
Journal of Industrial Technology 3 (2), 1993, 21-33 

VALIDATION AND REALIZATION OF ADVANCED ALUMINIUM 
ALLOY COATINGS BY THERMAL SPRAYING PROCESS 

Kang Song Seng* and Dubois Jean-Marie 

Laboratoire de Science et ·Genie des Materiaux Metalliques (CNRS URA 159), 
Ecole des Mines, Pare de Saurupt, F-54042 Nancy Cedex, France. 

(Received 18 December 1992/ Accepted 2 September 1993) 

RINGKASAN : Proses tentang cara penggunaan aloi aluminium baru yang 

menggunakan kaedah sembur-salut secara terma dibincangkan. Aluminium yang 

mengandungi bahan aloi tinggi dipilih sebagai bahan penyalut untuk melindungi 

substrat lembut daripada terkena geseran, pelelasan dan sebagainya. Ciri-ciri 

berfaedah seperti · kekerasan tinggi dan pekali geseran yang rendah terdapat 

pada aloi baru ini. Struktur atom aloi boleh wujud dalam bentuk kuasi-hablur 

danlatau hablur. Jika berbentuk hablur, strukturnya mempunyai kaitan yang rapat 

dengan struktur kuasi-hablur. 

ABSTRACT: A process on how to apply new aluminium alloys by thermal spray 

coating is discussed. Aluminium-based high alloying compositions were selected 

as coating materials to protect soft substrates against friction, abrasion and 

others. The beneficial properties of these new alloys are its high hardness and 
low friction coefficient. The atomic structures of the alloys are either quasi

crystalline and/or crystalline, and in the latter case the structures 'obtained have 

a close structural relation with quasi-crystals. 

KEYWORDS: Thermal spraying process, aluminium alloys, quasi-crystals, structural 
analysis, substrate, thermal stability, hardness, friction coefficient, porosity, 

compression testing. 
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INTRODUCTION 

Coating of preformed or semi-finished components is one of the most rapidly growing 
areas of scientific development in this century (American Society for Metals, 1982). 

The need for materials and processes to improve wear, corrosion resistance, conductivity·, 
absorption and formability is a major challenge. Metallic coatings are normally applied 
by hot-dipping, cementation, mechanical cladding, electroplating, condensation of metal 

vapour and metal spraying. This paper initially introduces a process on how to 

apply aluminium-based quasi-crystalline alloys as coating materials by the thermal 

metal spraying technique to protect soft substrates against friction, abrasion and 
others. Results from mechanical testings of bulk and coated samples will also be 
reported. 

Quasi-crystals generally exist in aluminium-based high alloying compositions. T-helr 

structures are not fully understood within the classical crystallographic rules. It is 
established that quasi-periodic structures have long-range orientational order but lack 

translational periodicity. Icosahedral and decagonal phases are the two more common 
quasi-crystals that have been identified. The icosahedral phase is a three dimensional 

quasi-crystal. Typical examples are the metastable icosahedral Al-Mn (Shechtmari 
et al., 1984) and the thermodynamically stable icosahedral Al-Cu-Fe phases (Tsai 

et al., 1987). On the other hand, the decagonal quasi-crystal is a two dimensional 
quasi-crystal whose structure is periodic in the third dimension. Typical examples 
are the metastable decagonal Al-Mn (Bendersky, 1985) and AI-Cu-Fe-Cr-(Si) phases 

(Dong and Dubois, 1991 ). Most of the quasi-crystals are metastable at room temperature. 

They transform to their approximant phases after slow cooling or a certain heat 
treatment. Approximant structures are crystals which show reciprocal space scattering 
patterns that are reminiscent of true quasi-crystals (Audier and Guyot, 1990; Dong 
et al., 1992; Kang and Dubois, 1992a}. 

