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Pseudo-icosahedral Cr55Al232−δ as a high-temperature protective material
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We report here a course of basic research into the potential suitability of a pseudo-icosahedral Cr aluminide
as a material for high-temperature protective coatings. Cr55Al232−δ [δ = 2.70(6)] exhibits high hardness at room
temperature as well as low thermal conductivity and excellent oxidation resistance at 973 K, with an oxidation
rate comparable to those of softer, denser benchmark materials. The origin of these promising properties can
be traced to competing long-range and short-range symmetries within the pseudo-icosahedral crystal structure,
suggesting new criteria for future materials research.
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Given their low cost and abundance, it is expected that coal,
natural gas, and other fossil-based energy sources will remain
the dominant fuels for global electrical power generation for
the coming decades, even as fossil fuel-burning plants emit
a wide range of pollutants, including SOx , NOx , particulate
matter, and most notably CO2, a widely recognized greenhouse
gas [1]. The efficiency of turbine-based power generation
is predominantly determined by steam temperature, which
is currently limited by the maximum service temperature
of exposed steel components [2]. To this end, advances in
the fabrication of creep-resistant, high-strength steels over
the course of the last decade [3–5]—largely the result of
solid solution strengthening via compositional tuning [6,7]
together with microstructural control through grain boundary
pinning [5,8,9]—have resulted in alloys capable of long-term
structural stability to temperatures as high as 973 K. The
typically low (∼10%) Cr content of these alloys limits their
oxidation resistances, however, necessitating the development
of suitable protective coatings to inure exposed components
to corrosion, wear, and oxidation under consistently harsh
operating conditions [10].

Prospective coating materials must meet critical economic
considerations such as ease of fabrication and low cost, in
addition to exhibiting desired functionality, including high
hardness, low thermal conductivity, low density, and sub-
stantial resistance to oxidation [11]. Accordingly, proposed
coatings often contain Cr and Al, in part due to the low
mass and relative abundance of these elements, but most
critically because their oxides often form protective scales,
which arrest the diffusion of oxygen from penetrating deeper
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into coated components. Due to the high chemical stability of
Al2O3 in particular, attempts to aluminize creep-resistant steels
have received significant attention [12,13], but it has proven
challenging to impede undesirable chemical interdiffusion
between aluminide surfaces and Fe-rich bulks [14,15]. On
the other hand, Cr-rich phases have been observed to act
as diffusion barriers [16,17], and substantial work has been
done in the hopes of impeding compositional diffusion by
introducing Cr to Al-rich coatings and thereby triggering the
in situ growth of Cr5Al8 or Cr2Al layers in response to heat
treatment [18–20]. An entirely new triclinic binary compound
Cr4Al11 [21] was recently discovered while heat treating Al/Cr
composite films [22], suggesting that basic research into this
class of materials is far from complete.

We present here the synthesis, hardness, thermal conductiv-
ity, and oxidation resistance of high-quality single crystals of
Cr55Al232−δ [δ = 2.70(6)], a previously uninvestigated binary
compound that appears well suited to coating applications. This
compound was first reported in studies of phase equilibria
some 25 years ago as μ-CrAl4 [23]. Motivated by reports
that the properties of oxidation-resistant coatings are often
strongly influenced by deposition methods [24], we synthe-
sized Cr55Al232−δ in single-crystal form. Single crystals permit
direct measurement of intrinsic properties independent from
deposition techniques and free from grain boundaries and
impurities, which may be prevalent in samples synthesized
via traditional polycrystalline routes. We discuss these prop-
erties in terms of the pseudo-icosahedral μ-MnAl4 structure
[25,26] adopted by this compound [23,27,28]. We observe
low thermal conductivity, likely a direct consequence of the
complex crystallographic unit cell. Nearest-neighbor Cr-Al
distances measure 2.5 Å or less for all Cr positions, suggesting
strong Cr-Al hybridization, which our measurements of high

