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Abstract

A microstructural characterisation was carried out for Al–Co–Fe–Cr feed powder and the coatings sprayed with a high velocity
oxy-fuel method using different operation conditions. The aims of the study were to explore the structural development of thick
Al–Co–Fe–Cr coatings and the influence of the spraying parameters on the microstructure of produced Al–Co–Fe–Cr coatings. X-ray
diffractometry, scanning electron microscopy and analytical transmission electron microscopy were the techniques used in the phase
identification and in the microstructural exploration of the study. The results show that Al–Co–Fe–Cr feed powder and the coatings
sprayed with low and high operation temperature are composed of a dodecagonal quasicrystalline phase. The composition of this new
dodecagonal phase approximately corresponds to that of the feed powder, being A1 Co Fe Cr . The dodecagonal phase does not70.6 12.5 9.4 7.5

decompose during the spraying process. Instead, it orientates to form a lamellar coating structure. When a lower spraying temperature is
used, the incomplete melting of powder particles introduces a partly orientated coating structure. Due to this incomplete melting of
powder particles, porosity is also involved in these coatings. Higher spraying temperature, in turn, promotes oxidation, leading to the
incorporation of an oxygen-containing film on the splat boundaries. While the feed powder and the coating deposited with a lower
spraying temperature are one-phase quasicrystalline structures, the coating sprayed with a higher operation temperature is comprised of a
dodecagonal phase and an oxygen-containing phase. This oxygen-containing phase is not pure aluminium oxide but contains all the
elements present in the alloy.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction structure of quasicrystals, the survey of their physical and
mechanical properties and the development of theories

Quasicrystals are materials where a repeating periodicity explaining the observed qualities have been the central
in an atom arrangement exists together with a rotational academic research topics during the last two decades.
symmetry forbidden for crystalline materials; fivefold, However, the focus of the research is currently shifting
eightfold, tenfold and even twelvefold symmetries have closer to the reality; much interest is nowadays concen-
been encountered in quasicrystals[1]. The first observation trated on finding practical production techniques and
of a fivefold symmetry in a rapidly-solidified Al–Mn alloy applications for these materials.
in 1984 [2] triggered an intense theoretical study of The first method used to prepare quasicrystalline phases
quasicrystals. The examination of a new and exceptional was melting followed by a rapid quenching using the melt

spinning technique[2]. Nowadays the fabrication of
quasicrystalline materials is possible by a number of
different manufacturing methods making use of the variety
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introduced by these synthesis methods, quasicrystalline the composition 70.1 at.% Al, 12.4 at.% Co, 9.8 at.% Fe
coatings with greater thickness are pursued in order to get and 7.7 at.% Cr. The particle size of the powder ranged
the full advantage of the attractive combination of surface from 20 to 53mm.
characteristics associated with quasicrystalline materials: a The coatings were sprayed using a HV-2000 spray gun
low surface energy[13–15], a low coefficient of friction by Praxair Surface Technologies (USA). The gun was
[14,16], a good corrosion resistance[13], a high hardness operated by a Model 3440 console utilising a model 1262
[1,17,18] and a good abrasive wear resistance[19]. Ther- volumetric powder feeder by Plasmatron Pvt. Ltd. (USA).
mal spraying has been shown[20–25] to be a versatile A two-axis traverse unit with a rotating spindle of a 200
method for producing thick quasicrystalline coatings with mm inner diameter was used to manipulate the gun and
these qualities. substrates during the coating deposition. The spray dis-

So far, the majority of studies on the thermally sprayed tance was 300 mm in the spraying experiments of the
quasicrystalline coatings have concentrated on the different study. In the HVOF process, nitrogen was used as a carrier
modifications of the ternary base alloys Al–Cu–Fe and gas, along with hydrogen as a fuel gas. The coatings were
Al–Ni–Co [21–27]. In this study, the quasicrystalline sprayed under two different operation conditions, varying
coatings of a quaternary alloy Al–Co–Fe–Cr are produced the flow of hydrogen and oxygen and their ratio. The gas
by a high velocity oxy-fuel (HVOF) spraying technique. flow ratio generally determines the temperature of the
Although the formation of a quasicrystalline structure in flame[30], the higher oxygen content promoting the higher
thin films of this alloy has been reported after heat flame temperature. This also applied to the HVOF spraying
treatments[28,29], no studies deal with the structural process of the study. The thickness of the HVOF sprayed
development of thick Al–Co–Fe–Cr coatings. Another coatings also varied as a result of different operating
unknown area is the influence of spraying parameters on conditions. The spraying conditions used in the study and
the microstructure of Al–Co–Fe–Cr coatings deposited by the resulting coating thicknesses are shown inTable 1.
thermal spraying. Temperature of the sprayed particles was studied

