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An Al84Si6Cu3Mg7 alloy was produced by melt-spun and conventional casting and characterized using X-Ray Diffractometry (XRD),
Scanning Electron Microscopy (SEM), High Resolution Transmission Electron Microscopy (HRTEM) and microhardness techniques. Melt-
spun minimizes second phase formation and increases the alloying content in solid solution. Q phase (Al5Cu2Mg8Si6) nanocrystallites
(5 nm) were observed for melt-spun alloys. The high alloying content in solid solution and the smallα-Al grain size (300 nm) for ribbons
lead to a hardness improvement of about 2.4 times greater than that of conventionally cast alloys.
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Se fabrićo una aleacíon cuaternaria Al84Si6Cu3Mg7 utilizando melt-spun y fundición convencional, la cual se caracterizó mediante Difraccíon
de Rayos-X, Microscoṕıa Electŕonica de Barrido y de Transmisión de Alta Resolución y Microdureza. El uso del melt-spun llevó a la dismin-
ución de la formacíon de segundas fases e incrementó el contenido de elementos de aleación en solucíon śolida. En las aleaciones obtenidas
por melt-spun se observaron nanocristales de 5 nm de la fase Q (Al5Cu2Mg8Si6). El alto contenido de elementos de aleación en solucíon
sólida y el pequẽno tamãno de los granos deα-Al (300 nm) provoćo que para las cintas la dureza fuera cerca de 2.4 veces mayor que la
dureza de las aleaciones obtenidas por fundición convencional.

Descriptores:Melt-spun; aleaciones de aluminio; magnesio; nanoestructura; superestructura.

PACS: 61.46.+w; 81.16.-c; 68.37.Lp; 81.07.-b

1. Introduction

One common material for automotive industry applica-
tions is the Al-Si-Cu-Mg 319 alloy. This alloy has good
castability, excellent corrosion resistance and machinability,
medium strength, and low specific weight. Its silicon con-
tent ranges from 5.5 to 6.5 (wt.%), and copper varies from
3.0 to 4.0 (wt.%). The presence of magnesium improves
strain, hardenability and improves the material strength [1].
The as-cast structure for Al-Si-Cu-Mg alloys includesα-Al,
Si eutectic particles, Mg2Si, Al2Cu, Al5Cu2Mg8Si6 [1,2].
There are few published works about conventional casting
and heat treatment of this alloy [1,2]. For further application,
it is necessary to develop new high performance alloys or
casting processes. From previous investigations for other Al
alloy systems [3-5], it has been shown that alloys obtained by
rapid solidification processes (RSP) reveal outstanding me-
chanical properties. Applying a RSP it is possible to avoid
or minimize second phases formation, and obtain a super-
saturated solid solution with a higher quantity of alloying
elements, allowing to form metastable crystalline, nanocrys-

talline and amorphous phases, strengthening the alloys [3-5].
Q phase plays a key role in controlling the properties in these
alloys because of its widespread and often dominant presence
[6]. Yet, historically Q did not receive the systematic studies
for its influence on properties as did some of other phases [6].
In recent years, however, several studies reported interesting
results. Our previous studies [7,8] for Al-Si-Cu-Mg melt-
spun ribbons report Q phase formation when Mg content in-
creased. In the present work we intend to gain further insight
by providing information about Q phase structure. The pres-
ence of Q phase as a superstructure, for heat treated Al-Cu-
Mg alloys with Si additions, has been reported by Cayron and
Buffat [9]. For as-cast Al-Si-Cu-Mg alloys superstructures
formation has not reported. The rapid solidification reached
using melt-spun allows freezing a high vacancies concentra-
tion. One of the hypotheses of this work is that applying an
RSP it is also possible to produce superstructures in Al-Si-
Cu-Mg alloys. Therefore it is necessary to study grain size
decrease and the possible formation of superstructures and
other structures or phases, characteristics of RSP which lead
to the alloys strengthening. In this work nanostructure and
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TABLE I. Average chemical composition (wt.%) of the experimen-
tal alloy.

