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Abstract 

 Thermal evaporation process was employed in production of thin films of an Al-Cr-Fe-Mo 

alloy. Microstructural and chemical features were respectively evaluated by grazing X-ray 

diffraction, transmission electron microscopy and sputtered neutral mass spectroscopy. 

Solidification structures reveal a homogeneous nanosized (2 - 70 nm) granular morphology. 

Experimental synthesis parameters leading to films purely made of the known O1 

approximant phase have been defined. The other films were made of two phase particles, ie. 

O1 grains mixed with pure cubic aluminium grains. Optical reflectance of the O1 film over 

the infra-red and visible wavelength domains is presented.  

 

Keywords: A. thin films, B. vapour deposition; C. Scanning and transmission electron 

microscopy; C. X-ray diffraction 
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1. Introduction 

Glass industries are highly interested in modifying surface and optical properties of 

their glass in order to produce new products for new markets. Such added value can be 

performed depositing a coating of a well-chosen material. Many studies on quasicrystals and, 

more and more commonly, their approximant phases show their growing importance in the 

coating technology owing to their appropriate properties [1-11]. For instance, their low 

adhesion, high hardness, excellent corrosion resistance and reduced optical conductivity at 

low frequencies make them very attractive for forming films on substrates [12-16]. Indeed, 

optical properties of quasicrystalline matter, and approximant phases compared to the one of 

the metallic constituents, exhibit an important absorption (40 % in infra-red domain) [14,17-

20]. This ability could be exploited for making infra-red absorbers. Such an advantage 

combined with good corrosion behaviour thanks to particular chemical species is attractive. 

Previous work has already been performed on Al-Cr-Fe films showing it was possible to get 

as-deposited Al-Cr-Fe approximant thin films grown from the vapour phase on glass 

substrates [15,16]. The obtained films were made of a mixture of approximant phases and 

were shown to exhibit the optical properties of approximant phases over the visible domain. 

They could however not be tested in the infra-red domain as they were not thick enough 

implying so an alteration of the optical measurements due to the glass substrate. The 

Al-Cr-Fe, like the Al-Cr-Fe-Cu system is rich in approximant phases of the decagonal phase 

(O1, O2, γ brass…) [15,18,21]. The idea here is to be able to get a thick enough film made of 

a single phase, either approximant or quasicrystalline (decagonal, icosahedral). The 

challenge is also to explore the possibility to extend the corrosion resistance of this 

approximant hoping a substitution of Cr by the iso-electronic atom Mo in order to investigate 

modifications (and improvement) in terms of physical and chemical properties. 
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2. Experiment 

2.1. Techniques of preparation 

Thermal evaporation was performed in an Edwards AUTO 306 vacuum coater using 

tungsten filaments. The evaporation set-up allows the heating of the substrate thanks to Joule 

effect up to 320°C. Heating is produced by a resistance located just behind the holders. The 

temperature of the substrate Ts was controlled by the means of a thermocouple located 

behind and in contact with the substrate holders. The set-up also allows the control of the 

distance d between the source and the substrate. Vacuum condition before deposition was 

10-7 mbar. The films were deposited on glass substrates. They were produced from small 

pieces of matter (50 mg) placed on tungsten basket. These pieces were cut out of an ingot 

obtained by radio-frequency melting, by mixing high purity elements (99.999 % for Al, 

99.99% for Cr and Fe and 99.95% for Mo) under helium atmosphere in an induction copper 

furnace cooled by interior water circulation. Different nominal compositions were tried 

aiming at a composition near the known one of the Al-Cr-Fe/O1-phase: Al82.8Cr13.9Fe3.2 [15, 

16] to prepare the films: Al72.5Cr20Fe6Mo1.5, Al70Cr18Fe7Mo5, Al68Cr20Fe7Mo5, 

Al66Cr22Fe7Mo5 and Al74Cr10Fe6Mo10. Due to the observed relative abilities of elements to 

condense on substrates (after chemical SNMS expertise - cf. section 2.2- performed on films) 

the ingot of nominal composition Al74Cr10Fe6Mo10 was chosen for the preparation of the 

evaporated films. Its chemical composition and distribution of the elements were checked by 