The aim of this study is to extract this lack of scientific through the spraying diagnostics. SprayWatch 2i imaging
data on the formation of microstructure in Al–Co–Fe–Cr system from Oseir Ltd. (Finland), designed for the quality
thermally sprayed coatings. In the current study, thermally control of industrial thermal spray processes, was used for
sprayed quasicrystalline Al–Co–Fe–Cr coatings are pro- the on-line measurements of in-flight particles’ temperature
duced from an Al–Co–Fe–Cr feed powder by the HVOF in the spray. It has to be noticed that these temperature
spraying technique with two different operation conditions. measurements conducted during the spraying experiments
The phases in the feed powder and in the formed thick only introduced the surface temperature of powder par-
coatings are identified and the sensitivity of coating ticles. Due to the low thermal conductivity of the powder
microstructure to the spraying conditions such as tempera- particles, however, the true temperature of the inner part of
ture is examined. X-ray diffractometry (XRD), scanning particles cannot be evaluated. For the same reason, the
electron microscopy (SEM) and analytical transmission temperature difference measured between the surfaces of
electron microscopy (ATEM) are used for the micro- particles does not correspond to the true temperature
structural characterisation of Al–Co–Fe–Cr feed powder difference between the inner parts of the particles. The
and HVOF sprayed coatings. surface temperature of powder particles, thus, only gives a

rough approximation about the scale of temperature the
powder particles reach during the spraying process. The
observations on the microstructural characteristics of

2 . Experimental procedure studied Al–Co–Fe–Cr coatings deposited under different
operating conditions further support these suggestions

2 .1. Preparation of coatings about the greater temperature difference as measured
between the powder particles sprayed with different gas

Al–Co–Fe–Cr coatings were applied on low carbon flow conditions.
steel substrates by a high velocity oxy-fuel (HVOF)
spraying technique. HVOF spraying technique is a thermal
spraying method, where the spray powder is fed to a gas

T able 1flow of high pressure, and which yields coatings of low
HVOF spraying conditions and the resulting coating thicknessesporosity and, thus, good surface properties[30]. In the
Coating O H H /O Surface temperature Thickness,present study, the spray powder was a commercial powder 2 2 2 2

l /min l /min ratio of powder particles, mmChristome BT1 manufactured by Saint-Gobain Advanced
8C

Ceramics SNMI, France. The composition of the powder,
A 235 665 2.83 1950 470given by the manufacturer, was 52.8 wt.% Al, 20.4 wt.%
B 280 620 2.21 1980 250Co, 15.3 wt.% Fe and 11.2 wt.% Cr, which corresponds to
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2 .2. Microstructural characterisation of coatings 3 . Results and discussion