It has been pointed out that apart from its good resistance against oxidation, the 
Al-Li-Cu icosahedral phase was found to be extremely brittle and of no practical 
usefulness (Saintfort and Dubost, 1988). In certain stainless steels (Sidhom and _ 

Portier, 1989), quasi-crystalline precipitates seem to cause the initiation of cracks, 

and may therefore jeopardize the safety of vessels or assemblages made of these 
alloys. Recently, beneficial physico-chemical properties were reported, for example 
the low thermal diffusivity of several aluminium-based quasi-crystalline and related 

crystalline alloys as compared to conventional metallic alloys (Dubois et al., 1993) 
and favourable chemical resistance of AI-Cu-Fe-(Cr) alloys against corrosion media 
within the pH range of 2-13 (Massiani et al., 1993; Dubois et al., 1993). At high 
temperatures, at approximately half of the melting point, quasi-crystalline materials 
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are plastically deformable (Shibuya et al., 1990; Bresson et al., 1991; Kang and 
Dubois, 1992b). Conversely, at low temperatures, most of the quasi-crystals show 
higher degree of hardness (Saintfort and Dubost, 1988; Kang and Dubois, 1992b) 
and low friction coefficients (Dubois et al., 1991 ; Wittmann et al., 1991; Kang et al., 
1993). These advantageous features have been exploited successfully to improve 
the wear resistance of soft materials such as classical aluminium-based alloys and 
low carbon steels, by deposition of quasi-crystalline materials on the surface of those 
alloys Dubois et al., 1991. 

MATERIALS AND METHODS 

Three highly alloyed aluminium compositions Al65Cu20Fe15, Al62_5Cu18_5Fe8Cr8Si3 and 
Al61Cu9Fe10_5Cr10_5Si3 (%), alloys A, Band C respectively, were prepared by induction 
melting of pure elements under argon atmosphere. They were then transformed into 
metal powders by employing a mechanical method. Powders of mesh size between 
20-75 µm were used to coat the aluminium alloy AU4G and low-carbon steel substrates. 

Three types of thermal spraying techniques were selected: 

a) Plasma Spray (P), SNMI PS2G type. The plasma was generated in an Ar/H2 

stream by an electric generator operating at 22 kW. The powder mass flow 
was fixed at 3 kg min-1• 

b) Flame Spray (F), METCO Thermospray SP type blowtorch with combustible gas 
H/02 as the heat resource to melt the powder. Additional protection (N/H2) 

was installed to prevent oxidation of the coating during deposition. 

c) Supersonic Spray (S), JET KOTE II type blowtorch, with continuous internal 
combustion of 0 2-propane, which is capable of producing a high velocity exhaust 
jet steam. The powders were injected into the pressurized gas stream towards 
the part to be coated. Particle velocities ranged from 550-790 m s·1• 

Quantitative chemical profiles were obtained by means of an Electron Probe Micro 
Analyser (EPMA) while Transmission Electron Microscopy (TEM) and X-ray Diffractometry 
(XRD) P•co = 1.7889A) were used to investigate the crystallography. The porosity 
in the coating of the deposited materials were studied using image analysis. The 
mechanical properties of the composite coating/substrate and the bulk samples were 
characterized by scratch tests, Vickers microhardness tests and compression tests. 
These tests were chosen for its statistically reliable data on friction coefficient, scratch 
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hardness and wear damage. For the constant loading scratch test, a Brinell ball 
100C6 (AISI 52100) steel indenter with radius R, 0.79 mm and standard Rockwell 
C diamond indenter with cone angle 120° and tip radius R, 0.2 mm were used. The 
microhardness tests were carried out at 0.03kg. The compression tests at room 
temperature and high temperature were made on lnstron machines; model 1185 and 
model TI-CM-L respectively, with a crosshead speed of 50 µm min-1• Thermal stability 
of the alloys were monitored by Differential Scanning Calorimetry (DSC), with controlled 
heating and cooling rates, 5°C min-1• 

Process for validating and realizing quasi-crystalline coatings by thermal spraying 

The main drawback of using quasi-crystals for mechanical applications is their brittleness 
which limits their use as bulk materials. This drawback is however, overcome to a 
very large extent by the coating processes. The selected alloys were crushed and 
grounded mechanically to a powder form. Prior to coating, grid blasting was applied 
to prepare the surface for coating. The roughening cleans the surface from contamination 
that may inhibit coating to substrate bonding and ensures a good mechanical bonding 
of the composite materials. The coatings are applied by powder thermal spraying 
methods. These methods were chosen because they permit thicker coating compared 
to other techniques such as the physical vapour deposition. Furthermore, the quasi
crystalline alloys are inherently brittle thus making the preparation of the powder 
materials easy by the mechanical method. 

