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Brilouin zone constructed from Bragg planes with strongest scattering 
potential (see Fig. 12). Bragg planes corresponding to strong scattering 
potentials can be identified with the most intense peaks in X-ray 
diffraction patterns, as diffracted intensities depend on VK as well. 
Accordingly, the depletion in n(ε) is strong (large VK), the band term is 
minimized and the compound is stabilized by an electronic effect. The 
dip produced in the density of states at EF is called a pseudo-gap.  

Initially, Hume-Rothery rules were discovered for simple sp alloys 
but they also apply in sp-d alloys, like the Al9Co2 or Al3Ni aluminides. 
The most emblematic system in this respect is Cu-Zn, which forms well 
defined compounds at composition Cu50Zn50, with a B2 CsCl-type of 
structure, and e/a=3/2, and the Cu5Zn8 γ-brass type, with 52 atoms per 
unit cell and e/a=21/13. Another example is the γ-Al9Cu4 compound, also 
with e/a=21/13. Raynor65 showed that the structure of these alloys is 
related to e/a, with the Fermi surface being close to Bragg planes 
corresponding to intense diffraction peaks. A negative valence was given 
to the transition element, to account for the coupling between sp and d 
states, which was ascribed as a charge transfer from the conduction band 
to the unfilled d band. However, it was soon realized that the notion of 
charge transfer would lead to unphysical electrostatic energy. More 
recently, Trambly de Laissardière et al.

64 showed that sp-d coupling 
contributes to deepen the pseudo-gap and enhances the number of sp 
states below the Fermi level. This introduces a more acceptable 
interpretation of the negative valence associated with transition metals, 
without requiring the notion of charge transfer.  

An interpretation of the former Hume-Rothery rule was based by 
Blandin in 1960s on pseudo-potential theory.58 In this model, the band 
structure term contributing to the total energy is described as a sum of 
pair interactions Φ(rij) between atoms presenting Friedel oscillations for 
large inter-atomic distances rij. Then, the electron band term is minimized 
if the atoms sit in minima of the pair interactions, which implies a 
correlation between rij and the Fermi wavelength λF = 2π/kF, equivalent 
to the Hume-Rothery condition 2kF ~ K.  

In 1987, Friedel and Dénoyer59 identified the newly discovered 
icosahedral quasicrystals like Al-Li-Cu or Al-Cu-Fe as a new class of 
Hume-Rothery alloys. Despite the lack of periodicity, their diffraction 
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pattern shows sharp peaks and a Jones zone can be constructed from the 
most intense Bragg planes. Due to the high symmetry of the icosahedral 
quasicrystal, the multiplicity of Bragg planes is large and therefore the 
Jones zone is nearly spherical, thus producing a large number of contact 
points with the Fermi sphere, all with strong interaction potential. This is 
shown in Fig. 24 for both a quasicrystalline structure and a crystalline 
approximant. The higher the symmetry of the Jones zone, the closer it 
fits with the Fermi sphere. Therefore one expects a stronger depletion of 
the density of states at the Fermi level in quasicrystals than for simple 
crystals of lower symmetry. Thus quasicrystals and related complex 
metallic alloys are considered as a particularly stable case of Hume-
Rothery alloys. 

 

 
Fig. 24. a) X-ray diffraction pattern of the icosahedral Al-Cu-Fe quasicrystal and 
corresponding Jones zone with 42 facets constructed from the (18/29) and (20/32) main 
reflections. b) X-ray diffraction pattern of the Al-Cu-Ru-Si 1/1 approximant and the most 
prominent Brillouin zone consisting of the 48-fold {543}, 12-fold {550} and 24-fold 
{710} Bragg planes. 
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The Hume-Rothery stabilization mechanism implies that alloys of a 
given structure will only form at a specific chemical composition. This 
has been noticed for example in the Al-Cu-Fe system. Assuming a 
valence of -2 for Fe, +1 for Cu and +3 for Al, it is found that the 
quasicrystalline phase occurs along a line of constant e/a = 1.86. In the 
close vicinity of this line, related complex ternary phases were also 
discovered. Also, Tsai66 used the e/a criterion to discover many stable 
quasicrystalline phases in Al-TM1-TM2 systems. All these phases are 
isostructural to the icosahedral Al-Cu-Fe phase and they all have the 
same e/a ratio (see next sub-section). More recently, Tsai and his group 
discovered a new family of quasicrystal and approximant in the CdYb 
system, with an e/a = 2.0, and a different structure type.67 Again, 
isoelectronic substitutions led to the discovery of many quasicrystalline 
and giant unit cell crystals in Cd-RE (rare earth), Cd-Ca, Ag-In-RE, Au-
In-RE, etc.68 

5.2.  More on specific Al-TM CMAs 

We examine in this subsection the case of a few Al-TM complex 
compounds from the point of view of Hume-Rothery interactions and 
their composition dependence. One consequence of the appliaction of the 
Hume-Rothery rule is that the compound must form at a specified value 
of e/a. This is directly related to the chemical composition of the 
compound:  
 e/a = Σ ni ci = constant (3) 

where ni is the contribution of element i to the valence band and ci is  
the atomic fraction of element i. In the case of the AlCuFe quasicrystal, 
the ideal composition is found around Al62.3Cu24.9Fe12.8 and the  
valence contributions ni for elements Al, Cu and Fe are, respectively: +3, 
+1 and -2 according to Gratias et al.69 Hence, e/a = 1.862, and since 
cAl+cCu+cFe = 1, equation (1) is equivalent to: 

 cFe = 0.228 - 0.4cCu (4) 

