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Today, intricate problems of surface treatment can be solved through precision cladding using advanced
laser technology. Metallic and carbide coatings have been produced with high-power lasers for years,
and current investigations show that laser cladding is also a promising technique for the production of
dense and precisely localized ceramic layers. In the present work, powders based opQ and ZrO,
were used to clad aluminum and titanium light alloys. The compact layers are up to 1 mm thick and show
a nonporous cast structure as well as a homogeneous network of vertical cracks. The high adhesive
strength is due to several chemical and mechanical bonding mechanisms and can exceed that of plasma-
sprayed coatings. Compared to thermal spray techniques, the material deposition is strictly focused onto
small functional areas of the workpiece. Thus, being a precision technique, laser cladding is not recom-
mended for large-area coatings. Examples of applications are turbine components and filigree parts of
pump casings.

manufacturing, and precision treatment. In the relatively few
publications dealing with the application of this method for the
production of ceramic layers, steel was named for the most part
) as the substrate material (Ref 9-11), although a few references
1. Introduction were made to the use of other alloys (Ref 12). Because of the in-
creased use of aluminum and titanium alloys, especially in the

New lightweight material applications in the automotive and tation industry. the i tigati fth derlvi
aircraft industries require advanced materials and techniquesfoFranSpor ation industry, the investigations ot the underlying re-
search project were performed using these substrate materials.

surface protection of the related components. For this purpose,
oxide ceramics are of special interest because of their low spe-

cific weight, low thermal conductivity, high chemical stability 2. Laser Technique
(especially at high temperatures), and good tribological proper-—"
ties. Plasma spraying is widely used in industry for the produc-  The principle of laser cladding is shown in Fig. 1. The proc-
tion of ceramic protection layers on light metals. This technique ess is carried out by blowing the ceramic powder into the laser-

has been intensively developed during the last decades and igenerated melt pool on the surface. While passing the laser
many cases provides the only means to meet the requirements

for the surface properties.

However, the applications of thermal spraying are limited by
the typical layer porosity, the restricted adhesive strength, and| |
the inability to localize the coatings precisely (Ref 1-3). During
subsequent laser densification of plasma-sprayed ceramic lay:
ers, it is difficult to avoid the creation of stress-dependent, un-
controllable cracks (Ref 4-7). In addition, this multistep process
is not favorable with respect to fabrication and cost. The goal of ~aser beam
the present work, therefore, was to develop the technique of one
step laser cladding with dynamic powder feed as a possible ex:
tension of the present spray technologies. Particular attentior
has been paid to the production of compact and dense layer:
with a higher adhesive strength and a more precise localizatior
of the coating.

Currently laser deposition welding (cladding) is being used
successfully to coat steel and other metallic materials with metal
alloys, which can be reinforced with coarse-grained carbide par-
ticles (Ref 8). The fields of application are wear protection, re- HAZ
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beam, the powder is heated, but it only melts completely inthe4. Characterization of the Ceramic
melt pool. In addition, well-controlled substrate fusing is an im- Coatings

portant precondition for obtaining a high adhesive strength.
Heating and melting of the substrate proceed mainly by thermal
conduction from the ceramic melt. The degree of substrate melt-4.1 Structure

ing can be controlled by the laser energy input, the interaction . .
d y gy np Al,0Oz-Based and ZrO,-Based Ceramics on AISil0Mg.

time of the laser beam with the material, and the lifetime of the ; :
melt The layers produced by laser cladding (Fig. 2) have a smoo
] surface and a parameter-dependent thickness of 0.1 to 1.0 m

Cooling and solidification of the ceramic-metal compound . - -
proceed by heat conduction into the cool substrate volume. TheThe ALOSTIO, (87/13) coatings eXh'p't adense, pore-_free cas
cooling rates are not as high as during plasma spraying. structure and regularly formed vertical cracks, making the

Single tracks with a width of 1.5 to 3 mm are produced. suitable for therr.nomechanlcal.loadmg (Fig. 3_)'
) 8 X-ray diffraction and scanning electron microscopy (SEM)
Wider surface zones are clad by overlapping these tracks.

. S . with energy dispersive x-ray analysis (EDXA) were used to ana
For the present investigations, a 6 kW @Ontinuous-wave lyze the ceramic coatings. From the x-ray pattern, the main co

laser was used as the beam source. The characteristic WaVeSonent of the coatings was found taobal ,03 (corundum), the
length of 10.6um leads to an absorption coefficient of more than '

90% for the ceramic melt. In this way, the laser energy is effi-
ciently used for melting the ceramic powder completely, and the
requirement of limited fusion of the base material can be ful-
filled more easily. The process parameters were varied over &
wide range in order to respond to the behavior of the different
materials, to produce layers of different shapes, and to deter
mine the effects of the different parameters. As a result, the fol-
lowing limits of the main process parameters were found: laser
beam power of 500 to 2000 W, cladding speed of 150 to 600
mm/min, powder feed rate of 4 to 12 g/min, and track overlap
degree of 15 to 50%.