Si Cu Mg Fe Mn Zn Ti Al

5.84 2.95 6.78 0.31 0.07 0.03 0.12 Balance

FIGURE 1. (a) X-ray diffraction patterns taken from
Al84Si6Cu3Mg7 conventionally cast alloys, and (b) from the wheel
side surface of rapidly solidified alloys. As can be observed second
phases formation was minimized for melt-spun ribbons.

microhardness for the modified 319 alloy are dealt with by
examining melt-spun ribbons using XRD, SEM and HRTEM.

2. Experimental

A 356 alloy ingot, with Al-8.5Si-0.3Mg (wt.%) was used as
master alloy. Pure Cu (powder,> 99.99% purity) and Mg
(ingot,> 99.95% purity) were added to control the alloying
content. Castings were carried out in graphite crucibles using
an induction furnace under a controlled Ar atmosphere. Ob-
tained ingots were then remolten in a quartz tube and ejected
through a 0.5 mm diameter hole on to the surface of a pol-
ished copper wheel with a diameter of 200 mm. The exper-
iments were carried out under a helium atmosphere to avoid
melt oxidation. The ribbons were produced with a rotating
speed of 40 ms−1. Table I shows the chemical composition
of the experimental alloys.

Experimental alloys were characterized using TEM,
XRD and microhardness techniques. XRD measurements
were carried out in a Siemens 400 X-ray diffractometer using
CuKα radiation at 30 k and 25 mA. SEM was carried out in
a JEOL JSM 6400 operated at 20 kV. TEM and HRTEM in-
vestigations were conducted using a FEG-Philips Tecnai F20
transmission electron microscope operated at 200 kV, with
an energy dispersive X-ray spectroscopy (EDX) attachment

(nano EDX with a 3 nm in diameter spot size). Specimens
for TEM were prepared by dimpling using a Gatan 656 Dim-
ple Grinder followed by Argon ions milling using a Gatan
691 Precision Ion Polishing System (PIPS). Microhardness
measurements were made with a Vickers diamond indenter
in a Leitz Wetzlar microhardness tester employing a load of
25 g for 15 s.

3. Results and discussion

Figures 1a and 1b show XRD patterns taken from convention-
ally cast alloys and from melt-spun ribbons, respectively. A
representative range is shown for 2θ (from 25 to 55), making
possible to remark the differences between the alloys. Ev-
idence in Fig. 1b suggests limited solid solution and mini-
mized second phase formation for ribbons. Whereas diffrac-

FIGURE 2. (a) Bright field TEM image for melt-spun ribbons and
(b) SEM image for ingots. 300 - 400 nm and 20-30 mmα-Al cells
can be observed for ribbons and ingots respectively.
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FIGURE 3. (a) HRTEM micrograph of melt-spun ribbons showing
the presence of nanocrystallites, (b) EDX of the nanoparticles and
(c) EDX of the interparticle zone.

FIGURE 4. (a) HRTEM micrograph corresponding to Q phase. One
can see the periodical distribution of the brightest spots (arrowed),
mainly attributed to the superstructure modulation. (b) FFT show-
ing the main frequencies corresponding to Q phase and the super-
structure (arrowed). (c) An intensity profile along the atomic layer
outlined by solid lines, further revealing the modulation of the con-
trast. (d) Comparison between real image and filtered FFT.

tion peaks belonging to theα-Al, Si, Al-Si eutectic, Q andθ
(Al2Cu) phases are present in the conventionally cast alloy,
only diffraction peaks belonging to Al solid solution and Q
phase are present for ribbons. No efforts were made to get
full solubility because it is not relevant for our objectives, be-
sides formation of fine dispersions of high-modulus second-
phase particles increases strength, wear resistance and ther-
mal stability [4]. Despite limited solid solubility, RSP also
led to high concentration of alloying elements in the supersat-
urated solid solution. Whereas for melt-spun ribbons Si and
Mg average atomic percents were 4.4 and 6.7, respectively,
for the conventionally cast alloys this values only reach 0.3
and 0.1 Minimize second phase formation and enough solid
solubility of alloying elements inα-Al matrix because rapid
solidification has been extensively reported [3-5,10].

