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The technologically important S-phase precipitate MgCuAl2 has been synthesized from the ele-
ments in a sealed tantalum tube in an induction furnace. The aluminide was investigated by powder
and single crystal X-ray diffraction methods: Cmcm, a = 401.19(9), b = 926.5(2), c = 712.4(1) pm,
wR2 = 0.0425, 234 F2 values, and 16 variable parameters. The new crystallographic data fully con-
firm the original work by Perlitz and Westgren [Ark. Kemi, Mineral. Geol. 16, 1 (1943)], but the
present structure refinement has led to a much higher precision. The crystal chemical peculiarities of
MgCuAl2 are briefly discussed.
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Introduction

Binary CuAl2 (θ -phase), the Zintl phase Mg2Si, and
the so-called S-phase MgCuAl2 are important precip-
itates that form during the hardening process of mod-
ern light-weight aluminium and magnesium based al-
loys [1]. The structure of MgCuAl2 was originally de-
termined by Perlitz and Westgren in 1943 [2] from
crystals that had grown in blowholes of an alloy with
the starting composition 11 Mg : 35 Cu : 45 Al. Since
that time, the aging and corrosion behavior [3 – 6]
within the alloys, and the shape and growth mech-
anism of the S-phase precipitations was thoroughly
studied [7]. The phase relationships in the Mg–Cu–Al
system have competently been summarized by Prince
and Effenberg [8].

Despite the broad technological use and extensive
studies, the crystal structure, morphology, and the in-
terface structure are still not well understood. A good
literature overview on the various studies is given
in [9]. The only X-ray single crystal study of MgCuAl 2
was based on Weissenberg film data [2]. All fur-
ther investigations used X-ray powder data or electron
microscopy [10 – 26]. Since, in an aluminium based
matrix, the MgCuAl2 precipitates have dimensions
in the range of nanometers, such nanocrystals have
repeatedly been investigated by transmission elec-
tron microscopy including nanodiffraction and high-
resolution imaging [13 – 16, 18 – 20].
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The space group symmetry and the magnesium/
copper ordering of the MgCuAl2 structure was re-
peatedly questioned in recent years [10 – 26, and ref.
therein]. Especially the inverted Mg/Cu occupancy
(with respect to the model derived by Perlitz and West-
gren [2]) is doubtful from a crystal chemical point of
view. We have recently reviewed the crystal chem-
istry of intermetallics with MgCuAl2 type structure,
including many aluminides, gallides, indides and thal-
lides [27]. For more than 30 of these compounds the
structures were successfully refined with the initial
MgCuAl2 model. To the best of our knowledge, the
structure of the prototype MgCuAl2 has never been re-
fined from single crystal diffractometer data. Herein
we report on the synthesis of a MgCuAl2 bulk sample
and a precise single crystal study which fully confirms
the model derived by Perlitz and Westgren [2].

Experimental Section
Synthesis

Starting materials for the preparation of MgCuAl2 were a
magnesium rod (Johnson Matthey, ∅ 16 mm, > 99.95%), a
copper wire (Johnson Matthey, ∅ 1 mm, > 99.9%), and an
aluminium rod (VAW, > 99.9%). The three elements were
weighed in the ideal 1:1:2 atomic ratio and sealed in a tan-
talum tube [28] under an argon pressure of ca. 600 mbar.
The argon was previously purified over molecular sieves,
silica gel, and titanium sponge (900 K). The tantalum tube
was then placed in a water-cooled sample chamber [29] of
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a high-frequency furnace (Hüttinger TIG 5/300) and first in-
ductively heated at ca. 1200 K for 15 minutes under flowing
argon and quenched by switching off the furnace. The tanta-
lum tube was subsequently sealed in an evacuated silica am-
poule and annealed at 820 K in a resistance furnace for 2 h
and quenched in ice water. In the final step, this ampoule was
heated to 460 K for 6 days and quenched by radiative heat
loss on a sand bath. The silvery gray sample could readily be
separated from the tantalum tube by mechanical fragmenta-
tion. No reaction with the container material was observed.
Polycrystalline MgCuAl2 is light gray. Single crystals exhibit
metallic luster. Fine-grained powder is dark gray. MgCuAl2
is stable in moist air over years.