This relation means that there is only one degree of freedom for the 
composition changes if e/a must keep constant. Therefore it can be 
expected that the composition zone of the AlCuFe icosahedral phase 
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tends to extend according to Eq. (4), as pointed out by Gratias et al. in 
the experimental diagram.69 

What is interesting is that this straight line also passes through or near 
crystalline approximants, as is illustrated in the schematic Al-Cu-Fe 
concentration diagram of Fig. 25: λ-Al13Fe4, Ψ-Al62.3Cu24.9Fe12.8, φ-
Al10Cu10Fe and ζ-Al3Cu4. We expect that the radius of the Fermi sphere 
kF will also keep constant if the atomic density ρ does not change much 
along this line. As a matter of fact, this is the case for the λ, Ψ and φ 
phases whose ρ values are respectively 67.7, 66.7 and 67.2 at.nm-3. The 
atomic density ρ of the ζ-Al3Cu4 phase is higher (72.8 at.nm-3), so that its 
2kF value is also relatively larger (31.8 nm-1).  

The values of 2kF for these Al-Cu-Fe phases are compared with the 
positions K of the most intense Bragg peaks in Fig. 26. The ζ-Al3Cu4 
phase is not presented here because of lack of structure data. We see 
immediately that the intense reflections of the three phases lying on the 

 

  
Fig. 25. Schematic concentration diagram of the Al-Cu-Fe system. The e/a-constant line, 
with e/a = 1.86, passes through or near four phases: λ-Al13Fe4, Ψ-Al62.3Cu24.9Fe12.8, 
φ-Al10Cu10Fe and ζ-Al3Cu4. This diagram is drawn according to the data reported in 
Bradley and Goldschmidt70 and Faudot et al.71 
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e/a-constant line are quite near their respective Fermi diameters, thus 
satisfying the 2kF ≈ K condition. In comparison, for the other phases, 
either only few intense reflections are near their respective 2kF values 
(i.e. θ−Al2Cu and ω-Al7Cu2Fe phases), or these reflections are relatively 
remote from the Fermi vector (e.g. the γ-Al2Cu3 phase with 2kF = 31.8 
nm-1). In particular, the θ-Al2Cu phase is a well-known tetragonal phase 
whose structure is mainly determined by close packing. An exception is 
found for the µ-Al5Fe2 phase, whose e/a value is quite inferior to that of 
Ψ-AlCuFe but whose intense peaks are all near the Fermi diameter due 
to its high atomic density (ρ = 71.8 at.nm-3). It is interesting to note that 
this phase is the first phase formed during solidification from the liquid 
state in the Al65Cu20Fe15 alloy72, before the appearance of the λ-Al13Fe4 
and Ψ phases.  

 
Fig. 26. Position of the intense peaks of phases λ, I, θ, ω, φ, ζ and γ (open circles) as well 
as of the corresponding diameter of the Fermi sphere 2kF (short horizontal lines) plotted 
as a function of Cu content. As a comparison, the outer electron concentration per atom 
e/a (open triangles) is shown in the lower part of the figure for each phase. The bold line 
corresponds to the constant e/a = 1.86 ratio.  
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force respectively. It is easy to show, from simple geometrical 
considerations that FL(α, µ) = L × tan (α + atan(µ)), and N(α, µ) = L × 
cos (atan(µ))/cos (α + atan(µ)), where α is the angle between the 
direction of advance of the tip and its projected horizontal direction 
during the circular motion. Likewise, the actual friction force f(α, µ) for 
a given α and µ is: f(α, µ) = L × sin (atan(µ))/cos (α + atan(µ)). The 
friction coefficient can then be written as µ(FL/L,α) = tan(atan(FL/L)-α). 
Assuming that α follows a sinusoidal variation, α = α0sin(2πx + φ), µ 
can be obtained in the isotropic regime by adjusting the parameters α0 
and φ so as to compensate the geometric 2π oscillation.  

 The bottom curve in Fig. 43 shows the fitting result for N and the top 
curve the corrected value of the friction coefficient.  

 

Fig. 42. Schematics of the pin-on-disk test on a flat sample that is slightly tilted from 
perfect horizontal position by an angle α0. The load L is applied along the vertical axis 
whereas the friction force f changes its position and strength when the sample rotates by 
half a turn. 
 

 

Fig. 43. Fit of the data shown in Fig. 41 as explained in text. The top curve is for the true 
friction coefficient and the bottom curve for the actual normal force. Observe the change 
in friction when the oxide layer is pierced by the indenter. 
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Beyond doubt, the plot reveals the friction anisotropy of the 2-fold 
decagonal surface in the regime where irreversible removal of the oxide 
layer occurs. Assuming that the highest friction is along the 10-fold axis, 
the friction coefficient along this periodic direction is 0.45 ± 0.06, 
whereas the one along the aperiodic direction is 0.30 ± 0.05. The 
magnitude of the anisotropy is therefore about 1.5. Note that the two 
values of friction coefficient are higher than the single value measured 
on the oxide (0.26 ± 0.05) film before its removal. 