2475-9953/2018/2(3)/032401(7) 032401-1 ©2018 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.2.032401&domain=pdf&date_stamp=2018-03-19
https://doi.org/10.1103/PhysRevMaterials.2.032401


R. ROSA et al. PHYSICAL REVIEW MATERIALS 2, 032401(R) (2018)

hardness and modest fracture toughness imply is predomi-
nantly covalent in character. Further, we observe the formation
of a robust Al2O3 protective scale upon heat treatment at 973 K.
Taken together, these results suggest that Cr55Al232−δ and
related materials have promise as high-temperature coatings.

We grew high-quality single crystals of Cr55Al232−δ as
large as 300 mm3 by a self-flux technique in which elemental
precursors with an initial Cr:Al ratio of 15:85 were sealed under
Ar gas, heated to 1303 K, and slowly cooled to 1213 K over
90 h. We determined the structure of the resulting crystals using
an Oxford Gemini single-crystal diffractometer with Mo Kα

radiation, with greater detail presented in the Supplemental
Material (SM) [29]. Polycrystalline samples were produced by
grinding single crystals to a powder, followed by cold pressing
and sintering to a pellet of 70% theoretical density.

We measured thermal conductivity via the steady state tech-
nique using a custom-built apparatus [30], and we carried out
thermal diffusivity measurements with a NETZSCH LFA-457.
Vickers microhardness and fracture toughness measurements
were performed with a Mitutoyo digital microhardness tester.
We characterized the formation of oxide scale by scanning
electron microscopy (SEM) and energy dispersive x-ray spec-
troscopy (EDX) carried out on a JEOL 7600F Analytical SEM.
A cross section was prepared in a JEOL IB-19500CP broad Ar
ion beam polisher for 5 h at 8 kV. Images of the cross section
were acquired using a JEOL 7200F FE-SEM. We quantified
oxidative mass increase by removing the sample from a 973 K
furnace, quenching it in air, measuring the mass via precision
balance, and reinserting it directly into the 973 K furnace for
rapid rethermalization, a process repeated for each subsequent
measurement. We carried out diffraction measurements from
300 to 973 K by heating powderized single crystals in situ via a
quadruple lamp furnace [31] on the X-ray Powder Diffraction
(XPD) beamline (28ID-2) at the National Synchrotron Light
Source II, Brookhaven National Laboratory. The energy of the
incident x rays was 68 keV.

The crystal structure of Cr55Al232−δ is dominated by
pseudo-icosahedral substructures. Figure 1(a) shows the unit

FIG. 1. (a) The unit cell of Cr55Al232−δ with Cr atoms (red) and
Al atoms (gray), as indicated. Representative coordination polyhedra
are approximately icosahedral and colored as follows: Cr8 (red),
Cr5 (orange), Cr9 (yellow), Al4 (green), Al9 (blue), Al2 (indigo),
Al24 (violet), Al16 (pink). Complete crystallographic details are
included as Supplemental Material. (b) The (hk0) reciprocal space
map showing sixfold rotational symmetry. Blue circles highlight
bright spots with wave-vector Q ratios that are integral approximates
of those expected for an icosahedral quasicrystal (see text).

cell and an arbitrary selection of representative coordination
polyhedra that span the cell. Overall, nine of the ten Cr
positions are icosahedrally coordinated, as are three of the Al
atomic sites as previously reported [28]. The large unit cell
parameters a = 20.1804(3) Å and c = 24.8530(4) Å result
directly from local proximity to icosahedral symmetry, which
is fundamentally incompatible with periodicity. We observe
that the Al(32) site is approximately half occupied, as was
also observed in the Mn-based analog, yielding a composition
of Cr55Al232−δ with δ = 2.70(6). Two neighboring Al(32)
sites are located only 1.705(9) Å from one another, with this
unphysically short distance indicating that only one of each
pair can be occupied. While partial occupancy was previously
observed on the Al7 site in the Cr-based system [28], we see no
evidence of less than full occupancy in our crystals, indicating
that Cr55Al232−δ exists over a range of δ.

