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Composite layers are capable of varying surface properties of parts over wide ranges. The galvanic route
and thermal spraying are predestined to create composite layers. Wear resistance can be realized by a
metallic matrix and nonmetallic reinforcing component that serves as a disperse phase. The goal of this
article is to report on experimental results gained from samples produced galvanically. Improved wear
resistance and hardness of the composite layers are main topics.

The thermal spray process requires more sophisticated processing techniques if the desired components
cannot be supplied by individual injectors or mechanically premixed. In cases where pneumatic material
feed (e.g., carbon short fibers) is not possible, the material supply must be achieved by agglomerated
powders containing the second phase as a constituent. Suitable agglomerated powders allow a control of
thermal decomposition of the sprayed materials by using additives as admixture to the agglomerate.
Practical examples are outlined in the article.

Composite layers additionally have to secure interface stabil-
ity and strength between the substrate and composite layer. The
importance of substrate surface treatment results from this fact.

Composite coatings are applied mainly if the demands are
high and complex. They are used either as the primary coating or
for coating repair. They bring about:
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1. Introduction

Engineering progress continuously modifies the require-
ments for construction materials. From economical and techni-*
cal points of view, surface coated parts are very promising.

An increase in strength and a binding effect (e.g., high
strength phases in an unhardened, tough matrix)

Durability and performance can be controlled widely by suitable
coatings. Examples are wear and corrosion resistant coatings.
Recently composite layers have attracted much attention due
to their outstanding properties. In general, composite layers con-
sist of, at minimum, two simultaneously existing phases, which
modify material properties in wide ranges (Fig. 1). .
These phases usually belong to different material categories,
such as metallic, inorganic-nonmetallic, or organic materials.
One of these forms is intended to form the matrix, whereas the®
second disperse phase serves as a reinforcement component.
The adhesion between the composite phases as well as betwegn
substrate and each single phase are the parameters that control
the final performance. *
Depending on the morphology of the selected reinforcement

The creation of different compositional and phase ranges,
which can absorb or scatter energy, relax stress, and divert,
catch, or bridge cracks

An improvement of tribological properties (wear reduc-
tion, friction modification)

An improvement of corrosion resistance

An improvement of thermal resistance

An enhancement of catalytic properties

An increase in porosity and roughness

An improvement of decorative effect

Production of barrier effects (e.g., thermal insulation)

Examples for matrix and dispersal materials are shown in Ta-

component (particle or fiber) the composite layer is termed patrticleple 1.

or fiber reinforced. Multilayer and nanolayer reinforcement sys-
tems are regarded as two-dimensional reinforced composites.

The incorporated particles influence coating properties in
various ways. Itis possible that they influence the material coat-

Analogous to composite materials, the properties of compos-ing structure during its growth, and conversely, their existence

ite layers are based on elemental (chemical) and structural interin the coating influences the properties. The properties of the
action of the (a) matrix phase (including internal consistency, metal matrix and the particle properties frequently complement
internal strains, etc.) with (b) disperse phases (composition, ap€ach other. The content, distribution, shape, size, and hardness
pearance, volume content, etc.) by (c) interfacial zones betweerdf hard particles and properties of the matrix cause the improved
reinforcement components and matrix created during the coat-strength and wear behavior of coatings.