Wittman et al.103 also proved quite some time ago that the anisotropy 
of friction is close to 40% for the decagonal Al62Co15Cu20Si13 
quasicrystal whereas its hardness anisotropy amounts to at most 5%. 
Such an anisotropy goes with that of transport properties (electrons, heat) 
in decagonal CMAs. All friction studies have shown that the unique 
friction properties of decagonal Al-Ni-Co quasicrystals are an intrinsic 
property of their peculiar crystallographic structure. The anisotropy, 
manifested by high and low friction forces along the periodic direction 
and aperiodic directions, respectively, is present not only on clean 
surfaces prepared in ultra high vacuum but also in crystals exposed to air, 
and is manifested after the oxide is broken by wear. Equally important is 
the finding that the anisotropy disappears when the accumulation of wear 
destroys the quasicrystalline order. We need to address first the surface 
energy of CMAs to understand better this ensemble of data. 

6.3.3.  Surface energy 

One of the most important properties of a piece of condensed matter is its 
surface energy. It determines its equilibrium shape. It correlates with its 
reactivity, melting point, brittleness, etc. It is however hardly accessible 
to experiment, because it requires equilibrium conditions to be worked 
out. For instance, an assessment of the surface energy at high 
temperature may be derived from measurements of the force that is 
necessary to maintain the shape of a single crystal unchanged when 
approaching its melting temperature. Although feasible, this method 
cannot be applied to a whole family of compounds, due to the difficulty 
to grow many single crystals, and is very sensitive to contamination, 
surface defects, etc. Alternative approaches were based on observing the 
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equilibrium shape of a small droplet of a known material in its liquid 
state and deposited in contact with the surface of interest. We will 
examine such an example in the following section. This approach yields 
its own difficulties, essentially because the interaction between liquid 
and solid comprises the so-called liquid-solid interface the energy of 
which is usually unknown, and because it is also sensitive to surface 
contaminations which force all experiments to be performed in high 
vacuum, a condition that is difficult to fulfil at high temperatures, and 
even more so for many solid samples.  

Finally, computer experiments may be used to calculate the surface 
energy, with limitations again however due to the finite number of atoms 
that can be handled with nowadays machines and the delicate balance 
between computations in the bulk and at the surface that must be 
achieved in the computer. It was nevertheless extensively applied to 
simple solids, especially metals like in the work published by Vitos  
et al.104 Unfortunately, once more, surface energy calculations can not be 
applied regarding CMAs, which most often exceed by far the power of 
existing computers due to the large number of atoms in the unit cell. 

To overcome experimental or computer drawbacks, I have imagined a 
very simple method that does not deliver the surface energy of a CMA, 
but only its upper limit, which in the present situation is quite an 
acceptable piece of data. Let us start with the observation (Fig. 44) that 
friction is low in the absence of oxygen, which provokes the emission of 
wear debris and therefore substantial friction when performed in air.105 In 
strong contrast, friction decays when oxygen (or air) is pumped out the 
chamber in which the pin-on-disk apparatus is installed. This behaviour 
is reversible and may be reproduced at will by pumping out, and 
reloading, the chamber with air (or oxygen). It is due to the formation of 
an oxide layer at the surface of the CMA sample, which breaks and 
forms wear particles in the presence of oxygen. If alternatively the 
residual pressure of oxygen is low enough in the chamber, friction on the 
initially oxidized sample decreases rapidly at the beginning of the test 
when the first worn layer is eliminated from the trace of the indenter.  
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Friction does not increase again if the oxide does not have enough 
time to grow a new layer during the time elapsed between two successive 
passages of the indenter. With the apparatus used for the present study, 
this condition is realised below 10-5 to -6 mbar and a rotation speed of few 
cycles per second at a trace radius of 3 to 6 mm. 

It is interesting to test the method first using specimens of known 
surface energy, such as e.g. transition metals, or sintered alumina, or 
window glass. A comparison between an Al-Cu-Fe quasicrystal, a 
sample of sintered alumina and a piece of hard steel is shown in Fig. 45. 

 
Fig. 45. Friction measured in vacuum (10-6 mbar) against hard steel on the same hard 
steel (solid dots), sintered alumina (open dots), and a sample of sintered icosahedral Al-
Cu-Fe-B CMA (bottom curve). Observe the fairly low friction coefficient of Al2O3 at the 
beginning of the test and the plateau reached at the end of the test. 

 
 

Fig. 44.  Friction coefficient measured against hard steel with a sintered specimen of 
icosahedral Al-Cu-Fe CMA. The figure shows the change in friction when 7 mbar of air 
is reintroduced in the chamber.  This change is reversible if pressure is reduced back to 
10-6 mbar. 
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The antagonist was all the same for the three runs, namely a sphere of  
6 mm diameter of hard steel. After each run, the ball was examined to 
assess its wear and replaced by a new one. These conditions apply to all 
experiments described in this section. 