This complex structure is characterized by the interplay
between short-range pseudo-icosahedral symmetry and long-
range hexagonal symmetry, as reflected in reciprocal space
maps, such as the (hk0) plane shown in Fig. 1(b). Overall, we
observe that the reflections are circular and sharp, attesting to
the high quality of our crystals. The sixfold rotational symme-
try associated with space group P 63/mmc is evident, but closer
inspection of the Laue spot intensities reveals that icosahedral
symmetry coexists at short length scales within the long-range
order. In icosahedral quasicrystals, the ratios between the mag-
nitudes of scattering vectors Qi for discrete Laue spots i are
given by the golden ratio τ = (1 + √

5)/2 � 1.618 [32]. For
pseudo-icosahedral crystals, however, bright integral Bragg
spots associated with long-range periodicity instead preserve
the golden ratio in approximation when i = (2,3,5,8,13, . . .),
yielding 3/2 � 5/3 � 8/5 � 13/8 � τ . Accordingly, even
though Cr55Al232−δ is truly crystalline and therefore exhibits
long-range periodicity, we still observe the signature of lo-
cal icosahedral symmetry along, for instance, the (210) and
symmetry-equivalent directions. The indicated bright spots are
indexed as (±2i ± i 0), where i = 5, 8, 13, as would be
expected. Interestingly, this pattern does not persist to i < 5,
indicating that icosahedral symmetry does not extend to length
scales beyond 3 Å, in excellent agreement with the extent of
the icosahedra in our structural model.

Our crystallographic analysis finds that Cr55Al232−δ is both
lightweight and strong. The refined composition and lattice
parameters yield a density of only 3.43 g/cm3, merely 27%
greater than that of elemental Al. Nonetheless, the Cr-Al
nearest-neighbor distances are invariably short, ranging from
2.4617(9) to 2.506(3) Å for each Cr position—while those
reported in other Cr-Al binary compounds such as Cr5Al8

or Cr2Al are without exception longer than 2.6 Å [33,34]—
suggesting that Cr-Al bonding in Cr55Al232−δ is comparatively
stronger. Our resulting picture of Cr55Al232−δ is one in which
strong bonding leads to local icosahedral units, which are in
turn arranged into a large, complex unit cell.

We performed microhardness measurements to probe the
nature of the strong hybridization inferred from our obser-
vation of short Cr-Al nearest-neighbor distances. Figure 2(a)
provides an image of a microhardness indentation made at
T = 298 K, for which a Vickers pyramidal diamond indenter
was driven into the (001) face of a Cr55Al232−δ crystal with
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FIG. 2. (a) An optical microscope image of a microhardness
indentation in the (001) face of a Cr55Al232−δ crystal. Fractures
introduced during indentation are indicated by red arrows, and the
average crack length is 52 μm. (b) The temperature dependence of
the thermal conductivity κ of a single crystal (red solid squares) and
a polycrystalline sample as determined by the steady state technique
[30] (blue solid circles) and as calculated from thermal diffusivity
measurements (blue open circles, see text). The inset shows the
temperature dependence of the ratio of κ of the single crystal to that
of the polycrystal.