3 .1. XRD analysis
The microstructural characterisation of Al–Co–Fe–Cr

coatings was performed by X-ray diffraction (XRD) In the XRD analysis, the feed powder and the powdery
measurements, scanning electron microscopy (SEM) and samples of coatings A and B were characterised in order to
analytical transmission electron microscopy (ATEM). identify the compounds and phases they are composed of.
XRD measurements were carried out using a model In addition to the phase qualification, the aim of the XRD
Diffrac 500 diffractometer by Siemens (Germany) and measurements was to reveal the possible phase transitions
copper Ka radiation. The XRD analyses were performed introduced by the coating process.
with powdery samples. Thus, the studied coatings were Fig. 1 shows the XRD patterns for the Al–Co–Fe–Cr
stripped off their substrates and crushed into powdery form feed powder and the HVOF sprayed coatings A and B. For
in a mortar. In addition to the powdery coating samples, all these samples, the peak with the highest intensity
the feed powder was characterised by XRD in order to appears at about 43.58 in 2u scale. Comparing the trace
reveal the possible phase transitions introduced by the from the feed powder (Fig. 1(a)) to the trace obtained from
coating process. The microstructure of the feed powder and the HVOF sprayed coatings (Figs. 1(b) and (c)) reveals
the sprayed coatings was also studied with a scanning microstructural evolution to take place during spraying; the
electron microscope model XL30 by Siemens (The Nether- intensity of the highest-intensity-peak has increased during
lands), equipped with an energy dispersive spectrometer the spraying operation. The location of the peaks does not
(EDS) model DX-4 by EDAX International (USA). The change prominently, thus, no reaction is proposed to take
cross-sectional samples were used in the SEM studies. The place. However, the number of peaks and the intensities
feed powder and the sprayed coatings were further ex- related to them somewhat change during the spraying of
amined by an analytical transmission electron microscope the feed powder. For the feed powder, the number of peaks
JEM 2010 by JEOL (Japan) equipped with a Noran in the XRD spectrum totals almost ten. In contrast, only
Vantage energy dispersive spectrometer by ThermoNoran five distinguishable peaks can be noticed in the XRD
(The Netherlands). The ATEM was operated at an ac- patterns of the HVOF sprayed coatings; mainly the small
celerating voltage of 200 kV. ATEM examination was peaks are erased from the XRD spectra due to spraying.
conducted for powdery samples; the coating samples were These findings are proposed to be linked to the texture
prepared similarly as for the XRD analyses. evolution. The microstructural development during the

 

Fig. 1. XRD patterns for (a) Al–Co–Fe–Cr spray powder, (b) the Al–Co–Fe–Cr coating A sprayed with the lower spraying temperature, (c) the
Al–Co–Fe–Cr coating B sprayed with the higher spraying temperature.
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spraying is, accordingly, thought to be brought about by The feed powder consists of spherical particles, as
the orientation of grains during the spraying to yield shown inFig. 2(a).SEM studies both in SE and BSE mode
texture into coatings. Besides, the small number of peaks indicated powder particles to be composed of one phase
observed in the XRD spectra of the feed powder and only. This phase consisted of 71.0 at.% Al, 12.4 at.% Co,
specially the HVOF sprayed coatings allows us to assume 9.2 at.% Fe and 7.5 at.% Cr. The composition of this
that only one or a maximum of two phases can create phase, consequently, corresponds well with the powder
them. composition given by the manufacturer.

The feed powder BT1 has earlier been analysed with Figs. 2(b) and (c)addresses the influence of spraying
XRD by Reyes-Gasga et al.[28,29]. They suggest the temperatures on the microstructure of Al–Co–Fe–Cr
powder to be composed of Co O , A1 O , Al Co , coatings. The microstructure of Al–Co–Fe–Cr coating A2 3 2 3 2 2

A1 Cr and A1 Cr . From these compounds and sprayed with lower spraying temperature is shown inFig.86 14 80 20

alloys, A1 Cr and A1 Cr are quasicrystalline with 2(b). No perfectly lamellar structure, typical for thermally86 14 80 20

fivefold rotational symmetry and, accordingly, icosahedral- sprayed coatings, can be encountered in this coating,
ly structured. Applying this analysis of Reyes-Gasga et al. indicating an incomplete melting of the feed powder
to the XRD patterns of the feed powder and the HVOF during the spraying process. This results in a rather high
sprayed coatings A and B of this study indicates that they amount of porosity in the coating A as compared to the
should mainly be composed of A1 Cr because the other studied coating. This porosity incorporated in coating86 14

major peak in their XRD pattern corresponds to this A, in turn, results in thicker coatings. No marks of intense
quasicrystalline alloy. However, the smaller peaks of the oxide layer formation on the surface of the powder
coatings can not be connected to A1 Cr or any other of particles during the spraying process utilising the lower86 14

the named compounds or alloys. This fact as well as the operation temperature can be observed. As the spraying
perception that Fe is not included in any of the components temperature rises, the lamellarity of coating structure
suggested by Reyes-Gasga et al.[28,29] emerged; the feed increases, as can be assessed fromFig. 2(c).This is due to
powder and the coatings of the study are not composed of more efficient melting of the feed powder during the
any of the compounds or alloys proposed by Reyes-Gasga spraying event and it brings about a reduced amount of
et al. [28,29]. porosity in coating. The oriented lamellar structure is, thus,