This experiment can be performed using simple metals, or samples of 
known surface energy. This is the case specifically for the piece of 
sintered alumina shown in Fig. 45. At the beginning of the test, the hard 
steel ball comes into contact with the bulk aluminium oxide, whereas at 
the end of the test, as can be assessed from observation of the trace after 
withdrawing the sample from the vacuum chamber, the trace is covered 
by transferred steel to the surface of alumina, and sliding is between the 
hard steel ball and a film of steel. Meanwhile, the hardness of the solid 
sample has not changed. We performed such tests on a variety of 
specimens, beginning with 3d, 4d and 5d metals (Fig. 46).  

After correcting the friction data for the effect of hardness, which is 
explained below, the data curves are very reminiscent of the cohesive 

 

Fig. 46. a) Cohesive energy taken from literature and divided by 2 to give the theoretical 
surface energy of 3d (solid squares), 4d (triangles), 5d (open dots) metals and aluminium 
(cross). b) Friction coefficient measured as explained in text and corrected by 
withdrawing a term inversely proportional to the hardness of the sample as explained 
hereafter in text. The same symbols are used, respectively, for 3d, 4d, 5d and Al as in a). 
A minimum is observed at a total number of x=7 (Mn) valence electrons and two maxima 
at x=5 and x=9, which are typical signatures of the theoretical surface energy shown in 
a). Exceptions however show up for W (arrow) and Co, as indicated in the figure. 
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energy variation with the position of the metal in the d-series. There are 
only two exceptions, namely Co and W, for which the corrected friction 
is below the expected level (arrows in the right hand side part of Fig. 46). 
Most probably, this shift is due to the high stick coefficient of oxygen on 
those materials, which forbids direct contact of the surface with the 
indenter and produces lubrication, thus reducing artificially friction. 

This correlation leads immediately to a possible relationship between 
friction measured in such specific conditions (and only in those 
conditions) and the surface energy of the material of interest. It is shown 
in the right hand side of Fig. 47, in which the experimental friction 
coefficient of a large number of calibration samples is presented as a 
function of the Vickers hardness of those specimens (solid dots). The 
correlation assumes that the friction coefficient is inversely proportional 
to the hardness HV, to account for the ploughing contribution to the 
hardness, and is proportional to the adhesion energy WSP developed 
between the solid surface S and the pin P, or: 

 µ = α /HV + βWSP   (5) 

where α and β stand for fit parameters. 
Considering that no wear occurs during those tests, as can be easily 

checked after ending the test, we shall assume that WSP represents the 
reversible adhesion energy between solid and pin: WSP≡γS+γP-γSP. The 
interfacial energy γSP is unknown. To get rid of this difficulty, we shall 
simply assume that the term γP-γSP cancels, which is a very drastic 
assumption indeed, but leads us to overestimate γS and approach only its 
upper limit. In the absence of any other means actually to measure or 
calculate γS, the method is valuable. The following equation is therefore 
used to calibrate the data presented in Fig. 47 and deduce the fit 
parameters α and β  from the set of friction measurements with materials 
of known γS and HV: 

 µ ≥ α /HV + βγ S   (6) 

Excellent agreement is obtained between measured and calculated values 
of the friction measurement, see Fig. 47. The parameter α is equal to 34 
and was used in Fig. 46 to correct the data: µ’=µ-34/HV. Observe 
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especially the good agreement found at the highest hardness for sintered 
alumina before (low friction) and after covering it with transferred steel 
(high friction) while replacing in the above equation the surface energy 
of Al2O3 by that of iron (standing for steel) at constant hardness. Soft 
metals, here tin and lead, of course do not fit due to the divergence of the 
equation when HV comes too close to 0. 

We shall thus trust the method and apply it to the estimation of the 
upper value of the surface energy of CMAs. The experimental data are 
presented in Fig. 48 as a function of the Vickers hardness of the 
specimens. Observe first of all that they cover a broad range of values, 
going from µ as small as 0.2 for some samples up to values close to 0.8. 

The distribution of data is not at random: the series at the bottom of 
the figure stands for alloys containing a significant amount of copper, 

 

Fig. 47.  Left: calculated and experimental friction coefficients for a number of samples 
of known surface energy and Vickers hardness. The calculation is done according to the 
equation discussed in text. Right: same data but presented according to the Vickers 
Hardness of the samples. Solid dots are for experimental data points and open circle for 
calculated ones. The two data points at the remote right end of the series are for sintered 
alumina against hard steel, at the beginning of the test and at its end, when steel is 
transferred to the trace. The arrow shows data for tin and lead, which are too soft to fit 
with the present model. 
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whereas large values of µ are observed for specimens that contain instead 
Cr and/or Fe. 

This difference points out a correlation between friction and the 
existence of d-states at the Fermi level. We will come back to this point 
later in this section. Using then the fit parameters α and β introduced 
above and reverting Eq. (6) leads immediately to an estimate of the 
maximum value of γS for those CMA specimens. 