Electron Probe Microanalysis (EPMA) (precision on chemical composition is 1 at.%). X-ray 

diffraction (θ − 2θ) and Field Emission Gun Scanning Electron Microscopy (FEG-SEM) 

analyses show that the ingot is made of two main phases (cf. Figure 1). One of them is an 

orthorhombic approximant of the decagonal phase. Such a checking lead us to show that 

sufficient homogenization of the ingots could be achieved by performing three melts. Each 

melt was followed by a cooling down in the induction furnace (see § 3.1).  

 

 3



2.2. Techniques of characterization  

Chemical depth profiles of the films were obtained by Sputtered Neutral Mass 

Spectroscopy (SNMS). All the chemical compositions are given within an experimental error 

of 5 at. %. The thickness of the films was estimated by performing profilometry on the 

SNMS craters and was found to be in the 50-200 nm range. Grazing incidence X-Ray 

Diffraction (GXRD) using the CoKα1 radiation and a curved detector (INEL CPS120) was 

performed at 0.5° incidence for the identification of the phases. Carbon coated copper 

electron microscopy grids were systematically placed just next to the film on the substrate 

holder to perform transmission electron diffraction and imaging. Transmission Electron 

Microscopy (TEM) observations were carried out on a PHILIPS CM200 microscope. An 

accelerating voltage of 200 kV was used. EDS spectra recorded in the analyzed zones do not 

exhibit a copper signal, which proves that no copper diffusion in the film from the grid 

occurred. In order to get a complementary overview of films, they were all systematically 

analysed by these four techniques (cf. Table 1). The reflectance spectra were measured at 

room temperature using a Perkin-Elmer spectrometer on the 200 – 2600 nm range at nearly 

normal incidence.  

 

3. Results and discussion 

3.1 Control of the chemistry and homogeneity of the source matter 

The chemical dispersion studied by EPMA shows that an ingot prepared by radio-

frequency melting in the used copper furnace exhibits chemical gradients from the core 

towards the external part. These gradients follow a radial symmetry lead by the geometry of 

the cooling device. Fig. 1a shows the transverse shape of such an ingot. It appears three 

consecutive meltings are necessary to reach a sufficient chemical homogenization. EPMA 

results of analysis performed along the lines 1, 2 and 3, which have been drawn in fig.1.a, 

can be seen in Fig. 1(b). 50 mg of matter approximately correspond to a volume like a piece 
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whose diameter would be around 3 mm. EPMA analysis was performed every tenth of a mm. 

Consequently, graphs are presented so that each point is the average composition of the 10 

closest points. One can notice the central part located at the crossing of the lines 1 and 3 is 

the most chemically homogeneized zone. The corresponding microstructure is an 

intermediate microstructure between the one of zone B and the one of zone C (cf. Fig.1.a and 

c) and is fine enough. The composition in this zone can be calculated from the EPMA results 

and is around Al73.2Cr10Fe5.3Mo11.6. Matter to evaporate was then taken from this zone which 

is schematized in Fig. 1.a (grey central part).  

 

3.2 Chemical and structural analysis of the films 

A serie of films was prepared setting the distance d and substrate temperature Ts at 

different values: d = 6, 9 and 13 cm, Ts = 285 and 325 °C (Table 1 compiles all the 

experiments).  

All films are nano-crystallized as the TEM dark field micrograph taken from the film 

prepared at Ts = 325 and d = 9 cm stands for (Fig. 2). Size of crystallites ranges from 2 to 70 

nm. Average size of particles inside films increase with increasing Ts and d.  