In thin films synthesised from the feed powder BT1, more pronounced in Al–Co–Fe–Cr coating B than in the
Reyes-Gasga et al.[28,29] observed a quasicrystalline coating A. Besides the tendency towards the build-up of a
decagonal phase A1 Cr O Fe . However, knowing the layered structure, the oxidation of powder particles is58 20 17 5

existence and composition of this decagonal phase and the enhanced with an increasing spraying temperature, intro-
availability of numerous crystalline phases and intermetal- ducing oxide particles or even films into the HVOF
lic compounds for the system Al–Co–Fe–Cr, no matching sprayed coating B. The oxide particles are mostly located
of their JCDPS cards with the XRD spectra of feed powder between the lamellas, as can be seen inFig. 2(c). It is
BT1 and the HVOF sprayed coating A and B was worth noting that there is no difference in the coating
obtained. Finally, a question about the contents of the structure near the substrate and near the coating surface,
JCDPS card files arose; what phases, compounds and thus, the coating structures were horizontally quite
alloys are really included in them? It appeared that from homogeneous.
quasicrystalline materials, basically icosahedral phases are The observations concerning the porosity as well as the
considered by the JCDPS card files. Octagonal, decagonal presence of oxide particles and films in the Al–Co–Fe–Cr
or dodecagonal phases, at least those related to Al–Co– coatings were further confirmed with the elemental X-ray
Fe–Cr system, were ignored. It was, thus, considered mapping. The elemental X-ray maps are collected for Al,
whether the feed powder and the HVOF sprayed coatings Co, Fe, Cr and O for the studied coatings. The results of
of the present study could be octagonal, decagonal or the elemental X-ray mapping for the coating A are shown
dodecagonal; it was, at least, realised that they did not inFig. 3,while those for coating B are illustrated inFig. 4.
exhibit any known crystalline structure. The X-ray maps indicate oxide particles to be composed of

all the elements present in the powder (not only alu-
minium), since at least low elemental intensities are gained

3 .2. SEM studies for all of them at the areas of great oxygen intensity.
Moreover, in addition to this oxide formation, both the

The aim of SEM studies was to answer questions about studied coatings comprise one phase only. This can be
the coating microstructure and the phases present in the noticed from the even distribution of the mapped elements
feed powder as well as in the HVOF sprayed coatings. The in the oxygen-free areas of the studied Al–Co–Fe–Cr
microstructure of the Al–Co–Fe–Cr feed powder and coatings.
coatings deposited with different spraying temperatures The composition of the phases present in Al–Co–Fe–Cr
was determined from the cross-sectional samples. coatings was determined by the EDS analysis. As already
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Fig. 2. SEM photographs showing the microstructural details of Al–Co–Fe–Cr feed powder and HVOF sprayed coatings. (a) The morphology and
microstructure of Al–Co–Fe–Cr feed powder BT1. (b) The microstructure of Al–Co–Fe–Cr coating A deposited with the lower spraying temperature. (c)
The microstructure of Al–Co–Fe–Cr coating B deposited with the higher spraying temperature.

