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The sUlface properties of structural components have
a strong influence on their behaviour. In many cases
such components are stressed in the surface region by
a combination of mechanical, tribological, corrosive,
and thermal factors. Under these circumstances,
deposition of composite coatings can provide effective
surface protection. Deposits can be coated on steel,
light metals, ceramics, plastics, and other materials.
Composite coatings consist of a metal matrix with, in
general, non-metal solid particles or short fibres. The
most important coating processes are electrochemical
or electro less plating and thermal spraying. This paper
reviews the manufacture, properties, and applications
of composite coatings and summarises new developments

in this field. Fine particles with diameters less than
100 nm are available and are investigated in connection
with electroplating experiments. Thermal sprayed alu-
minium composite coatings on light metals have been
manufactured and evaluated. Finally, thermal sprayed
composite coatings with short fibres are described.
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casting can contain dispersed carbides (e.g. VC, WC,
MoC) and is then cast on the surface of highly
stressed tools such as a drop forging die; methods
including laser or electron beam remelting, plasma
welding, and deposit welding can be used. In this
way hard alloys on iron, nickel, or cobalt bases with
carbides, borides, and other dispersal phases have
been produced.6-9

Multi1ayers and nanocoatings also fall into the
category of composite coatings. Such systems are
useful as deposits on tools, particularly by CVD.
Similar layers are produced by PVD.10,11 Gradient
coatings can be produced by, for instance, thermal
spraying.12 In addition, combinations of coating
processes are possible, e.g. a combination of electro-
chemical with PVD or thermochemical processes. Of
the large number of methods for incorporating solid
particles into coatings, most involve the dispersal
phase already being contained within the coating
material or coating medium.

A great variety of coatings and treatment processes
now exists. Most published articles have discussed

INTRODUCTION
Survey of composite coatings
The composition, structure, and surface character-
istics determine the properties of materials. Applied
stress can cause degradation of properties or even
damage to the material. Coating can reduce the
effects of stress in many cases (Fig. 1). Dispersal of
solid phases in the coatings (Fig. 2)1 can influence
the coating properties and as a rule improves them.
The combination of matrix (base material) and
dispersal phases determines the properties and so
careful selection of this combination is very important.
Mainly non-metal components in the form of particles
or, in small amounts, short fibres, are used as the
dispersal phase. These second phases are incorporated
during growth of the coating or created later within
the coating (Fig. 3).

As an example, up to 14 wt-% of phosphorus or
boron can be incorporated into a nickel coating
during e1ectro1ess nickel plating. An amorphous
coating structure with around 8 wt-% (or more)
phosphorus or boron will be created. Phosphorus
can also be incorporated during electroplating.
Oxidation can increase the amount of oxide in
coatings during thermal spraying, and can be achieved
if, for instance, thermal spray powder or wire is
oxidised during manufacture or during the thermal
spray process. As a result, coating hardness can be
raised, but if the oxide content is increased, the other
coating properties generally suffer.2,3

A reactive metal in a more precious metal can be
oxidised in an oxygen atmosphere. Fine dispersed
oxides increase the hardness (internal oxidation).
Thermal treatment of coatings with phosphorus or
boron causes precipitation hardening and therefore
an improvement in coating properties. Dispersed
phases can also be incorporated into cavities within
the coatings (e.g. in pores or microcracks). In this
way the coating properties can be improved (e.g.
infiltration of MoS2 or polymers, production of
phosphates or nitrides, incorporation of dispersed
phases in microcracks of chromium deposits).4,s
Molten metal (e.g. steel) in a process called compound
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2 Schematic depiction of composite coating

influences:

• transmission of stresses
• reduction of internal stresses
• formation or extension of

microcracks and other
insta bilities

energy generation, steel manufacture, and metal
forming. 13-21

Structure-property relations of composite coatings
Composite coatings consist of matrix and dispersal
phases (see Fig. 2). The interactions of different
constitue1?-tphases induce modified composite prop-
erties. The dispersal phase can change the coating
structure and properties as well as the surface and
adhesive properties.

Composite coatings are used for both primary and
repair coating. They can produce a variety of effects,
including:
• increasing strength and providing a support effect

(high strength phases in an unhardened, tough
matrix)

• formation of zones able to absorb or scatter
energy, relax stress, and divert, catch, or bridge
cracks

• improvement of tribological properties (wear
reduction, friction modification)

• improvement of corrosion resistance
• improvement of thermal resistance
• increasing porosity and roughness
• promotion of catalysis
• decorative enhancement
• production of barrier effects (e.g. thermal

insulation).
Examples of matrix and dispersal materials are given
in Table 1.

The incorporated particles modify coating prop-
erties in various ways, including influencing coating
structure during coating growth and modification of
coating properties by the simple physical existence of
the particles in the coating. Properties of the metal
matrix and particles frequently complement each
other synergistically. The content, distribution, shape,
size, and hardness of hard particles and the proper-
ties of the matrix influence the strength and wear
behaviour of coatings.