Two types of TEM diffraction patterns were obtained: one type (type I) exhibits rings that 

could be identified as the one of the O1 phase as Fig. 3(a) shows. The O1 phase is an 

orthorhombic phase, of Bmm2 space group. It was first discovered in the Al-Cr-Cu-Fe 

diagram by Dong and Dubois [22] and identified as an approximant of a Al-Cr-Cu-Fe 

quasicrystalline decagonal phase [22, 23]. The O1 phase was also noticed in the Al-Cr-Fe 

diagram [15, 21]. The second type of TEM diffraction patterns (type II) exhibits fcc-Al 

dotted rings with traces of O1-ring like pattern of Fig. 3(b) shows it. Table 1 gives the type of 

pattern we have obtained versus the two process parameters d and Ts. The Al rings of the 

type II film prepared at d = 9 cm and Ts = 325 °C are less continuous than the other ones and 

are punctuated by spots. This is the result of the bigger size of the Al crystallites when d 
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increases. Basically, according to TEM diffraction, all films are of type II except two films: 

the one prepared at low d (6 cm), low Ts (285 °C), and the one prepared at high d (13 cm), 

high Ts (325 °C). 

 GXRD results also show the patterns are of two types. First type of pattern exhibits 

only the peaks of the O1 structure (type I, fig.4.a) and happens only when d = 6 cm and 

T = 285°C. The parameters found here for the O1 structure are a = 2.46 ± 0.04 nm, b = 1.28 ± 

0.04 nm and c = 3.37 ± 0.04 nm, to be compared with a = 3.25 nm, b = 1.25 nm and c = 2.36 

nm for O1-Al-Cr-Cu-Fe [22, 23] and with a = 2.37 nm, b = 1.23 nm and c = 3.25 nm for the 

O1-Al-Cr-Fe [15, 21]. Second type of pattern informs that the films prepared in the other 

conditions and even the one prepared at d = 13 cm, Ts = 325 °C, contain two phases: the O1 

phase and the face centred cubic Al phase (Fig.4.b) For clear understanding of the GXRD 

patterns: signal produced by the glass substrate itself before any deposition has been 

recorded and can be seen on Fig. 4(c). Analysed volume by GXRD is bigger than by TEM 

diffraction. This means that the TEM diffraction analysis has missed the Al grains because of 

their dispersion, and that at high substrate temperatures, big distances between the source 

and the substrate lead to films whose homogeneity is apparently of poorer quality than for 

the other conditions. 

One concludes that all the films are made of mixed phases (type II) cubic aluminium 

and O1 approximant, except one film which is pure and made of the O1 phase only (type I). 

The O1 pure film can be obtained by setting a small distance between the source and the 

substrate and by setting the substrate temperature at 285 °C. 

The influence of d and Ts can then be synthesized: the smallest d is, the most 

homogeneous are the films. This can be linked to the angular dispersion of matter from the 

source during the evaporation. High substrate temperatures lead to films composed of 

approximant phase mixed with metallic f.c.c. aluminium. Above all, the way to get a pure 

approximant film is to take a small distance and a small temperature.  
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The chemical composition and in-depth chemical profiles were checked by SNMS 

analyses. All the profiles (either type I or II) look alike as the SNMS profile of the type I film 

(d = 6cm, Ts = 285 °C) stands for (Fig. 5). Transverse compositions of elements are not 

constant all along the depth. Net and progressive increase (respectively decrease) of Al (Cr, 

Fe and Mo) with increasing depth can be observed. All the films also exhibit a superficial 

zone of about 5 to 10 nm in thickness where oxidation and species diffusion seem to have 

occurred. Composition of the films was then calculated on the whole thickness without 

taking in account the superficial layer affected with oxidation and diffusion, giving average 

values. The type I film (pure O1) is of Al79Cr12Fe7Mo3 composition. Compositions of the 

mixed films which do not correspond to any single phase, have then not been worked out. 

Taking the limits among the data presented in Fig. 5, one may conclude that the solid 

solution O1 presents an existence domain ranging at least from 65 to 87% for Al, 9 to 14 % 

for Cr, 4 to 12 % for Fe and 0 to 8 % for Mo. Experimental error on composition analysis 

being 5%, one concludes that the solubility of Mo in the O1 phase is at least of about few 

atomic %. 