The result is shown in Fig. 49 as a function of the experimental 
friction coefficient used as an order parameter along the x-axis. It is 
important to notice at this stage that the lowest values of γS are observed 
for the most complex compounds, whereas much simpler ones, 
especially if they contain Cr or Fe, exhibit larger values of γS falling in 
the range of the surface energy of the constituent metals. To be more 
specific, γS = 0.5-0.6 J/m2 for the Al-Cu-Fe compound and γS = 0.8 J/m2 
for icosahedral Al-Pd-Mn. This is in strong contrast with γS = 2 J/m2, the 

 

Fig. 48. Friction coefficient measured (in the conditions indicated in text) against a 
variety of CMA samples. The dotted line guides the eye along the series of Al-Cu(-Fe) 
samples that show little density of d-states at the Fermi energy. The solid line is for 
samples with high density of d-states at the Fermi level, due to the presence of Cr or Fe in 
the composition, instead of Cu. The ω-Al7Cu2Fe compound belongs to the latter family 
and exhibits a clear metallic behaviour, in strong contrast to the icosahedral Al-Cu-Fe 
CMA of nearby composition (large and small solid diamonds in the bottom right). 
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value characteristic of the metallic ω-Al7Cu2Fe compound or of 
orthorhombic Al-Cr-Fe alloys. The largest value of γS in this series was 
found for the Al8V5 compound. Again, a correlation is pointed out in  
Fig. 50 between the filling of the valence band and γS, with a clear 
tendency to reduce it when the number of s, p and d electrons brought in 
by the constituents is close enough to 10. 

 
Fig. 49. Representation of the upper limit of γS for many CMA compounds, shown as a 
function of the experimental friction coefficient deduced from the experiments described 
in text. The open and solid diamonds at the bottom end of the series are for icosahedral 
compounds of the Al-Cu-Fe system. All complex CMAs fall in the range of γS values 
between 0.5 and 0.8 J/m2. 

 

Fig. 50. Correlation observed experimentally between the upper limit γS of the surface 
energy and the total number of s, p and d electrons in the valence band. The two open 
diamonds stand for the Al-Cu-Fe and Al-Pd-Mn icosahedral compounds. 
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Once more, icosahedral CMAs (open diamonds in Fig. 50) appear 
different from CMAs with a regular unit cell and periodicity. Their upper 
limit of γS is small at a same filling of the band. This result is in 
agreement with other experimental data, especially with attempts to 
cover a naked quasiperiodic surface with metallic elements like Bi, Al or 
Ag of reduced surface energy (compared to 3d transition metals).106 

6.4.  Wetting against liquid metals 

Several attempts were performed to put this observation on a firmer 
experimental basis by using a liquid elemental metal deposited at the 
surface of the solid of interest and measuring its contact angle.107 An 
illustration of such an experiment is produced in Fig. 51, with the case of 
liquid lead on the 5-fold surface of an icosahedral Al-Pd-Mn single 
grain.  

The experiment is quite tricky and must be performed in ultra-high 
vacuum to avoid any contamination of the surface that would modify its 
surface energy. To this end, the surface is first prepared by removing all 
traces of oxide with the help of an Ar-ion beam and second relaxing it to 

 

Fig. 51. Small droplets of liquid lead formed in ultra-high vacuum on a 5-fold surface of 
icosahedral Al-Pd-Mn and frozen-in by cooling the specimen back to room temperature. 
Observe the pentagonal imprint left at the naked surface by the heat treatment. The 
contact angle may be measured post-mortem after cross-sectioning a droplet and 
substrate left underneath. (Courtesy: V. Fournée, IJL, CMA). 
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equilibrium structure by series of subsequent heat treatments and 
abrasion of the top-most layers. A thin film of lead is then deposited at 
the surface at low temperature followed by a melting step to produce the 
droplets. Clearly, Pb “dewets” from the surface, i.e. forms individual 
droplets the contact angle of which approaches 90°. 

This contact angle contains the information on the surface energy 
according to Young’s equation: 

 γLV cosθ = γ SV − γ SL   (7) 

where θ is the contact angle, γLV the (known) surface energy of the liquid 
(in the presence of its vapour), γSV, the surface energy of the solid (also 
in the presence of the vapour) and γSL the interfacial energy between 
liquid and solid. This latter term is unfortunately unknown, which limits 
drastically the usefulness of the method. Comparison to other substrates 
is nevertheless meaningful and shows that the value of θ is by far larger 
than the one observed for lead deposited on other metals (Fig. 52). 

Especially, it is about half an order of magnitude larger than when the 
experiment is performed on pure aluminium, the major constituent of the 
single grain used for obtaining Fig. 51. Deeper insight may be gained by 
investigating the deformation of the substrate resulting from the forces 

 
Fig. 52. Empirical correlation observed between the contact angle of liquid lead 
deposited at the surface of Al, Cu and Fe substrates (the line is only to guide the eye) and 
the melting temperature of the substrate material. When deposited on an Al-Pd-Mn 
icosahedral single grain, the value of the contact angle is much larger, see the data point 
encircled. (Courtesy: V. Fournée, IJL, CMA). 
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exerted by the liquid in the high temperature regime when the 
quasicrystal is soft enough.107 Such an experiment has not yet been 
performed. Conclusively however at this stage, the surface energy of 
highly complex CMA appears smaller than that of their elemental 
constituents. It is about 50% that of the most abundant constituent, Al, 
and it is by far smaller than that of 3d metallic species. 