ing process or induced by thermal posttreatments. It can be seen from the theory of dispersion hardening that to
achieve a hardness as high as possible, small, hard, and evenly
B. Wielage,S. SteinhauserandA. Henker, Institute for Composite formed particles in fine distribution must be incorporated in the
Materials, Technical University Chemnitz, Sitz des Lehrstuhles, Er- coating. The most favorable particle size (the critical diameter)
fenschlager Str. 73, D-01925, Germany. should be between 10 and 20 nm (Ref 2). The optimal work
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hardening can be achieved if the real particle diameter is similarthan the matrix. Then the particles cannot be cut and must be €
to the critical diameter for a high strength, and the particle di- circled by forming dislocation rings. The Orowan mechanism ig
ameter is slightly above the critical diameter to gain a sufficient valid in the range of microelongation; the obstacles are encircle
toughness. The interaction components between particles anét higher elongations by cross slide (Ref 2).
dislocations will decrease, and, therefore, the dispersion harden-  QOptions of incorporation or in situ forming of a disperse
ing effect will decrease as well, if the diameter of particles is phase within a matrix (one or more processing steps) are o
higher than the critical diameter. If the particles are thermody- jined by the example of nonmetallic phases within a metallic
namically stable, their distribution degree will also be preserved matrix used for the coating (Fig. 2). Figure 3 shows various proc
at higher temperatures. In this case the particles impede recrysasses suitable to fabricate composite layers and posttreatments.
tallization and grain growth and raise the high temperature  gjectrochemical plating of dispersal coatings and the therme
strength. _ _ _ _ ___spraying of composite coatings are presently among the mo
The increase in strength, particularly, is based on |nteract|on51mportant manufacturing techniques for composite coatings

betvx_/een th_e pa!”ic'e_s and '_[he dislocations. A (_:utting of partiCIF"SRecent developments are introduced in the following section.
by dislocation lines is dominant at coherently incorporated par-

ticles in the matrix material. If the coherence decreases, the par-

ticles are surrounded by a coherence field that hinderso Electrochemical Plating of Composite
dislocation motion. The greatest work hardening effect will oc- Coatings (Dispersal Coatings)

cur if the particles are incorporated incoherently and are harder
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Technological fabrication can occur according to two basi

[ base material ] [ composite coatin g ] principle_s: . . . .
The first method involves small particles that are dispersed i

the electrolyte. They arrive at the phase boundary electra
lyte/cathode surface as a result of external, forced convectio
and, probably due to small electrophoresis effects. As a cons
quence of migration and electrostatic effects, the particles mo

Table 1 Materials used within composites

dispersed phase .
Matrix materials

* | i .
+ looramics) o Darietes Metals (e.g., Ni, Cu, Fe, Cr, Co, Ag, Au, Zn, Sn, Cd, Pb, Pd, Al)
Metal alloys (e.g. , NiCr, NiAg, CuNi, CuAg, NiCrBSi, steel alloys)

