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The structure of the Al0.83 Cu0.17 eutectic alloy in the liquid state was studied by means of the
X-ray diffraction and molecular dynamics. The total and partial structure factors were analyzed and
subsequently used to calculate the pair correlation functions and partial correlation functions, the
analysis of which allowed us to conclude that Al2 Cu-like atomic groups are formed and distributed
in the Al matrix.
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I. INTRODUCTION

Al–Cu-based alloys are high-strength light mass structural materials that are used extensively in industry. The
addition of copper as the main alloying element (usually
at a concentration of 3–6 wt%, occasionally much higher)
facilitates material strengthening by means of precipitation hardening, resulting in very strong alloys. Copper
also improves the fatigue properties, high-temperature
properties and the machinability of the alloy. Alloys containing 4–6 wt% Cu respond more strongly to thermal
treatment [1, 2].
Lower levels of copper content are employed in the automotive industry. Such alloys are characterized by sufficient formability, spot weldability and good corrosion
resistance (as opposed to alloys containing higher levels
of copper).
The addition of copper, however, has an adverse impact on the corrosion resistance. Copper tends to precipitate at grain boundaries, making the metal highly
susceptible to pitting, intergranular corrosion and stress
corrosion.
Precipitation reactions in Al–Cu are rather complex.
The equilibrium phase CuAl2 is difficult to nucleate,
and therefore its formation is preceded by a series of
metastable precipitates. Guinier and Preston were the
first to discover certain age-hardening phenomena [3, 4].
Thus, the first two precipitates to be formed in the sequence are known as Guinier–Preston zones (GP1 and
GP2). GP1 consists of copper-rich plates 10 nm in diameter on {100}Al planes. These zones develop into GP2
zones, which also are coherent plates, 10 nm thick and
150 nm in diameter, leading to maximum hardening.
Further on, Θ0 precipitates replace GP zones as semicoherent particles, a process known as over-aging, since
the hardness begins to decrease.
Thus, as we can see, the liquid-solid transition of Al–

Cu alloys is very complicated and therefore it is important to investigate such alloys, both in the liquid and the
solid state.
II. EXPERIMENTAL AND MODELLING

The samples under investigation were prepared in
an arc melting furnace, filled with pure argon, from
high-purity aluminium and copper (both 99.999%).
The diffraction studies were carried out using a hightemperature diffractometer with a special attachment,
which allows to investigate the solid and liquid samples
at different temperatures, up to 1800 K. Cu–Kα radiation, monochromatized by means of LiF single crystal as
a monochromator and Bragg-Brentano focusing geometry were used. The scattered intensities were recorded as
a function of the scattering angle with an angular step of
0.05◦ within the region of the principal peak and 0.5◦ for
the remaining values of the wave vector. The measurement of the scattered intensity was performed with the
accuracy of at least 2%. In order to obtain more accurate
scattered intensities, the scan time was set at 100 s. The
diffracted intensity was recorded using the NaI(Tl) scintillator detector together with the amplification system.
The sample was placed in a rounded cup 20 mm in diameter. Intensity curves were corrected for polarization,
absorption and incoherent scattering [5] and were subsequently normalized to electron units by the Krogh-Moe
method [6]. The obtained intensity curves were used to
calculate structure factors (SF), from which pair correlation functions (PCF) were calculated. The main structure parameters obtained from SF and PCF were subsequently analyzed.
Molecular dynamics (MD) simulations were performed
using the nanoMD code, developed at the Gdańsk University of Technology [7–9]. The simulations were performed at a constant volume using the Nosé–Hoover
1601-1

S. MUDRY, I. SHTABLAVYI, J. RYBICKI

thermostat. The equations of motion were integrated
with a fourth-order Gear predictor-corrector algorithm
with a timestep of 2.5 fs. The Sutton–Chen (SC) potential [10, 11], which has a simple power-law form and
a relatively long-range character, was used. The system
contained 10000 atoms and was initialized at a temperature of 2000 K and then cooled down to 835 K, passing
the intermediate temperatures of 1800, 1600, 1400, 1200
and 1000 K. At each of these temperatures the melt was
equilibrated for 50000 timesteps. Between the subsequent
temperatures the system was cooled linearly at a rate of
4 × 1011 K/s.