It can be seen from the theory of dispersion
hardening that to realise maximum hardness small
and hard particles of uniform shape have to be finely
dispersed in the coating. The most favourable particle

• particles
• (long or

short fibres)
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interface
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• metals
• (ceram ics)
• (polymers)

electrochemical plating of composite coatings but
recently much work has been done on thermal
sprayed composite coatings. Some examples are the
electroplating of Ni, Fe, and Al dispersion coatings.
Important applications are found in motor pro-
duction (especially motors for tools, such as power
saws, but also for motorcycles and cars) and in the
prevention or reduction of tool wear. Nickel and
cBN dispersal coatings are used for abrasive tools.
Electrochemical composite deposits find application
in the textile industry (e.g. to rough up fibres) and
for the improvement of unclosed pair elements.
Thermal sprayed composite coatings can be applied
at high tribological and corrosive loads, e.g. for

incorporation
or formation

NM phases added to
coating rredium

effects
non-metals

integrated in
I metal coatings

I I

filling wids

multilayer
nanocoatings

inb!mal oxidation

NM phases forrred
dlring coating process

3 Non-metals or non-metallic (NM) phases in composite coatings
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size (the critical diameter) is between 10 and 20 nm.
Optimal work hardening will be realised if the particle
diameter is near the critical diameter for high strength
and also somewhat over the critical diameter
for sufficient toughness. The interactions between
particles and dislocations and therefore the dispersion
hardening effect will decrease if the diameter of
particles is higher than the critical diameter. For
thermodynamically stable particles their spatial distri-
bution will be preserved at higher temperatures; in
this case the particles prevent recrystallisation and
grain growth and raise the high temperature strength.

In particular the rise in strength is caused by the
interactions between the particles and dislocations.
Cutting of the particles by dislocation lines is
dominant in the case of coherent particles. If
coherence decreases, the particles are surrounded
with a coherence field which hinders the motion of
dislocations. The greatest work hardening effect will
occur if the particles are incorporated incoherently
and are harder than the matrix. Then the particles
can not be cut and must be encircled by dislocation
rings. The Orowan mechanism is valid in the range
of microelongation; at higher elongations the
obstacles are encircled by cross-slide.22

Electrochemical plating of dispersal coatings and
thermal spraying of composite coatings are currently
two of the most important techniques for fabrication
of composite coatings. Some further developments in
these processes will now be outlined.

RESULTS AND DISCUSSION
Electrochemical plating of composite coatings
The technology of electrochemical plating of compos-
ite coatings is based on two principles, First, small
particles can be dispersed in the electrolyte. They
reach the phase boundary between electrolyte and
cathode surface as a result of external, forced
convection and, probably, small electrophoresis
effects. As a consequence of migration and electro-
static effects the particles gather in the region of the
deposit, where they have to be fixed until they are
buried by the electrocrystallising matrix. Second,
bigger particles are forced to sink to the cathode

Table 1 Examples of materials used in matrix and dispersal
phases of composite coatings

Class of
material Matrix phase Dispersal phase

Metals Ni, Cu, Fe, Cr, Co, Cr, W
Ag, Au, Zn, Sn, Cd,
Pb, Pd, Al

Metal alloys NiCr, NiAg, CuNi,
CuAg, NiCrBSi,
steels

Carbides SiC, TiC, Cr3CZ' WC,
B4C, ZrC, HfC

Oxides Alz03, SiOz, TiOz,
CrZ03, ZrOz, DOz,
BeO

Boridesjnitrides Cr3BZ' TiBz, ZrBz, HfBz,
BN, B4N, TiN, AIN

Polymers PA PTFE,PE,PVC,ABS
Ceramics A1203, MgO-ZrOz,

SiC, BN, Ti-Si-C,
Ti-Ge-C

Other C Graphite, diamond, glass,
CaFz, BaS04

4 Cross-sectional micrographs of Ni-SiC coatings: lower
coating is for grinding

surface by suitable methods or they are already in a
'fixed bed' from which they become incorporated into
the growing layer.

The choice of fabrication method depends on
particle size. The dispersal method can be applied
up to particle diameters of approximately 10 ~m.
Examples of coatings with very fine and also with
coarse particles are shown in Fig. 4.

The existence of particles in the electrolyte,
especially in the region of the phase boundary,
influences the electrochemical system and therefore
the matrix structure. For instance, the crystal size
can be reduced which may result in improved
mechanical properties. The existence of particles in
the coating results in matrix work hardening, reduces
internal tensile stresses, and improves the tribological
surface properties (e.g. decreases adhesion and
friction).

Until recently particles sufficiently fine for disper-
sion hardening have not been available, but now
some sources are offering powders with diameters of
less than 100 nm. Several problems in electroplat-
ing remain to be solved. Research in nanoparticles
for the manufacture of dispersal coatings is still
developing; as an example, work is necessary on the
creation of stable suspensions and the motion of
nanoparticles to the cathode. The agglomeration of
powder particles in the electrolytic bath must be
prevented. Also particle properties such as hardness
need improvement.