¢ (polymers) short fibres)
Polymers (e.g., PA)
Ceramics (e.g. , AD3, MgO x ZrO,, SiC, BN, g, Ti-Si-C, Ti-Ge-C)
Carbon
( Interface ] Dispersal materials
influences: Carbides (e.g., SiC, TiC, £2,, WC, B,C, ZrC, HfC)
T Oxides (e.g. , A, Si0,, TiO,, Cr,03, Zr0,, UG,, BeO)
# transmission of stresses Borides and nitrides (e.g., 4B, TiB,, ZrB,, HB,, BN, BN, TiN, AIN)
@ reduction of internal stresses Diamond
* fo_rmatlon or extension of Graphite, M0§
micro cracks and other Polymers (e.g., polytetrafluoroethylene, polyethylene, polyvinyl chloride,
instabilities acrylonitride-butadiene-styrene)
. . . . Metals (e.g., Cr, W)
Fig. 1 Schematic of a composite coating (Ref 1) Others (e.g., glass, CaBaSQ)
incorporation
o« formation Poaadsilities of Manulasclure
NM-phases are added to I )
. in the coating medium Electrochemical Plating Therml §priying
formaton of || jprases e ormed 1 Elecirainns [T Fiiams Te——
the coati Frativeg phiresd ‘W lding Welding
L| a e TN e — I
nonmetals L T L T L L T
B after‘the __-— o integrated in - effects A p— e
-—J internal oxidation F metal coatings
L H Additional Traabmeni
—{ multilayer '— .l |‘
by means h desirable undesirable Hﬁd Irﬂﬂ'l.mm'l't Thisr miochamiical Luir_l Em.
f . _— hanocoatings Mml“l':.m
e Pty TR et
L e esenzeation
Fig. 2 Nonmetals or nonmetallic phases in metal coating. (NM, non- Fig. 3 Possibilities of manufacture and additional treatment of com-
metallic) posite coatings
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to a location near the surface where they can be deposited. Theticles to the cathode. The agglomeration of powder particles in
must remain in this vicinity for a sufficiently long time until they the electrolytic bath must also be prevented. It should be noted
become incorporated in the matrix. The second method uses bigthat all properties of particles (e.g., hardness) are optimized.
ger particles that must be able to sink to the cathode surface by The experimental investigations were carried out with an
suitable technical methods, or they are in a fixed bed and be-<lectrolytic bath of nickel sulphate with Si@anoparticles
come incorporated in the growing layer. Use of one method or(Monospher, Merck Company, Darmstadt, Germany) rather
another depends on particle size and technical equipment. Théhan with ALOz and SiC particles (Fig. 6).
dispersal method can be applied up to particle diameters of 10 The hardness and the tribological behavior have been im-
um (perhaps more than 10n). It is possible to produce coat- proved. The portion of hard particles in the electrolytic bath and
ings with very fine and coarse patrticles (Fig. 4 and 5). the portion of particles in the coating are different. Usually the
The existence of particles in the electrolyte, especially in the concentration of particles in the electrolyte is higher than in the
region of the phase boundary, influences the electrochemicalcoating. The solid incorporation in the coating should be evalu-
system and therefore, the material structure of the coating maated only qualitatively. Itwas also clear that the solid content of the
trix. For instance the crystal size can be reduced. This causes agoating increases with the content in the electrolytic bath. The mi-
improvement of mechanical properties. The existence of parti- crohardness and scratch energy density (the resistance against abra-
cles in the coating induces matrix work hardening, reduces thesive wear) also increased (Fig. 7) (Ref 4, 5). The sliding wear and
internal tensile stresses, and improves the tribological surfacescillation wear behavior could be improved (Fig. 8 and 9).
properties (e.g., decrease of adhesion and friction). The results of oscillation wear behavior show that the behav-
Although particles of less than 100 nm diameter are avail- ior of coatings with monospheres is better than the behavior of
able, many problems must be solved. However, with regard toc0atings with alumina. It is most likely that the reason is found
electroplating, research in the field of nanoparticles for the ap-n the particle form. The monospheres are spherical in form, but
plication in dispersal coatings is necessary for the creation of ath® alumina particles have a sharp-edged morphology and,

stable suspension or a system that permits migration of nanopartherefore, promote abrasive wear. It has been proven that the
spherical nanopatrticles can open new and favorable possibilities