force 2.94 N over a period of 15 s. The obtained hardness
H = 4.7 ± 0.3 GPa is high among Al-rich compounds and
is similar to the value of hardened and tempered 4NiCrMo
steel, an ultrahigh strength aircraft steel [35]. We note that the
indentation in Fig. 2(a) is not perfectly symmetrical, despite
the crystal surface lying flat to within 3◦, an occurrence
that is not entirely uncommon in single-crystal samples. The
microhardness indentation initiated the propagation of several
mode I (opening mode) cracks along the surface of the crystal,
facilitating the estimation of mode I fracture toughness KIC via
the Evans and Charles equation KIC = 0.16(c/a)−1.5(Ha1/2),
where a is the average of the half lengths of the indentation
diagonals and c is the average length the indentation fractures
[36]. The obtained value ofKIC � 1.0 MPa m1/2 is comparable
to that of concrete [37]. We stress that KIC was obtained from
a single crystal, in which typical toughening mechanisms such
as deflection by secondary phases, bifurcation via grain bound-
aries, and meandering by pores are by definition absent [38,39].
Nonetheless, this combination of remarkably high hardness
and modest fracture toughness is incompatible with metallic
bonding and suggests that Cr-Al hybridization in Cr55Al232−δ

is covalent and strongly directional in character [40].
Thermal conductivity measurements show that this com-

plex, covalently bonded structure is highly effective at scatter-
ing thermal transport [Fig. 2(b)]. Below 300 K, measurements
of the thermal conductivity κ were performed via the steady
state technique on both a single crystal and on a cold-pressed,
sintered pellet of powderized single crystals. Both samples
exhibit a similar temperature dependence, but as expected, κ

of the polycrystalline sample is ∼50% lower due the presence
of additional scattering mechanisms. We do not observe a

pronounced umklapp peak at lower temperatures, even in the
single crystal, and the temperature dependence is very similar
to previous reports of Al-rich quasicrystalline phases [41], sug-
gesting that equivalent scattering mechanisms are at play here.

Above 300 K, thermal diffusivity α was measured via the
laser flash technique, but such measurements were possible
only on the polycrystalline sample due to the size limitations
of our crystal growth process. Here, we calculate κ = αρCV

for T > 300 K, where ρ is the measured mass density, and the
heat capacity CV was estimated from the Dulong-Petit limit.
Aside from a slight radiation tail that appears above 250 K in
the steady state data, there is excellent agreement between the
two techniques and temperature regimes, and by T = 1000
K, κ reaches only 3.56 W/m K. Given that the ratio of κ

between single-crystal and polycrystalline samples remains
�2 for all T � 300 K [Fig. 2(b), inset], we suggest a value
of �7 W/m K near 1000 K is likely for single-crystalline
Cr55Al232−δ . Such low values of κ tend only to be achievable
with strong phonon-scattering properties of heavy elements or
else when the electronic contribution to thermal conductivity
is absent [42–44]. The electrical resistivity of Cr55Al232−δ

increases with temperature (shown in SM [29]), however,
indicating metallic behavior. Given that Cr55Al232−δ is neither
heavy nor insulating, low κ here is likely a direct consequence
of the crystal structure.

Figure 3 shows that Cr55Al232−δ exhibits excellent resis-
tance to oxidation. In Fig. 3(a), we show the cross section
of a single crystal cut and polished along the (001) direction
after heat treatment of 1.09 × 106 s at 973 K in air. Two
oxide layers are visible. An outer layer with EDX composition
near Al2O3 exhibits a uniform thickness of 120 nm, while an
inner layer with EDX composition near Cr0.4Al1.6O3 varies

FIG. 3. SEM images of the (001) surface of a Cr55Al232−δ crystal
(a) cut and polished to show the oxide cross section after 1.09 × 106 s
at 973 K in air and eight thermal cycles to and from room temperature.
The surface (b) as-grown and (c) after after oxidation. (d) The time t

dependence of the square of the mass gain per unit area (�m/A)2 of
a single crystal of Cr55Al232−δ as it is heated in air at 973 K. Data are
shown in red, and the solid blue line is the best fit to the parabolic rate
law. Error bars represent standard deviations in ten measurements of
mass increase per t .
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FIG. 4. (a) An overlay of powder x-ray diffraction measurements,
plotted as a function of the magnitude of the scattering vector Q and
performed at T = 300 K (blue), 473 K (green), 773 K (red), and 973 K
(black) as indicated. The (b) a (red) and (c) c (blue) lattice parameters
extracted from Le Bail refinement of the data shown in (a). Error bars
are smaller than the size of the circles. Solid lines were determined by
linear regression of the lattice parameter data to serve as a guide for
the eye, and the slope of the green dashed line represents the thermal
expansion coefficient of γ -Al2O3 for comparison [46].