 

3.3 Optical reflectance 

The optical reflectivity curves of the as-deposited pure O1 film and the one of the 

polished Al74Cr10Fe6Mo10 ingot, used for making the films, are presented in figure 6. As 

expected of approximant materials [11, 14-15], one can see the obtained approximant film 

and the ingot effectively reflect around 60% of light over the infra-red domain. This result is 

similar to the one recorded on massive Al-Cr-Fe approximant samples made of a mixture of 

approximant phases by Demange et al. [14] and informs that the insertion of Mo inside the 

O1 phase does not alter its optical behaviour.  
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The work should have to be completed by a study on the influence of the Mo on the 

corrosion resistance. Indeed, Al-Cr-Fe samples have been proved to behave excellently 

[15,16] and Mo influence in these specific films was not yet characterized. 

 

5. Conclusion 

 The following important issues were pointed out in our study: 

- Al-Cr-Fe-Mo films have been prepared and systematically analyzed. They are all 

continuous and small-grained (nanometer size). Films are generally homogeneous 

except at high d, high Ts. 

- Most films are made of O1-phase and fcc-Al phase (approximant previously existing 

in Al-Cr-Fe and Al-Cr-Cu-Fe systems), one is purely composed of the O1-phase. 

- Decorrelated and crossed influence of the temperature of the substrate and the 

distance between the source and the substrate have been worked out. Conditions of 

preparation for a film purely made of the O1-phase correspond to the smallest 

temperature and to the smallest distance tested.  

- This work shows the O1-phase has an existence domain in the Al-Cr-Fe-Mo system.  

- It also allowed us to determine the average lattice parameters of the O1-Al-Cr-Fe-Mo 

phase.  

- Optical properties are conserved over the infra-red domain by the insertion of Mo in 

the Al-Cr-Fe system. 
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Figures captions 
 

Figure 1: Characterization of the ingot containing the source matter to be evaporated. a/ 

Schematized cross section of the ingot. Localization of the lines analyzed by EPMA (Axis 1, 

2 and 3), localization of the SEM micrographs (Zones A, B and C), grey part is the zone 

where matter was taken from, b/ EPMA chemical profiles (axis 1, 2 and 3) after 3 

consecutive melting, each point is the average of the 10 closest points (precision of 

measurements is 1 at. %), c/ SEM micrographs showing the microstructure of the zones A, B 

and C (see a/). Precision of chemical composition is 1 at. %.  

 

Figure 2: TEM Dark field image showing the nanosized granular morphology of a film 

elaborated at d = 9 cm, Ts = 325 °C (see table 1) 

 

Figure 3: TEM Diffraction patterns. a/ Type (I) film made of O1 phase only (d = 6 cm, 

Ts = 285 °C, see table 1), b/ Type (II) film made of pure Al and traces of O1 phase (d = 9 cm, 

Ts = 285 °C, see table 1). 

 

Figure 4: 0.5° incidence GXRD patterns, a/ film deposited at d = 6 cm, Ts = 285 °C, b/ film 

deposited at d = 13 cm, Ts = 325 °C (see table 1), c/ glass substrate prior to any deposition. 

Strikes indicate the positions of the O1 2θ Bragg peaks.  

 

Figure 5: SNMS graph showing the composition of the pure approximant O1 film across its 

depth (d = 9 cm, Ts = 285 °C, see table1). Precision of measurements is 5 at. %. 

 

Figure 6: Room temperature reflectance curves over the visible and infra-red domain of the 

pure approximant O1 film and of the ingot taken for evaporation.  
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Table captions 

Table 1 
Identification of the phases present inside all the films prepared for this study according to 

the two diffraction techniques: grazing X-ray and electron diffraction. Type I = O1 phase, 

type II = face centred cubic aluminium + O1 phase, Ts: temperature of the substrate, d: 

distance between the source and the substrate. 
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