in the electrochemical plating of dispersal coatings.
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Fig. 5 Micrograph of a Ni-SiC composite coating for grinding
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Fig. 6 Scanning electron micrograph showing the grain structure of )
an Ni-SiQ coating. Nano-Si@particles were in the cavities. Fig. 7 Microhardness of nickel dispersal coatings (Ref 3)
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3. Thermal Spraying of Composite plication frequently is limited by their low corrosion and wear
Coatings resistance and their poor sliding properties. Aluminum compos
ite coatings gained much interest as elements of lightweig
Various composite coatings can be produced with thermal construction. This article investigates aluminum and aluminum
spraying (e.g., vacuum plasma spraying) (Ref 6). Different silicon coatings with hard particles of 8lz, SiC, and TiC (Ref
routes are possible. Particles are mixed or agglomerated with th@, 8). The components were mixed mechanically before co
other components of spray powder before or during the spraymencing the thermal spraying process. As a result, the content
process. Problems in this case may be, for example, the portiorhard particles in the coating depends on the amount of particlé
of particles in the powder and in the coating are very different, orin the spray powder and on spray conditions. The fraction g
the distribution of particles in the coating may be uneven. It is hard particles that can be incorporated by this show a saturati
not possible to use small particles (less tham}, and, there-  limit.
fore, the dispersion hardening cannot be reached. The thermal sprayed composite coatings indicated that t
An alternative method is to form spray powder particles that coating properties are improved as a consequence of the amo
consist of the dispersion hardened material. The problems withof hard, solid particles, for example, a rise in hardness or we
this method are at powder production and processibility at theresistance. Itis interesting that spray conditions can be the sa
thermal spray process (Ref 4). as conditions for aluminum spraying, and it is not necessary
The third method is the application of reactive plasma spray- use the energy intensive &8s spray conditions (Fig. 10).
ing, for example, for the manufacture of TiC and TiN reinforced It was found that increased plasma energy caused melting
titanium coatings (Ref 6). a-alumina particles and improved adhesion between lamellg
A strong focus in research now is on aluminum or aluminum- particles and the matrix but also a partial conversion-alu-
alloys composite coatings angl$jcoatings. mina into less abrasion resistgrdlumina.
Light metals such as aluminum or aluminum alloys are very ~ Fabrication of carbon short fiber reinforced aluminum
important for the reduction of construction weight. But their ap- coatings by thermal spraying is successful as long as fibe
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] Fig. 9 Oscillation wear behavior of nickel dispersal coatings (Ref 3)
Fig. 8 Sliding wear behavior of nickel dispersal coatings (Ref 3)
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Fig. 10 Micrographs showing the structure of different thermal sprayed s#DAtomposite coatings (Ref 7) spray conditions of (gyland (b)
aluminum
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Fig. 11 Micrograph (Ref 9) showing an agglomerated spray powder Fig. 12 Micrograph showing a §m4conta|n|ng spray powder particle
particle consisting of aluminum with carbon short fibers (Fraunhofer Institute for Ceramic Technologies and Sintering Materials)

and aluminum powder form agglomerates that feed and permit  Ed., DGM Informationsgesellschaft mbH Oberursel, Germany, 1995,

efficient spraying (Fig. 11). Mechanical mixing alone is not suf- p 11-22, andater. wiss. Werkst. tech/l 26, 1995, p 608- 614
ficient. Optimized spraying conditions create coatings of low 2. W. Schatt|ntroduction to the Material SciencBeutscher Verlag fur
porosity and fiber contents of approximately 8 wt%. Grundstoffindustrie Leipzig, Germany, 1984, p 345-348

The thermal spraying of silicon nitride containing coatings 3. C.Weber, “Investigations for the Influence of Size of Particles on Prop-
requires special powders securing intimate adhesion of silicon  erties of Electrolytically Deposited Dispersal Coatings,” Dissertation,
nitride particles with one of the matrix components (Fig. 12). Technical University Chemnitz, Germany, 1993

4. S. Steinhauser and B. Wielage, Characterization of Wear Protective
Coatings, Conference Proceedings, Thermal Spraying—Current
4. Conclusions Status and Future Trend&, Ohmori, Ed., High Temperature Society
of Japan, Osaka, 1995, p 693-697

The following conclusions can be drawn: 5. G. Schmidt and S. Steinhauser, Characterization of Wear Protective

Electrochemical plating and thermal spraying are very suit- CoatingsTribol. Int., Vol 29 (No. 3), 1996, p 207-213
able techniques for creating composite coatings. Their main ad-

; . . . . 6. E. Lugscheider, U. Miller, and P. Jokiel, Material Synthesis Using Re-
vantages are superior tribological properties of materials, and

actively Plasma Sprayin§roceedings of Composite Materials and

thus they open a wide field of technological applications. Materials Compoundss. Leonhardt et al., Ed., DGM Informations-
gesellschaft mbH Oberursel, Germany, 1993, p 699-706
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