Metallurgical properties of the materials were characterized at as-cast state and the 
states after powder production and coating processes. Quality control on physico
chemical properties was carried out on ingot and coating materials at every stage 
of the process. 

The quality of coatings do not entirely depend on the powder materials chosen and 
the substrate preparation, but also on the coating process parameters. Typical porosities 
of the F, P and S coatings are about 15, 12 and 5% in volume, respectively. Results 
obtained from structural analysis and mechanical tests will be presented in the following 
sections. 
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Figure 1 shows the flow chart of the process for validation and realizing quasi
crystalline coatings by thermal spraying. 

Heat treatment 
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Supersonic spraying 
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Figure 1. Flow chart of process for validating and realizing quasi-crystalline 
coatings by thermal spraying. 
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RESULTS AND DISCUSSION 

Structure Analysis 

The structure of the quasi-crystalline alloys was found to be sensitive to the cooling 
rates during sample preparation. An almost single decagonal phase or an almost 
single icosahedral phase was obtained from Alloy B, depending on whether a low 
or high cooling rate was performed, respectively. Very often, the materials consisted -
of a mixture of quasi-crystals and crystalline phases. 

The Alloy A contains a mixture of various proportion of fee-icosahedral 
phase (Tsai et al., 1987J (Figure 2), cubic C-phase and monoclinic Al13Fe4 phase. 
Coatings produced by mett1ods S and F contain approximately 35% of the icosahedral 
phase, with the balance, a mixture of the C and Al13Fe4 phases. 

Figure 2. ( a) Electron diffraction and 
(b) Kikurchi line patterns of the icosahedral Al-Cu-Fe phase taken 

along 5-fold axis. 

The initial structure of Alloy B contains two major phases; one decagonal-like phase 
and the other a cubic C-phase (Figure 3). As obtained by optical image analysis, 
21 vol% of the C-phase co-exists in eutectic morphology with the decagonal-like phase 
(Figure 4). Electron diffraction studies of the decagonal-like phase demonstrates that 
the structure is a mixture of orthorhombic phases, namely the 0 1 (Dong et al., 1992), 
Q (Kang and Dubois, 1992a) and I: (Kang et al., 1992) phases. After flame spray 

coating, alloy B contains about 30% of the primitive icosahedral phase (Dong and 
Dubois, 1991 ), the balance made up of decagonal phase or its orthorhombic micro
crystalline approximants. A small amount of Alp3-like y-oxide with composition 
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Al29Cu2Fe1_5Cr4_50 57 has also been detected (Figure 3), the formation of which could 
not be fully . avoided at the present state of the art or when using technique F. 

20 40 60 290 80 100 120 

Figure 3. X-ray powder diffraction patterns of the Al625Cu185Fe8Cr8Si3 alloy 
a) as-cast sample 
b) coating sample obtained by the flame F-spraying technique 

b) after compression at BO(J'C 
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Alloy C composition was obtained by quantitative analysis carried out on the decagonal
like phase of alloy B. The initial structure contains an almost single decagonal-like 
phase. However, after coating, by the plasma spraying method, it contained an almost 
pure primitive icosahedral phase (Kang et al., 1992). 

Vickers Microhardness and Sclerometric Tests 

Unlike the localized and microscopic measurement of the Vickers microhardness test, 
scratch testing takes a macroscopic approach. It allows the measure of friction 
coefficient, µ the ratio between detected force, F1 and applied load, F N" These parameters 
are required to study the damage mechanisms of two contacting bodies and to 
characterize the scratch hardness, Hs over the distance covered by the indenter. 
The scratch hardness is defined as: 

Hs FJA = 2 FJ7t (U2)2 

where; 
A = apparent surface 
L width of scratch track 

F N applied load 

Ingot Materials 

The Alloys A, B and C used for the coating are found to possess rather high degree 

of hardness (Figure 5). Their average microhardness and dynamic hardness range 

from 5.2-7.0 GPa and 6.0-6.6 GPa, respectively. They are about 2.5-10 and 4-9 

times harder than their substrate materials of ordinary steel and AU4G, respectively, 

while the average friction coefficients of the bulk alloys are about 3-4 times lower 

than the average values measured on the classical aluminium alloy AU4G 

(Table 1). 