6.5.  Wetting against polar liquids 

The results presented in the previous sections about the surface energy of 
highly complex CMAs, and especially quasicrystals, was at the heart of 
the first potential application of those materials to the production of 
frying pans.1,19 The essential quality of a frying pan is de-wetting when 
one washes it or when food, which is made of about 80% water, comes 
into contact with the surface. This is the reason why Teflon is used, a 
material that has an extremely low surface energy and is non-polar. 
Similarly, when a droplet of water is placed on a freshly prepared  
surface of a quasicrystal, the droplet does not spread, but rather, it  
‘beads up’. This behaviour, first observed empirically,19 may be put  
on a quantitative basis by measuring the contact angle, θ , between a 
minute droplet of ultra-pure water and the surface of interest.108 CMAs 
display anomalously large values of θ   (80° < θ  < 110°), whereas pure 
aluminium metal shows values around 60-70°, even though both are 
covered by a similar surface oxide under the conditions of wetting 
experiments. Very surprisingly, the native surface oxide seems to play a 
different role on a CMA as compared to its bulk form. An illustration of 
this effect is shown in Fig. 53. Deriving Young’s equation, one comes to: 

 cosθ = 2(γ S
LWγL

LW )1/ 2 /γL + ISL
AB /γL −1  (8) 

in which γL is the surface energy of the liquid, γ S
LW and γL

LW the Lifshitz-
Van der Waals components of the surface energy of the solid and liquid, 
respectively, and ISL

AB stands for all other interfacial interactions between 
solid and liquid that are not of LW type. In this equation, we have 
assumed that the contact angle θ is well defined, which means that the 
film pressure Π = γ SL − γ SV  is negligible. Indices S and L denote solid 
and liquid, respectively, LW the Lifshits-Van der Waals forces born from 
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instantaneous fluctuations of the electromagnetic field on both sides of 
the S-L interface, and AB any other interaction, for instance dangling 
bonds, electron donor-acceptor behaviour, etc. 

From Eq. 8, it comes immediately that the components of the  
solid surface energy can be assessed from independent measurements  
of θ, using various liquids with different γL

LW and γL
AB , assuming  

as in the literature109 a simple combination rule such as  
ISL

AB = γ S
ABγL

AB and γS = γ S
LW + γ S

AB . A liquid with γL
AB = 0 is called non-

polar. With such liquids, varying γL
LW ≠ 0, a plot of cosθ as a function of 

x = 2 γL
LW /γL  produces a linear variation that goes to -1 when x = 0. 

Similarly, if the solid is non-polar (i.e. ISL
AB = 0  because γS

AB = 0 ), the 
plot of cosθ also is a straight line that goes to -1 for x = 0. This is 
typically the case of Teflon, which is a non-polar solid, also of very 
small surface energy ( γTeflon ≈18 mJ/m2). We used 5 different liquids and 
measured cosθ for a flat sample of Teflon according to a methodology 
that is described elsewhere.110 The result (Fig. 53) is indeed a straight 
line that extrapolates to -1 when x = 0.  

 

Fig. 53. Plot of cosθ as a function of x = 2 γL
LW /γL . Five different liquids were 

used, as shown in the figure, for Teflon (open diamonds), a single grain of cubic 
alumina (open squares) and a single crystal of icosahedral Al-Pd-Mn (solid diamonds). 
Unexpectedly, this later sample exhibits a linear plot of cosθ vs x, extrapolating to cosθ = 
-1 when x=0. Each data point in the figure is an average over at least ten measures of θ. 
Observe how the two data points at large x align with cosθ = -1 because the two liquids 
used are non-polar. The fact that all measures of cosθ with the icosahedral CMA align on 
a straight line that goes to cosθ = -1 for x=0 is a demonstration of its non-polar nature, 
despite it is covered with the same oxide as the one illustrated in the figure (open 
squares). 
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In strong contrast, a single crystal of alumina, which is very much a 
polar solid due to the formation of dangling bonds at the surface and its 
electron donor behaviour, exhibits a plot of cosθ vs x that departs from a 
straight line as soon as the liquid is polar itself (Fig. 53). Very 
surprisingly, a polished single grain of icosahedral Al-Pd-Mn CMA 
shows a straight line of cosθ vs x. This unexpected result cannot be 
anticipated from literature, which assigns the wetting behaviour of a 
solid surface to its extreme surface layers. Here, the native oxide that is 
always present at the surface of Al-based CMAs studied in ambient 
atmosphere, seems to play no role at all. 