III. RESULTS AND DISCUSSION

The total structure factors for the Al0.83 Cu0.17 eutectic melt at the temperature of TL + 5 K (TL = 825 K) are
shown in Fig. 1, contrasted with SFs for liquid Al and
Cu. The main parameter — the principal peak position
k1 for the eutectic melt was located between the respective peak positions for Al and Cu. The same observation
was made in the case of the second maxima. It can be
seen that the height of the principal peak in S(k) for the
liquid eutectic is significantly lower that for the liquid
components. This allows us to conclude that the degree
of structural ordering in the liquid melt is lower than in
the case of liquid copper and aluminum.
Similar features were also observed in the pair correlation functions. The interatomic distances r1 and r2 were
different from the respective values for Al and Cu. The
r1 was closer to the corresponding value for liquid Al,
whereas r2 was closer to the one for Cu. The number of
neighbors Z was lower than for Cu or Al. This allows us
to conclude that the structure of molten eutectic alloy is
different from that of a simple eutectic melt.

of copper in aluminum. Moreover, we suppose that the
real structure of the molten eutectic may be somewhat
different from the mixture of the Cun and Alm structural
units. In order to confirm this assumption, we calculated
the structure factor, assuming additive scattering from
both the Al and Cu regions (Fig. 2). The corresponding
formula can be easily obtained, using the SFs of liquid
aluminum and copper.
2
2
S(k) = CAl KAl
SAl (k) + CCu KCu
SCu (k),

(1)

where CAl , CCu are the fractions of the aluminum and
copper structural units; KAl , KCu are the respective scattering abilities.
As can be seen from Fig. 2, the calculated structure
factor, which was obtained according to a weighted superposition of structure factors for Al and Cu, differs
from the experimentally obtained one. First, the principal peak height of the calculated SF is significantly higher than that of Sexp (k). A characteristic feature of the
experimentally obtained SF is the presence of a shoulder
in the low-k region, k ≈ 1.5 Å−1 . This shoulder is commonly interpreted as a manifestation of medium-range
order [12].

Fig. 2. Experimental and calculated structure factors of
the liquid Al0.83 Cu0.17 eutectic alloy.

Fig. 1. Structure factors for the liquid Al0.83 Cu0.17 eutectic alloy, as compared with structure factors for liquid Al and
Cu.

The structure of the molten Al0.83 Cu0.17 eutectic alloy
is different from that of molten Al, even though Al prevails in the total composition. The small fraction of Cu
atoms influences the atomic distribution of Al to a degree higher than would be expected for a simple solution
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Fig. 3. Structure factors for the liquid Al2 Cu compound, as
compared with the experimental SF of the liquid Al0.83 Cu0.17
eutectic alloy and the model structure factor obtained from a
weighted superposition of structure factors for Al and Al2 Cu.
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The presence of a prepeak in liquid Al-based alloys has
been reported before by Maret et al. [14] for Al0.80 Ni0.20 ,
based on neutron diffraction. Using isotopic substitution,
they attributed the prepeak to Ni–Ni pairs and interpreted it as resulting from a superstructure due to the preference for heteroatomic interactions. Their results were
confirmed by Das et al. [15], who also performed neutron scattering experiments and, in addition, molecular
dynamics simulation studies. In the case of the Al–Cu
molten alloy, the intensity of this shoulder was maximum for the concentration corresponding to the Al2 Cu
stoichiometric compound [13].

shoulder for the Al0.83 Cu0.17 eutectic, confirming the existence of chemically ordered nanogroups in this melt.
In order to resolve the abovementioned discrepancies
between the experimental and model SFs, in this work
we used another model, which assumes the existence of
Al2 Cu clusters and Al-based structural units (Fig. 3).
With this model, the discrepancy between the calculated and experimental values was less pronounced, lending
credence to the presence of Al2 Cu nanogroups arranged
in an Al matrix.
In order to confirm this hypothesis, the structure of
the Al0.83 Cu0.17 eutectic melt was studied by means of
molecular dynamics (MD). For the purposes of our calculations, a cubic cell containing 10000 atoms was chosen
as the initial structural unit. The volume of this cell was
determined from the experimental density. The calculated SF and the experimental one are in good agreement.
The Faber-Ziman partial structure factors (PSFs) [16]
and the partial pair correlation functions (PPCFs) were
calculated (Fig. 4) from the model atomic configuration.
The PSFs related to the Al–Cu and Cu–Cu distributions exhibit certain features (intensity reduction and
increase of the intensity, respectively) for wave vectors
in the interval 1–2 Å−1 . Such features were investigated in [14] and it was established that they are caused by
the formation of substructure arising due to the preferred
interaction of unlike atoms. The partial structure factor
related to the Al–Al distribution resembles the structure factor of pure liquid aluminum, which is expected, as these atoms form a matrix containing the Al2 Cu
nanogroups. On the other hand, the PSF describing the
partial Cu–Cu atomic distribution differs significantly
from the SF for liquid copper, indicating the disappearance of the Cu-like structure upon alloying.
The Al–Cu PSF shows the intermediate character
compared to the structure factors of Al and Cu indicating a heterocoordinated atomic distribution.

a)

b)
Fig. 4. The Faber-Ziman partial structure factors (a)
and the partial pair correlation function (b) of the liquid
Al0.83 Cu0.17 eutectic alloy (MD simulation).