SEM and TEM techniques were applied to further study
α-Al grain size and second phases. Figure 2a shows grain
size refining for melt-spun alloys. Equiaxed fine grains
with grain sizes of 300 - 400 nm for the Al matrix can
be observed for ribbons, while grain size for ingots are
20 - 30µm. For melt spun ribbons reported grain sizes are
between 100 and 500 nm [11,12]. The smallα-Al cell size
and the high alloying elements concentration in the supersat-
urated solid solution govern melt-spun ribbons strengthen-
ing [13]. Microhardness values for the experimental ribbons
(211.7± 6.3 kg/mm2) were more than 2.4 times greater than
the microhardness for similar alloys obtained by conventional
casting (87.6± 2.0 kg/mm2).

HRTEM and nanobeam EDX (3 nm spot size) were used
to analyze the presence of Q nanoparticles. Figure 3a shows
a nanostructure composed by well-defined 5 nm particles (ar-
rowed) surrounded by fcc-Al. The EDX profile observed in
Fig. 3b shows Al, Si, Cu and Mg signals. Al:Cu:Mg:Si ra-
tios close to Al5Cu2Mg8Si6 show that nanoparticles match
to Q phase. This composition is consistent with XRD results.
EDX profiles (Fig. 3c) taken from interparticle regions con-
firmed that it corresponds toα-Al. The volume fraction of Q
phase determined by the image analyzer was about 20%. The
crystal orientation of each particle appears to be fully ran-
dom, despite the small interparticle distance lower than 10
nm. No coherent particles-α-Al interphases were observed.
Nanoparticles contribution in hardness improvement is also
important because of Orowan mechanism [4,14].

Figure 4a is an HRTEM micrograph corresponding to Q
phase. It is found that Q phase display a crystal structure dif-
ferent from Q phase observed in as-cast conventionally cast
alloys. The Fast Fourier Transformed (FFT) of the image is
observed in Fig. 4b, which shows frequencies with strong
intensities corresponding to [1-3,2] zone axis of Q hexago-
nal cell. However, some weak frequencies are also seen in
the FFT (arrowed) and could be credited to an incommensu-
rate superlattice. From HRTEM image in Fig. 4a one can
see the periodical distribution of the arrowed brightest spots,
mainly attributed to the superstructure modulation. The small
and big quasi-hexagons represent Q phase and the superstruc-
ture. An intensity profile along the atomic layer outlined by
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white solid lines see Fig. 4a is shown in Fig. 4c and re-
veals the modulation of the contrast. Fig. 4d shows real and
filtered images obtained using masking tools (Gatan Digital
MicrographTM 3.7.0) for strong and weak frequencies from
FFT shown in Fig. 4c. As can be observed filtered images
are in correspondence with the real image. Incommensurate
superlattices are often originated because of periodic shifts
respect to the fundamental lattice or periodical changes in
compositions or atomic positions [15]. Such superstructures
have not been reported in literature for as-cast quaternary Al-
Si-Cu-Mg alloys and its presence is assumed to be other of
the causes of the high microhardness for these alloys [16].
Unfortunately, because of the small particle sizes, it was not
possible to find others zone axis showing similar modulation
features. Studies of Q phase superstructure are in progress.

4. Conclusions

From the analysis of the results, it can be concluded that
melt-spun allowed minimize second phases formation and

increase solid solubility Observed second phases were Q
(Al5Cu2Mg8Si6) for melt-spun ribbons and Si, Al-Si eutec-
tic, Q andθ (Al2Cu) for conventionally cast alloys. Nanos-
tructure for rapid solidified alloys was composed for well-
defined 5 nm Q nanoparticles surrounded by fccα-Al, with
grain size between 300 - 400 nm. A superlattice was found
for Q nanoparticles. Melt-spun ribbons presented a micro-
hardness improvement of about 2.4 times than that of the
conventionally cast alloys with the same composition, mainly
originated from the high alloying elements concentration in
the supersaturated solid solution and from the smallα-Al cell
size.
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