For the powder supply, a double-hopper powder feeder,
based on a plasma spray device and optimized for laser cladding
was used. Two powder components, independently fed by this
feeder system, were pneumatically mixed in a cyclone mixing
head and led through a nozzle into the melt pool.

POMBINSY 1894

3. Materials

As substrate materials, the alloys AlSilOMg and TiAl6V4
were chosen because of their increasing importance in the auto
motive and aircraft industries. The ceramic powders used are Fig. 2 Al,03/TiO2 layers on an AlSi10Mg sample
listed in Table 1. AlO3; was selected as the main ceramic com-
ponent due to its high wear resistance, low price, and chemica
similarity to the aluminum substrates. Mullite and Ji&ldi-
tions, as well as a mixture of A3 and ZrQ-Y 03, were used
due to their improved flow and wetting and toughness proper-
ties. In addition, Zr@Y ,0s, widely used for the production of
thermal barrier coatings, were included in the investigations.

The following discussion focuses on the@/TiO, system
deposited onto AlSi10Mg because of its highly advanced state of
development. Comparisons to other material systems will be made

Table1 Composition and grain size of the powders

Material Composition, wt% Grain size,ym

Al,Oq3 45-90

Al,O4/TiO, 87/13 45-75

Al,O05/Mullite(a) 75/25 38-90

ZrO,lY ;04 93/7 45-90

Al ZoderZ-Y203 84/16 45-90 T Amm

(a) Mullite = 70% ApO3 + 30% SIQ Fig. 3 Al,0O3/TiO2 on AISil0Mg. Cross section of overlapping

tracks
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chemically most stable and hardest modification f2Al The Using pure AJO3 powder, layers with a thickness of 50 to
formation ofa-Al O3 illustrates an advantage of these coatings 300 um could be produced, which, however, partly exhibit
over plasma-sprayed coatings because plasma-sprayed coating®onding defects as well as transcrystalline and intercrystalline
always contain a certain amount of metastg#é,03. cracks. The layer structure can be described as compact and al-
Scanning electron micrographs reveal a dendritic solidifica- most free of pores and precipitate. The use of a linear beam pro-
tion structure with differently orientated dendrites. In the inter- file improved the uniformity of the track geometry, yet it led at
dendritic areas between the 8k dendrites, a titanium-rich  firstto lower layer thicknesses and problems with track overlap-
phase was detected by EDXA (see Fig. 4). This phase might conping. Therefore, after grinding, a sufficiently thick and uniform
sist of AbLTiOs. According to the phase diagram (Ref 13), layer could not be guaranteed. However, enough potential for
Al,TiOs only exists at high temperatures. However, because offurther parameter and beam variations remains that further in-
the relatively high cooling rates, the solidification is a nonequili- vestigations will be made with AD3.
brium process and this phase can also be found at room tempera- Zirconia and mullite additions to AD3 powder proved to be
ture. The titanium-depleted zone at the coating/substrateunsuitable. The produced layers have numerous cracks and
interface is determined by the solidification kinetics (Fig. 5). bonding defects, as well as a very uneven geometry, especially
Good bonding to the substrate is in large part due to a chemiwith overlapping tracks.
cal bond between AD3 and the aluminum alloy. The bond- Cladding with ,03-stabilized ZrQ led to tracks with a uni-
ing defects that still occur are often only a local clustering of form geometry, but the layers show a clear tendency to form
small, porelike defects at the interface. Their formation could horizontal cracks close to the substrate interface. This phenome-
possibly result from the formation of suboxides or shrinkage non, which has a negative effect on the adhesive strength, is ob-
effects. viously a result of the brittleness and very high melting
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Fig. 5 Titanium-depleted interface zone between ceramic coating
and AlSi1l0Mg-substrate
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Fig. 6 Al203/TiO2on TiAl6V4. Cross section of overlapping tracks Fig. 7 Diffusion zone between coating and TiAl6V4 substrate
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temperature of Zr@and the related and unfavorable residual ings failed almost without exception at the bond zone betwee
stress state after solidification. On the other hand, a markedthe ceramic and the metal.
chemical reaction between the layer and the aluminum substrate The reasonfor the lower values dhe laser-generated ZsO
material takes place, which leads to the formation of several dif-and ALO3 coatings are the partly strosggmentation, the pres-
ferent phases. From this, an improvement of the adhesion is to bence of horizontally extending cracks, and the partial formatio
expected. of pores close to the adhesion region.
Al,O4/TiO, (87/13) on TiAl6V4.The ceramic coatings ob-

tained are 0.5to 1.1 mm thick and well bonded to the base metal. o
They are dense and show a good uniformity and a homogeneou®. Finishing
network of vertical cracks (Fig. 6). Single tracks are less suscep- -

Planar grinding was performed successfully on the

tible to crack formation. A high-melting metallic bond coat was - .