Even more surprising is the fact that the contact angle of ultra-pure 
water increases when the thickness of the oxide layer is decreased below 
a threshold value of about 10 nm (Fig. 54). To produce this piece of 
evidence, we equipped several samples of Al-based CMAs with artificial 
layers of alumina deposited on top of their native oxide layer. The 
supplementary layers were prepared by evaporating Al layers at the 
surface and oxidizing them in situ in the evaporator. The final thickness 
could be assessed by a standard XPS technique.111 

 

Fig. 54. Reversible adhesion energy of water deposited at the surface of a same CMA 
sample, but equipped with increasing thicknesses t of the surface oxide layer (see text for 
details). The size of the symbols increases in proportion to t, to guide the eye. The y-axis 
is labelled according to the reversible adhesion energy of water WH2O = (1+cosθ ) γH2O, 
with γH2O = 72.8 mJ/m2, an equation that is valid only if θ is well defined and close 
enough to 90°. Except for metallic and oxide samples, it is the case for most specimens 
used in the present study. Observe how WH2O decreases against normal sense with 
increasing t values at low enough values of t. A crossover to the normal behaviour is seen 
around t = 8-10 nm. 
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Going a step further, we could determine the individual values of  
γ S

LW and γ S
AB  for a full series of CMA samples (Fig. 55). It turns out that 

the LW component is nearly independent of composition and falls within 
a narrow range of values, slightly below however that of bulk alumina. 
In contrast, γ S

AB  evolves with composition and is found equal to 0 on a 
highly perfect icosahedral material, whereas it tends towards the value 
characteristic of (oxidized) aluminium for less complex CMAs.  

Thus, we have arrived at a main result: the degree to which water 
wets Al-based metals covered by an amorphous oxide depends directly 
on the density of conduction states in the bulk, and inversely on the 
oxide layer thickness, for thin enough layers. This result could not have 
been anticipated from the accepted understanding of the wetting of 
aluminium oxides by water.108,109 The existing paradigm would have 
predicted that the key interactions are very localized at the liquid-solid 
interface (aside from the dispersive forces, which add a constant 
contribution that depends only on the nature of the covering oxide). Our 
results, however, imply that the key interactions are the longer-range 
forces between water molecules in the droplet and the Fermi sea of 

 

Fig. 55. Evolution of the surface energy components of a series of Al-based CMAs. The 
left side of the figure shows the LW component and the right side the AB part of γS. The 
x-axis is drawn according to the Al3p density of states at the Fermi energy of the very 
same specimens, already presented in Fig. 35a earlier in this chapter. Observe the nearly 
parabolic dependence of γ S

AB
 with n(EF), whereas little variation of γ S

LW
is observed as 

a function of n(EF). The cross represents pure fcc Al and the open square, bulk alumina. 
Solid dots are for various CMAs. 
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electron in the CMA substrate beneath the oxide. Based on a careful 
study of the wetting of a large number of CMA samples, which would 
take too much space in the present context,110 we could show that a 
simple model of the electrostatic interaction of the permanently moving 
dipoles carried by water molecules and their image in the Fermi sea 
accounts for the results. It holds true for thin enough layers whereas a 
cross over towards the ancient paradigm applies when the oxide layer 
becomes sufficiently thick (t ≥ 8-10 nm). 

Basically, the model assigns the sum of all dipole-image interactions 
to the reaction of the substrate that balances the system of forces 
involved in Young’s equation, see Fig. 56. The reaction of the substrate 
is usually omitted in literature, but it must exist, at least to take into 
account gravity. It is represented in Fig. 56 by the dashed vertical arrow.  

At the position of the triple line which separates solid, liquid and 
vapour, a dipole on a given water molecule interacts with its own image 
and all other images produced by the other nearby molecules. Its own 
image sits at a distance d’=d+t/κ from the oxide-water interface taken as 
the origin of coordinates along the z-axis. Here, d labels the distance  
of the dipole above the reference interface, t the oxide thickness and κ is 
the ratio between the dielectric constants of the oxide and of water, 

 

Fig 56. Balance of the surface tensions involved in Young’s equation. In the present 
context, surface energies and surface tensions are equivalent. The contact angle results 
from equilibrium of the surface energy of the liquid (in the presence of its vapour), the 
surface energy of the solid (in the presence of the liquid vapour), the interfacial energy 
and a supplementary term usually not shown in literature which accounts for the reaction 
of the substrate and is directed along the vertical direction z. In the whole section, we 
assumed that the contact angle is well defined because the presence of the vapour does 
not modify the equilibrium conditions. 
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respectively: κ=εo/εw. Typically, is much smaller than 1: 0.1 ≤ κ ≤ 0.2. 
As a consequence, d’ is by far larger than t and the image dipole sits 
within the bulk of the CMA substrates, which explains why the bulk 
density of states probed by XES is relevant. 

Averaging over the effects of (Boltzman) kinetic energy and 
interaction with all images in the bulk leads to a dependence upon the 
thickness of the oxide film that varies according to the square of t. The 
data presented earlier in this section (Figs. 54 and 55) are in agreement 
with this conclusion. It can also be shown that the strength of the 
interaction is proportional to the square of n(EF), essentially because the 
presence of the oxide film, which is considered in the model as an inert 
spacer, creates two interfaces, one between oxide and water, the other 
between oxide and solid. The waves emitted by the dipole partly reflect 
and partly propagate through those interfaces. The key point is that 
CMAs of high complexity absorb electromagnetic waves to a very 
substantial effect. For instance, the reflection coefficient of an Al-Cu-Fe 
quasicrystal of good lattice perfection is not larger than R=0.6, whereas 
fcc aluminium is characterised as like any other good metal by R nearly 
equal to 1.112 The peculiar wetting properties of Al-based CMAs are 
therefore a direct consequence of their specific electron transport 
properties. For thick enough oxide layers, the difference between 
oxidized aluminium, bulk oxide and CMA cannot be observed. The 
wetting behaviour is dominated by the presence of the oxide film. At thin 
enough layer, typically when t is smaller than 8 nm, this unexpected 
behaviour reveals itself provided n(EF) in turn is small enough, a 
condition that is achieved only with highly complex CMAs. Pure 
aluminium therefore will not depart from wetting properties of bulk 
alumina because of its marked metallic nature. To close this section,  
Fig. 57 presents the data gained with many different CMAs on wetting 
with ultra-pure water, showing excellent agreement with the n EF( )2