from 50 to 70 nm. Figure 3(b) provides an SEM image of the
smooth, nearly featureless (001) surface of an as-grown crystal
of Cr55Al232−δ , while Fig. 3(c) shows a speckled surface,
revealing the formation of a fine scale with a characteristic size
of ∼1 μm after the 1.09 × 106 s oxidation regimen. Despite
eight thermal cycles from room temperature to 973 K and back,
we observe no cracking or spallation of the scale.

The absence of scale cracking is consistent with our ob-
servation that Cr55Al232−δ oxidizes at a parabolic rather than
linear rate. In Fig. 3(c), we plot as a function of time t the

squared increase in mass of a single crystal due to oxidation
in air at 973 K. Assuming uniform oxidation as observed
via SEM, the mass increase after exposure for a period of
7.5 × 105 s corresponds to an Al2O3 scale thickness of 550
nm, in reasonable agreement with the thicknesses observed
via cross sectioning. Mass increase permits calculation of
the parabolic rate constant kp = (�m/A)2/t , where �m/A

represents the oxidative mass gain per unit area. The linear fit
corresponds to kp = 1.2 × 10−8 mg2/cm4 s, revealing excel-
lent oxidation resistance compared to Cr-based compounds at
this temperature, with kp roughly a factor of 100 lower than is
reported for MCrAlY (M = Co, Ni) coatings and 1000 times
lower than Cr-Ni steels [45]. We place Cr55Al232−δ within the
context of a wider range of high-temperature materials below.

To understand the structural origin of the oxide scale’s
robustness, we extended our diffraction measurements to
higher temperatures. In Fig. 4(a), we plot an overlay of several
patterns obtained from powderized single crystals. We observe
no crystallographic phase transition, and the diffracted peaks
remain sharp to the highest temperature measured, indicating
that the structure remains stable to at least 973 K. As T is
increased, the diffracted peaks shift to lower Q, signaling
expansion of the lattice. In Figs. 4(b) and 4(c) we plot the a and
c lattice parameters extracted from these data, both of which
increase somewhat linearly over the investigated temperature
range, yielding thermal expansion coefficients αa = 6.72 ×
10−6 K−1 and αc = 1.02 × 10−5 K−1, respectively. These val-
ues are in excellent agreement with the reported thermal
expansion coefficient of γ -Al2O3, αγ � 7 × 10−6 K−1 [46],
which is the surface energy-stabilized polymorph favored in
this temperature range [47]. Accordingly, we propose that the
compatibility between the thermal expansion rates of Al2O3

and Cr55Al232−δ is one of the primary factors behind the
robustness of the scale in the face of thermal cycling.

From this suite of measurements, we begin to formulate
an understanding of the relationships between the struc-
ture and properties of Cr55Al232−δ . Diffraction and hardness
measurements together reveal a rigid material in which the

FIG. 5. Surveys of the (a) hardness H (vertical axis) vs parabolic rate constant kp (horizontal axis) and (b) thermal conductivity κ (vertical
axis) vs mass density ρ (horizontal axis) of Cr55Al232−δ (red star) as well as a selection of refractory compounds and alloys, including
the following: Alloy 625 (red) [48,49], h-BN (green) [50], Cr2AlC (blue) [51,52], 75Cr3C2-25NiCr (cyan) [17,53], 2.25Cr-1Mo (magenta)
[17,54,55], Fe2Al3 (orange) [56,57], Kanthal AF (green) [58,59], Kovar (dark blue) [60], β-NiAl (pink) [61–63], RR1000 (brown) [64,65],
α-SiC (indigo) [66–68], T23 (purple) [69], Ti-17 (yellow) [70,71], Ti-6242 (gold) [70,71], Ti-6Al4V (teal) [72,73], and ZrB2 (white) [74–76],
as indicated.
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crystal structure is determined by strong nearest-neighbor
bonding with predominantly covalent character. According to
this picture, the competition between energy scales associated
with directional covalent bonding and those associated with
efficient packing underscores the opposition of long-range
hexagonal and short-range icosahedral symmetries and is
ultimately responsible for the large and complex unit cell, as
well as the high resistance to thermal transport.