. ; ; Al,O4/TiO; layers. The surfaces could be levelly ground with a
used to obtain a high adhesive strength for the bond between the; 2 - . . ! .
ceramic and the titanium alloy substrate. The bonding mecha-?jlamond disc without spalling or other undesired accompanyin

nisms are mainly based on chemical interactions. The interfacihenomena' Thus, it is expected that there would be no pro

between the ceramic and the base metal is marked by a diffusio ems with respect to the workability of the_ coated samples an
zone (Fig. 7). Isolated bonding defects, which occur in the form parts. After grinding, a regular network of fine, process-depend

of thin cracks at the interface, are a result of shrinkage effects. ent cracks could be observed on the sample surfaces.

4.2 Hardness layer

The hardness (average of ten measurements) of the oxide ce-
ramic layers is listed in Table 2. The values of thgdalbased
coatings lie in the typical range for this type of ceramics, be- F F
tween 1800 and 2000 HVO0.1. Itis noticeable that the layer hard-
ness decreases with increasing J@Ontent in the powder, as is
known to be the case for plasma-sprayed layers (Ref 14). As ex-
pected, the hardness value of the ZW¥Q03 coatings ap-
proaches that of compact Zg@eramics (1600 HVO0.1).

4.3 Adhesive Strength

The adhesive strength of the ceramic-aluminum bond was in-
vestigated with a specially developed adhesion test apparatus
(Fig. 8), and the results were compared with those of plasma-
sprayed layers of comparable compositions. For each coating
material, six tests were used to find the stated averages. As
shown in Fig. 9, the results of the laser-coated samples have a
clear dependency on the type of ceramic coating. The highest
values are achieved with the layers made froOAITiO,,
whereby the layer with the higher Ti©ontent exhibits a better
adhesive strength. The corresponding values are nearly 2.5
times higher than values for the plasma-sprayed layers. The F
fracture behavior was characterized by the fact that the surface
of the test specimens was still partly or completely coated with
the ceramic after fracture. Since the fracture took place at these
points in the coatings, the measured values reflect the fracture

Fig. 8 Sample geometry and principle of the adhesion test

strength of the coatings. In contrast, the plasma-sprayed coat adhesie strength [MFa)

Table 2 Powder composition and hardness of the coatings o

Coating Composition, Hardness L

material wt% Type HVO.1 1

Al,04 2000 = ey
AlL,O4[TIO, 93/7 Mixed powder 2000 m D WPl
AlL,O4TIO, 88/12 Mixed powder 1850 et

AlL,O4[TIO, 87/13 Composite powder 1900

AlLOJTIO, 55/45  Composite powder plus GO 1400 -

AI203/MuIIite 75/25 Mi_xed powder 1900 a Ry & Vol [Ty WDy« Tih  BleDy 4+ Tich  BAih & Yo b < THOs
Al,04/(ZrO,-Y ,03) 84/16 Mixed powder 1900 LR L] e e T
Zr05Y,03 93/7 Composite powder 1600

Fig. 9 Results of the adhesion investigation
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6. Conclusions

Recently, laser cladding with dynamic powder feed has been
successfully applied to produce dense ceramic coatings on com-5.

4.

monly used aluminum and titanium alloys. The best results were

achieved with an AlDy/TiO, composite powder. Layers in this

material have a compact and nonporous cast structure and a highs.

adhesive strength with respect to the substrate material. The

main component of the coatings was found tai#d ,03. The
interdendritic areas mainly consist obAIOs. The thickness of
the even and precisely localized coatings is up to 1 mm.

The laser technique is also suitable for the production of
dense Zr@Y 03 coatings. However, the presence of horizontal
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cracks decreases the adhesive strength and makes further inves-

tigations to optimize the cladding parameters necessary.

Finish machining can be performed easily by grinding with a
diamond disc. This new cladding method is being developed for
the surface protection of complex loaded components of auto- 1

mobile and plane engines.
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