The MgCuAl2 single crystal investigated on the imaging
plate diffractometer and the bulk sample were analyzed by
an EDX measurement using a LEICA 420 I scanning electron
microscope with MgO, copper, and Al2O3 as standards. No
impurity elements were detected. The analyses, 24±2 at.-%
Mg : 25±2 at.-% Cu : 51±2 at.-% Al, are in good agreement
with the ideal composition of 1:1:2.

X-ray film data and structure refinement

MgCuAl2 was characterized through a Guinier powder
pattern using Cu-Kα1 radiation and α-quartz (a = 491.30,
c = 540.46 pm) as an internal standard. The Guinier camera
was equipped with an image plate system (Fujifilm BAS–
1800). To ensure correct indexing, the experimental pow-
der pattern was compared to a calculated one [30] using
the atomic parameters of the structure refinement. The or-
thorhombic lattice parameters (Table 1) were obtained by
least-squares fits of the Guinier data.

Irregularly-shaped single crystals were selected from the
annealed sample and first examined on a Buerger preces-
sion camera (equipped with an imaging plate system Fuji-
film BAS–1800) in order to establish suitability for intensity
data collection. Single crystal intensity data were collected
at room temperature on a Stoe IPDS–II diffractometer with
graphite monochromatized Mo-Kα radiation. A numerical
absorption correction was applied to the data. All relevant
crystallographic data for the data collection and evaluation
are listed in Table 2.

Analysis of the data set was consistent with space group
Cmcm. The atomic positions initially determined by Per-
litz and Westgren [2] were taken as starting values and the
structure was refined using SHELXL-97 (full-matrix least-
squares on Fo

2) [31] with anisotropic atomic displacement
parameters for all sites. The occupancy parameters were re-
fined in a separate series of least-squares cycles in order
to check for the correct composition. They are 102.9(16)%
for Mg, 98.9(11)% for Cu, and 99.6(12)% for Al. Thus,
all sites were fully occupied within one (Cu, Al) and two
(Mg) standard deviations. In the last cycles, ideal occupan-

Table 1. Lattice parameters of orthorhombic MgCuAl2.

a (pm) b (pm) c (pm) V (nm3) Reference
400 923 714 0.2636 [2]
401.19(9) 926.5(2) 712.4(1) 0.2648 this work
403(1) 930(13) 708(10) 0.2654 [9, 16]
400 461 718 0.1324 [14]
404 918 713 0.2644 [19]a

401 925 714 0.2648 [22]
400 927 714 0.2648 [25]
a Data after an aging time of 576 h at 460 K.

Table 2. Crystal data and structure refinement for MgCuAl2.

Empirical formula MgCuAl2
Formula weight [g/mol] 141.81
Unit cell dimensions Table 1
Pearson symbol oC16
Structure type MgCuAl2
Space group Cmcm
Formula units per cell Z = 4
Calculated density [g/cm3] 3.56
Crystal size [µm3] 10×20×50
Transmission ratio (max/min) 1.19
Absorption coefficient [mm−1] 8.8
F(000) 268
Detector distance [mm] 40
Exposure time [min] 4
ω Range; increment [◦] 0 – 180, 1.0
Integration parameters A, B, EMS 14.0, 3.9, 0.026
θ Range for data collection [◦] 5 to 30
Range in hkl ±5, ±12, ±10
Total no. of reflections 1343
Independent reflections 234 (Rint = 0.0911)
Reflections with I > 2σ(I) 186 (Rsigma = 0.0724)
Data / parameters 234 / 16
Goodness-of-fit on F2 0.918
Final R indices [I > 2σ(I)] R1 = 0.0328; wR2 = 0.0391
R Indices (all data) R1 = 0.0575; wR2 = 0.0425
Extinction coefficient 0.009(1)
Largest diff. peak and hole [e/Å3] 0.93 and −0.93

Table 3. Atomic coordinates and anisotropic displacement
parameters (pm2) for MgCuAl2. Ueq is defined as one
third of the trace of the orthogonalized Uij tensor. The
anisotropic displacement factor exponent takes the form:
−2π2[(ha∗)2U11 + . . . + 2hka∗b∗U12]. U12 = U13 = 0. The
atomic coordinates originally determined by Perlitz and
Westgren [2] are listed in italics for comparison.

