeg6lnych technologii.
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