Coating Materials 

The coating materials showed approximately the same microhardness as the as-cast 

specimens. However, it showed lower dynamic hardness, due to their inherent porosity, 

than that of as-cast specimens (Table 2). For example, the as-cast specimen of Alloy 

B has Hs, 6.6 GPa whereas the coating has only about 2.8 GPa (2.4 times smaller). 

However, on comparing the coating properties (Hs,2.8 GPa; µaverage' 0.2) to the substrate 

AU4G (Hs,0.7 GPa; µ, 0.55), the advantages (i.e. low friction coefficient and relatively 

high hardness) of quasi-crystalline alloys as coating materials are clear. 
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Figure 5. Optical image showing Vickers indentations produced on the cross-section of coating
substrate interface region for coating, realized by supersonic spray method. 

Table 1. Tribological properties of different substrate materials and bulk 
aluminium alloys 

Material Vickers Sclerometric Friction coefficient 
hardness hardness {100C6 ball indenter) 
{GPa) {Conical diamond (µ) 
HVo.03 indenter) Hs {GPa) 

AU4G 0.87 ± 0.15 0.7 0.55 ± 0.05 

Steel 1.20 ± 0.30 1.6 0.22 ± 0.01 

Al65 Cu20 Fe,5 5.20 ± 1.50 6.6 0.14 ± 0.01 

Al62_5 Cu,85 Fe8 Cr8 Si3 5.50 ± 1.00 6.6 0.17 ± 0.01 

AL67 Cu9 Fe,0_5 Cr,0_5 Si3 7.00 ± 0.50 6.0 0.13 ± 0.01 

Friction coefficients measured with constant load F N = 20N and negligible surface roughness. 
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Table 2. Tribological properties of advanced aluminium alloy coatings 

Alloy Substrate Spraying Vickers Sclerometrlc Porosity Friction coeff. 
technique hardness hardness (o/o) (100C6 ball 

HV0_03 (GPa) (Conical diamond Indenter) 

Indenter Hs (GPa) (µ) 

Al65 Cu20 Fe15 AU4G s 5.40 ± 0.5 4.8 5 0.19 ± 0.02 

Al62_5 Cu18_5 Fe8 Cr8 Si3 Steel F 5.50 ± 0.5 2.8 15 0.22 ± 0.02 

ALs7 Cu9 Fe10_5 Cr, 0_5 Si3 AU4G p 5.80 ± 1.5 2.8 10 0.19 ± 0.03 

Friction coefficients measured with constant load F N = 20N and negligible surface roughness. Coating thickness 
larger than 100 11m. 

The influence of coating parameters such as contact geometry between indenter and 

object, indenter tip radius, coating porosity, coating surface roughness, coating thickness 

and composite hardness on friction have already been reported elsewhere (Kang 

et al., 1992). 

Compression Tests 

Bulk samples were evaluated for compression properties of quasi-crystalline alloys. 

For illustration, Alloy B is discussed, however a more indepth study was carried out 

earlier by Kang and Dubois, (1992a). 

At room ·temperature, the alloy is brittle with a fracture strength of about 0.59 GPa. 

Conversely, at high temperatures, it becomes ductile exhibiting clear plasticity at 

around 700°C. Initial plastic deformation is observed at 6000C (Figure 6). According 

to Edington et al. , (1976), for a material to achieve superplasticity a fine grain size 

(< 1 O µm) is required and also the presence of a second phase which inhibits grain 

growth at elevated temperatures is essential. These two phases often co-exist in 

eutectic or eutectoid compositions. This may be the reason for the observed high 

plasticity at elevated temperature of these alloys which satisfies the conditions quoted 

above (micrographs Figure 4). However, the polyhedra with the specific atom decoration 

which form the structure may play a dominant role in this effect because they are 

only weakly bonded to each other. 
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Figure 6. True stress-strain curves of the Al62_5Cu18_5Fe8Cr8Si3 

alloy samples tested at 60<1'C, 70<1'C and 80<1'C 

CONCLUSIONS 

A process for validating and realizing quasi-crystalline coatings by thermal spraying 
is proposed. Quasi-crystalline AI-Cu-Fe-(Cr)-(Si) alloys are suitable for application as 

coating materials at low temperatures in order to improve the friction resistance of 

soft substrates such as aluminium alloy AU4G. 
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