/ t 2  
expected dependence. The contact angle is related to the reversible 
wetting energy of water, WH2O, assuming a negligible effect of the 
vapour film, by the equation W H 2O = γ H 2O (1+ cosθ) . The data point 
separate in two branches because we used the Al3p partial density of 
states, which is available (Fig. 35a), instead of the total density of states 
that is lacking. 
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7.   Inverse Nano-Structuration 

It seems useful at this stage of the chapter to emphasize one unique 
concept that could summarize the major features of CMAs. This concept 
was already introduced in Vol I of the series of books dedicated to 
complex intermetallics.5 It is illustrated in Fig. 58 for the case of 
mechanical testing in compression. This figure shows, on the left side, 
stress-strain curves recorded during compression tests of nano- and 
microcrystalline copper.113 Remarkably, the nanocrystals exhibit no work 

 

Fig. 57. Reversible adhesion energy of water deduced from contact angle measurements 
performed on a large variety of specimens and presented as a function of the n2/t2 ratio 
introduced in text. The two open symbols shown on the y-axis are for bulk alumina 
(square) and Teflon (diamond). Identical symbols, but of different sizes, are used for a 
few specimens equipped with artificial oxide layers of varying thickness as explained in 
text. The data divide in two branches according to the presence or not of 3d metals (Cr 
and Fe) that contribute significantly to the density of states at the Fermi energy. The 
branch at the bottom is for alloys of the Al-Fe-Cu series that show little d-states at EF. 
Conversely, the d-states contribution is much higher in the other Al-Cr-Fe(-Cu) series. 
Both branches converge (inset) towards a same value at n2/t2=0, from which it is 
straightforward to deduce that γ S

LW = 32.8 ± 2mJ /m 2  for all specimens, in accordance 
with Fig. 55. 



PROPERTIES AND APPLICATIONS OF COMPLEX INTERMETALLICS 
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/materialsci/7228.html

 Complex, Metallic and So Different 85 

hardening, in strong contrast to microcrystalline copper. The absence of 
work hardening is also a characteristic of complex intermetallics when 
they become plastic at temperatures approaching the melting point. It is 
observed with polygrained CMAs as well,49 as shown in the right hand 
side part of Fig. 58, but also on single grain specimens.22 

It turns out from comparison of nanograined copper with a bulk CMA 
that deformation under compression strain of both materials reveals itself 
in similar ways: enhanced plasticity with no work hardening, large strain 
at rupture. Many other properties of CMAs follow the same trend, 
namely they reveal themselves in bulk CMAs, often in single grained 
CMAs, as they do in nanosized materials. This is especially the case of 
electron transport properties as well as of phonon mobility. In other 
words, the effects characteristic of localisation that take place upon 
reducing the size of individual objects promoted by structuration in the 
nanoscopic regime are also observed in bulk CMAs, but upon increasing 
the size of the unit cell. For this reason, I have suggested in Ref. 5 to 
assemble all such effects pointed out in CMAs under the label “inverse 
nanostructuration”, or INS in short. 

 

Fig. 58. True stress-true strain curves recorded during compression tests applied to 
copper113 (left) and to an orthorhombic CMA49 (right) the composition of which is 
indicated in the figure. In contrast to microcrystalline copper, and more generally to 
metallic alloys, nanocrystalline copper shows no work hardening, a behaviour that is 
related to the large number of atoms located in grain boundaries and the resulting 
enhancement of atom mobility. Similarly, CMAs of sufficient complexity are 
characterised by further degrees of freedom for atoms to move, including in single 
grained materials, which entails an easier climb of dislocations. 
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8.   Conclusion 

Many of the tricky properties of CMAs may find technological 
applications: reduced wetting against polar liquids, reduced friction in 
solid-solid contact, heat insulation, resistors with zero temperature 
coefficient, catalysts, thermoelectricity generators, etc. A review was 
already published by the author.1 For the time being, this is most 
probably not the main reason that justifies interest in those materials. The 
main issue is to understand them, and maybe to find, or prepare, new 
ones, albeit no fully accepted theory is available to guide the search of 
such new materials. The discovery and successful preparation114 of an 
Al-Cu-Ta compound with a unit cell volume as large as 365 nm3 is in my 
opinion the best prove that so much more remains uncovered in the field 
of metallic alloys, with so far unknown properties. This was “the raison 
d’être” behind the creation of the CMA European Network of Excellence, 
and therefore the chief motivation to organise yearly a school in 
Materials Science and edit this series of textbooks.  
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