Figure 5 places the properties of Cr55Al232−δ within the
context of a variety of well-studied, oxidation-resistant re-
fractory materials, including steels, titanium alloys, chromium
alloys, aluminides, borides, and carbides. In Fig. 5(a) we
compare hardness H at 300 K with the parabolic oxidation
rate coefficient kp in air at 973 K. While it would be preferable
to compare values of H determined at expected operating
temperatures, such data are presently unavailable on a wide
range of materials due to the requirement for specialized instru-
mentation. While Cr55Al232−δ is neither the hardest nor most
oxidation-resistant compound plotted, in the context of existing
materials it is both hard for one so oxidation resistant and
oxidation resistant for one so hard, striking a balance between
these two critical properties. Figure 5(b) compares thermal
conductivity κ at 973 K with mass density ρ. Here, Cr55Al232−δ

is unique in its low κ , particularly for a material so light. Even
covalent materials of comparable ρ such as BN and SiC are
several times less thermally insulating, while the majority of
high-temperature alloys and steels are both substantially denser
and less thermally insulating. Placed within this context, our
measurements of high hardness, low thermal conductivity, and
excellent oxidation resistance suggest that Cr55Al232−δ may be
well suited for high-temperature applications.

Because these properties are largely underpinned by the
local icosahedral character of the structure, we suggest they
may be a general feature of Al-based pseudo-icosahedral
compounds. Many such compounds are already known in the
crystallographic literature, providing a rich field from which
relevant properties might be more perfectly optimized. For
instance, while the hardness of Cr55Al232−δ is unparalleled
among Cr-Al compounds, fracture toughness remains modest.
We point out that our measurement of H was performed at
T = 298 K, and it is likely that ductility will increase with T ,
resulting in enhanced fracture toughness at elevated temper-
atures. The existence of a ductile-brittle transition appears to
be a general feature of Al-based icosahedral compounds [40]
and is intimately related to the number of valence electrons
of transition-metal constituents, with their contribution to the

Al-based skeleton serving to stabilize the electronic structure.
The close relationship between valence electron count and
the ductile-brittle criterion suggests that optimal toughness at
973 K may be achievable via compositional tuning in the form
of Cr55−xMxAl232−δ , for heterovalent transition-metal M .

Similarly, the robust oxidation resistance appears to be
the direct result of both high Al content and the fortuitous
compatibility between the thermal expansion of Cr55Al232−δ

and that of Al2O3 scale uniformly distributed across its surface.
Given that Hume-Rothery stabilization is crucial to determin-
ing the electronic structure of icosahedral Al-based compounds
[77], we posit that thermal expansion likewise could be
more precisely tuned via small compositional modifications
performed with an eye towards varying the number of valence
electrons.

The compatibility of Cr55Al232−δ-derived materials with
various deposition techniques must also be addressed. For-
tunately, the deposition of Al-rich transition-metal coatings is
already an established field and can be accomplished via a
number of processes [12–20], suggesting that realizing such
compounds in coating form may be feasible. For large-scale
infrastructure projects associated with electrical power genera-
tion, economic feasibility requires a demanding set of criteria,
but Cr55Al232−δ is of low density and can be synthesized
via an exposed liquidus at relatively low temperatures from
inexpensive metals, suggesting that commercialization may
prove in the end to be economical.
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