shown, coating A is mainly composed of one phase. The elements oxidise during the spraying process. However,
composition of this phase was determined to be 70.5 at.% some oxide particles contained somewhat lower aluminium
Al, 12.5 at.% Co, 9.6 at.% Fe and 7.4 at.% Cr. The and higher alloying element concentrations. Cobalt con-
composition of this phase, accordingly, approximately centrations as high as 23.5 at.% were measured. For iron
corresponds to the composition of the feed powder. In the and chromium, even 16.6 at.% and 11.6 at.% concen-
coating B, two main phases were identified. The com- trations were determined, respectively. The rest of the
position of the major phase was 70.4 at.% Al, 12.5 at.% phase was covered by aluminium and oxygen, the lowest
Co, 9.6 at.% Fe and 7.5 at.% Cr. The coating lamellas aluminium content being 46.1 at.%. These oxide particles
were built up of this phase. The other phase was principal- with lower aluminium content are suggested to carry out
ly located between the lamellas and contained a lot of the compensation of the aluminium enrichment and the
oxygen. The oxide particle formation discussed above successive deficiency of alloying elements in the majority
refers to the formation of this phase. The composition of of oxide particles.
this oxide phase was 41.4 at.% O, 47.8 at.% Al, 4.5 at.% The earlier studies discussing the microstructure of
Co, 3.2 at.% Fe and 3.1 at.% Cr. The oxide phase, thus, is thermally sprayed quasicrystalline Al–Cu–Fe coatings
somewhat enriched with aluminium as compared to the report the deficiency of Al during the spraying operation.
original composition of the feed powder. The oxide phase This is due to the higher vapour pressure of Al as
can still be considered as an oxidised form of the major compared to the other two elements in Al–Cu–Fe feed
phase, since not only aluminium but also the other powders[20,26,27].Similarly in Al–Co–Fe–Cr feed pow-
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Fig. 3. The polished cross-section of the Al–Co–Fe–Cr coating A studied with the elemental X-ray mapping, (a) SEM micrograph showing the lamellar
microstructure of the coating and the region for elemental mapping. (b) The aluminium map for the area. (c) The cobalt map for the area. (d) The iron map
for the area. (e) The chromium map for the area. (f) The oxygen map for the area.
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Fig. 4. The polished cross-section of the Al–Co–Fe–Cr coating B studied with the elemental X-ray mapping. (a) SEM micrograph showing the lamellar
microstructure of the coating and the region for elemental mapping. (b) The aluminium map for the area. (c) The cobalt map for the area. (d) The iron map
for the area. (e) The chromium map for the area. (f) The oxygen map for the area.
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Fig. 5. Electron diffraction patterns of the dodecagonal quasicrystalline Al–Co–Fe–Cr phase taken along the (a) twelve-fold, (b) threefold and (c)twofold
axes.

 

Fig. 6. (a) TEM bright field image of the feed powder particle showing the twelvefold symmetry. (b) TEM bright field image of the HVOF sprayed coating
A showing the twelvefold symmetry. No defects or bend contours can be seen in the structure of this dodecagonal phase either in the feed powder or in the
HVOF sprayed coatings. This is in agreement with the results of Sordelet et al.[27].
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Fig. 7. Microstructure of Al–Co–Fe–Cr coating B from different orientations. (a) TEM bright field image of the coating from the cross-sectional
perspective. Micrograph taken with the electron beam parallel to the threefold axis. (b) TEM bright field image showing the coating structure from thetop
of the coating. Micrograph taken with the electron beam parallel to the twofold axis. (c) TEM bright field image showing the oxide particle in the coating
structure. Micrograph taken with the electron beam parallel to the two-fold axis.
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der of the present study, Al has a higher vapour pressure terisation revealed no significant differences in the com-
than the other elements. In this study, however, no such Al position of the dodecagonal phase between the feed
vaporisation was observed. powder or the HVOF sprayed coatings. In the feed powder,

the dodecagonal phase consisted of 64.5 at.% Al, 12.0 at.%
Co, 8.9 at.% Fe, 7.5 at.% Cr and 7.1 at.% O. In the coating

3 .3. ATEM examination A, the dodecagonal phase contained 72.4 at.% Al, 10.2
at.% Co, 8.0 at.% Fe, 6.5 at.% Cr and 2.8 at.% O. The

The identification of the phases and their microstructure corresponding phase composition in the coating B was
present in the feed powder and HVOF sprayed coatings 72.2 at.% Al, 10.2 at.% Co, 8.0 at.% Fe, 5.8 at.% Cr and
was the main task of TEM studies. Also, the details of 4.4 at.% O. Accordingly, somewhat higher Al contents
coating microstructure were of interest. TEM studies were were received in TEM characterisation than in the SEM
carried out for the powdery samples; the feed powder was analyses. The main feature, however, to be taken into
studied as such and the coating samples were crushed into account is the involvement of oxygen in the EDS analysis
a powdery form. The utilisation of the powdery samples of the dodecagonal phase. The presence of oxygen in the
instead of the cross-sections of coatings was due to the EDS analysis and in TEM analysis but not in SEM
finding that the spraying process yields orientation into the exploration indicates that the small and powdery TEM
coating structure[31], which may complicate the TEM samples have oxidised due to their high surface area. Thus,
studies. oxygen can not be registered as a component element of