Recent experimental investigations have made use
of nanoparticles for the first time. They used a special
electrolytic bath based on nickel sulphate with Si02
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and therefore dispersion hardening can not be
achieved. Alternatively, the spray powder particles
consist of dispersion hardened material. Powder
production and application of the thermal spray
process are problematic in this case.24 Another
method involves the application of reactive plasma
spraying, e.g. for the manufacture of TiC and TiN
reinforced Ti coatings,27 which is unfortunately
restricted to few applications. The following remarks
apply to the first method, especially to aluminium or
aluminium alloy composite coatings. The coatings
were sprayed by different processes.

Light metals such as aluminium or aluminium
alloys are very important for reducing construction
weights but their application is frequently limited by
their low corrosion and wear resistance and their
poor tribological properties. It is therefore necessary
to apply coatings. Aluminium composite coatings for
light metals have therefore recently generated interest.
Aluminium and AISi coatings containing hard
particles of A1203, SiC, and TiC have been investi-
gated (Fig. 7).2°,26 The content of hard particles in
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Thermal spraying of composite coatings
With thermal spraying, various composite coatings
can be produced.26 Several different methods are
available. In one technique, particles are mixed
or agglomerated with the other components of the
spray powder before or during the spray process.
Shortcomings of this process include the following:
the portions of particles in powder and coating can
be very different; the distribution of particles in the
coating may not be homogeneous; and the method
is limited to particles larger than 1 Jlm in diameter

nanoparticles of fixed diameters (100 or 500 nm;
Monospher, Merck, Darmstadt, Germany) in different
concentrations. Comparisons with Al203 and SiC
particles of diametets 5 to 10 Jlm were performed by
separate experiments. The incorporation of solid
particles in the coating was evaluated qualitatively
by image analysis. It was clear that the solid content
of the coating increased with the particle concen-
tration in the electrolytic bath (Fig. 5). Hardness and
tribological behaviour (e.g. sliding and oscillation
wear) of coatings have been improved (Fig. 6).23-25

The results of oscillation wear tests are interesting
because coatings containing monospheres show less
wear than those with alumina. It is most likely that
the reason for this is the particle form: mono spheres
are spherical whereas alumina particles are sharp
edged and therefore promote abrasive wear. It is
expected that the use of spherical nanoparticles will
lead to new and improved routes for electrochemical
plating of dispersal coatings.

a

a 50gL-1 SiOz; b 150gL-1 SiOz

5 Micrographs showing structure of Ni-Si02 coatings after
immersion in electrolytic bath

b
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100~m

9 a micrograph' showing agglomerated spray powder;
h micrograph showing structure of thermal sprayed
composite coating with carbon short fibres

(VPS) are shown in Fig. 9. The spray powder was
composed of aluminium carbon fibre agglomerates.
About 8 vol.- %C was incorporated into the coatings
(Fig. 9). The wear characteristics have already been
improved (oscillation wear reduced from 0·24 to
0·21 ~m with 4 vol._%C fibre content and to 0·17 ~m
with 8 vol._%C) and further investigations are in
progress.28

CONCLUSIONS
It can be stated that composite coatings offer
favourable options for the improvement of the
tribological properties of materials and thus make
broad application on significant scales possible.
Electrochemical plating and thermal spraying have
been shown to be important techniques for the
manufacture of composite coatings.

VPS VPS APS CDS VPS APS CDS APS CDS APS CDSbas.
maters!

7 Micrograph showing structure of thermal sprayed
composite coating

the coatings was shown to be dependent on the
particle content in the spray powder and on spray
conditions; it increased up to a limit depending on
the content in the powder.

For thermal sprayed composite coatings, it can be
shown that coating properties are improved as a
consequence of increasing the number of hard, solid
particles (Fig. 8). It is interesting that the spray
conditions can be the same as the conditions for
usual aluminium spraying; it is not necessary to use
the energy consuming Al203 spray conditions.

In different electrochemical and thermal spray
experiments the feasibility of codeposition of short
fibres instead of particles has also been investigated.
The results gained from aluminium coatings contain-
ing short carbon fibres produced by thermal spraying
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Metal Matrix Composites VI
The Royal Society, London 26-27 November 1997

Metal Matrix Composites VI is the latest in the successful biennial series of meetings covering
the manufacture, processing, and performance of MMCs. At the time of the first meeting,
these materials had only research or development status, but they are now used in commercial
quantities in sectors including automotive, aerospace and defence, railways, electronics, and
.sporting goods.

These applications depend critically on processes capable of producing components of the
required properties at acceptable cost. Wider use of MMCs depends on a detailed understand-
ing of the mechanical, thermal, and wear properties and methods of testing and specifying
these. Reinforcement-matrix interactions are also important during production and service.

These aspects will be discussed in sessions on:
• Applications: aerospace, railways, optical applications, automotive, defence
• Primary Processing: PM, plasma spraying, infiltration, semisolid processing
• Secondary Processing: forging, superplastic forming, machining, joining
• Structure-Property Relationships: including modelling
• Testing.
For further information, contact: Kathy Pearcey, Conference Department, The Institute of
Materials, 1 Carlton House Terrace, London SW1Y 5DB, UK, tel. +44 (0) 171 839 4071, fax
+44 (0) 171 8396591, email kathy_pearcey@materials.org.uk.
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