Atom Wyckoff x y z U11 U22 U33 U23 Ueq

position
Mg 4c 0 0.0651(3) 1/4 95(12) 80(12) 154(13) 0 109(6)

0.072
Cu 4c 0 0.7801(1) 1/4 46(5) 68(4) 56(5) 0 57(3)

0.778
Al 8 f 0 0.3558(2) 0.0556(2) 77(8) 76(8) 55(8) −5(7) 70(4)

0.356 0.056

cies were again assumed. A final difference Fourier synthe-
sis revealed no significant residual peaks (see Table 2). The
positional parameters and interatomic distances are listed in
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Table 4. Interatomic distances (pm) of MgCuAl2 (standard
deviations in parentheses), calculated with the powder lat-
tice parameters. The distances calculated from the Perlitz-
Westgren [2] data are listed for comparison.

This work Perlitz-Westgren [2]
Mg: 1 Cu 264.1(3) 271

2 Cu 282.7(2) 276
2 Al 302.8(3) 297
4 Al 305.0(1) 304
4 Al 311.5(2) 315
2 Mg 376.1(2) 381

Cu: 2 Al 251.5(2) 251
4 Al 253.6(1) 254
1 Mg 264.1(3) 271
2 Mg 282.7(2) 276

Al: 1 Cu 251.5(2) 251
2 Cu 253.6(1) 254
1 Al 277.0(3) 277
1 Al 278.8(3) 278
2 Al 291.4(2) 291
1 Mg 302.8(3) 297
2 Mg 305.0(1) 304
2 Mg 311.5(2) 315

Tables 3 and 4. Further details on the structure refinement are
available.

Details may be obtained from: Fachinformationszentrum
Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany),
by quoting the Registry No. CSD–415062.

Discussion

The present structure refinement of the technolog-
ically important S-phase precipitate MgCuAl2 fully
confirms the initial work by Perlitz and Westgren [2],
however, the diffractometer data are more precise than

the Weissenberg film data. The largest difference be-
tween the two structure refinements concerns the mag-
nesium position (Table 3). Consequently, the Mg–Cu,
Mg–Al, and Mg–Mg distances differ by up to 7 pm.

The copper atoms in MgCuAl2 have six aluminium
neighbors at Cu–Al distances ranging from 252 to
254 pm, close to the sum of the covalent radii [32] of
242 pm. Similar Cu–Al distances occur in the θ -phase
of CuAl2 (259 pm) [33] and in Mg2Cu6Al5 (249 –
265 pm) [34]. The Mg–Al distances range from 303
to 312 pm, similar to those in ε-Mg23Al30 [35] and β -
Mg2Al3 [36]. The aluminium atoms build up a three-
dimensional network of distorted tetrahedra at Al–Al
distances from 279 to 291 pm, close to the Al–Al dis-
tance of 286 pm in fcc aluminium [37]. In contrast, the
magnesium atoms are well separated from each other
at 376 pm, much longer than the average Mg–Mg dis-
tance of 320 pm in hcp magnesium [37].

The MgCuAl2 type intermetallics have repeatedly
been described as transition metal filled versions of the
Zintl phases with CaIn2 structure [27]. Such a sub-
structure is not known for the magnesium-aluminium
system. Binary MgAl2 [38] adopts the tetragonal
HfGa2 type structure, where the aluminium atoms
form a square-planar network and zig-zag chains [39].
For a detailed discussion of the crystal chemistry and
chemical bonding in MgCuAl2 type intermetallics we
refer to a recent review article [27].
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