Fig. 3 shows the structure factor for the Al2 Cu liquid
alloy. The structure factor of this composition exhibits
a distinct prepeak. Our results also indicate a similar

Fig. 5. The distribution of coordination numbers in the
liquid Al-Al2 Cu alloy (MD simulation).

Figure 5 shows the distribution of the calculated partial coordination numbers in the liquid Al0.83 Cu0.17 eutectic alloy. The average coordination number of the liquid Al0.83 Cu0.17 is 10.4. The average Al–Al coordination number is 9, the coordination number for Al atoms
1601-3

S. MUDRY, I. SHTABLAVYI, J. RYBICKI

around central Cu atoms is 10. There is a small amount
of Cu atoms (only two) around central Al atoms and Cu
atoms around Cu ones (also only two). Furthermore, a
shoulder in the region of 6–8 can be observed in the distribution curve of the partial coordination numbers. This
shoulder can be explained by the assumption that in the
liquid eutectic alloy there exist clusters with a structure
similar to solid Al2 Cu. As can be seen from Fig. 7, a Cu
atom has eight nearest Al neighbors in the solid state.

local number density of Al and Cu atoms around any
Al atom differs from the corresponding density around a
Cu atom. Thus, one can conclude that the deviation of
the Al0.83 Cu0.17 eutectic melt from an ideal mixture is
significant.
The radial concentration-concentration function,
ρCC (r), is obtained by Fourier-transforming SCC (k) to
r-space. For distances where self-coordination is favorable, ρCC (r) assumes positive values, whereas whenever
unlike neighbors are preferred, its values are negative.
As can be seen in Fig. 6, the negative peak at 2.51 Å indicates the preferred hetero-coordination of the nearest
neighbors.
The changes in the number-number partial structure
factors can be attributed to a variation of the spatial extent ξ of topological ordering. This parameter can be estimated from the breadth of the first peak of the numbernumber partial structure factor using the Scherrer particle size broadening relation ξ = 2π/∆sNN . This parameter decreases smoothly with an increase in temperature. The spatial extent of chemical ordering deduced
from the breadth of the first peak of the concentrationconcentration partial structure factor is smaller than the
spatial extent of topological ordering.

a)
a)

b)

Fig. 7. A cluster of the liquid eutectic alloy (a) in comparison with a coordination polyhedron (b) for the Al2 Cu
compound (MD simulation).

Figure 7 shows a comparison of a possible cluster of
the liquid eutectic alloy compared with a coordination
polyhedron for Al2 Cu compound demonstrating that the
liquid cluster is similar to a coordination polyhedron.
IV. CONCLUSIONS

b)
Fig. 6. The Bhatia-Thornton partial structure factors (a)
and correlation functions (b) for the liquid Al0.83 Cu0.17 eutectic alloy (MD simulation).

In Fig. 6 we present the Bhatia–Thornton partial
structure factors [17]. The first maxima of SCC (k) and
SNC (k) are an order of magnitude smaller than that of
SNN (k). It is known that for an ideal mixture, SCC (k)
is equal to the product of concentrations and SNC (k) is
equal to zero for all values of the wave vector. SNC (k) can
be seen to characteristically oscillate around zero. This
is a consequence of the fact that in an eutectic melt, the
1601-4

The diffraction study of the Al0.83 Cu0.17 eutectic alloy implies inhomogeneous atomic distribution in the liquid state at the temperatures close to the crystallization point. Molecular dynamics calculations confirm the
presence of this kind of structure. The analysis of partial
structure factors obtained by means of molecular dynamics showed a significant influence of the Al2 Cu-like chemical ordering on the atomic distribution in the eutectic
melt. It was shown that Al2 Cu nanogroups are formed
and distributed in the Al matrix.
The obtained results can be used in order to control
the nucleation process during the production of new Albased composite materials.
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ВЗАЄМОЗВ’ЯЗОК СТРУКТРИ ЕВТЕКТИЧНОГО СПЛАВУ Al–Al2 Cu
В РIДКОМУ ТА КРИСТАЛIЧНОМУ СТАНАХ
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Дослiджено структуру евтектичного сплаву Al0.83 Cu0.17 в рiдкому станi методами дифракцiї рентґенiвських променiв i молекулярної динамiки. Проаналiзовано загальнi та парцiальнi структурнi фактори. Цi
функцiї використанi для обчислення парних кореляцiйних функцiй. За результатами аналiзу цих функцiй установлено iснування в розплавi Al0.83 Cu0.17 мiкроугрупувань зi структурою, близькою до Al2 Cu, якi
розподiленi в матрицi на основi алюмiнiю.
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