TEM studies reveal the major phase in the feed powder the dodecagonal quasicrystalline phase, although it has
and both of the HVOF sprayed coatings to be dodecagonal, earlier been described as a part of quasicrystalline Al–Cu–
since its diffraction pattern indicates a twelve-fold rotation- Fe–Cr–O structure[28,29].
al symmetry. The indications of the presence of a In the feed powder and the HVOF sprayed coating A, no
quasicrystalline phase in studied structures due to XRD phases other than the dodecagonal one were encountered in
analysis were, thus, confirmed.Figs. 5(a)–(c)shows the the TEM studies. On the contrary, coating B, sprayed with
twelve-fold, threefold and twofold zone axes patterns, higher operation temperature, contained an oxygen-con-
respectively. The earlier studies of coating formation from taining minor phase together with the dodecagonal major
the Al–Co–Fe–Cr powder have reported the formation of phase. Particles of this oxygen-containing phase were
a decagonal quasicrystalline phase[28,29]. Instead, no predominantly located between the coating lamellas, as
observations of a dodecagonal phase have been announced. shown inFig. 2(c), or even between the individual grains,
This finding of a new dodecagonal Al–Co–Fe–Cr phase as depicted inFig. 7(c). The EDS analysis suggests the
greatly widens the family of dodecagonal quasicrystals, oxygen-containing phase to be composed of 48.0 at.% Al,
which has only embraced dodecagonal Co–Cu[32], Ta– 11.0 at.% Co, 8.2 at.% Fe, 6.2 at.% Cr and 26.7 at.% O.
Te [33], Ni–Cr [34], Ni–V and Ni–V–Si[35] alloys so far. Similarly as in the SEM studies, also the Al-poor and

The microstructure of the feed powder particle with a alloying-element-rich version of the oxygen-containing
twelvefold symmetry is shown inFig. 6(a). A similar phase was noticed in the TEM exploration of coating B. A
microstructure is retained in both of the coatings, too.Fig. concentration as low as 41.0 at.% was measured for
6(b) presents the section of the powder particle of coating aluminium in this Al-poor oxide, while cobalt concen-
A, exhibiting the twelvefold symmetry. It is worth noting trations as high as 21.0 at.%, iron contents as high as 15.1
that no defects can be seen in the structure of this at.% and chromium amounts as high as 12.7 at.% were
dodecagonal phase either in the feed powder or in the measured. It is, still, worth noting that the amount of this
HVOF sprayed coatings. This is in agreement with the Al-poor oxide is not high.
results of Sordelet et al.[27]. Furthermore, the absence of In the study of Sordelet et al.[26], the composition of
phason strains, i.e. the sharpness of the diffraction spots, the oxygen-containing phase was evaluated to be Al O .2 3

supports this finding. The results of the present study do not support this
Fig. 7 shows the microstructure of HVOF sprayed conclusion. Already the elemental X-ray maps recorded

coating B from the cross-sectional perspective and from by SEM suggest the oxide-containing phase to be com-
the top of the coating. As can be seen inFig. 7(a), the posed of all the elements present in the Al–Co–Fe–Cr
coating lamellas consist of columnar grains extending alloy. Yet, no pure Al O could be identified in XRD,2 3

through the lamella thickness. The columnar grains are SEM or TEM characterisation of the Al–Co–Fe–Cr
approximately equiaxed on the plane parallel to the coatings of the study. The results of TEM exploration
lamellas. In turn, the size of the grains somewhat varies also indicate the presence of all the alloy elements in the
throughout the coating structure; the diameter of the grains oxygen-containing phase. Besides, at the areas of high
was generally 150–500 nm. This is also shown inFig. oxygen content, the dodecagonal quasicrystalline structure
7(b). can still be resolved in the EDP. This promotes another

Similarly to SEM studies, EDS analysis in TEM charac- theory of Sordelet et al.[27], where the oxygen is
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presented to be present as a metallic oxide surface film onA cknowledgements
prior splat boundaries rather than as an interstitial solution
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