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a  b  s  t  r  a  c  t

Results  obtained  from  high  resolution  electron  microscopy  (HRTEM),  the  resultant  fast  Fourier  transform
(FFT)  and  the  simulated  electron  diffraction  patterns  (SEDP)  presented  in  this  paper  provide  a better
understanding  that  suggests  that  there  is  no  S′′-phase  and that the  effects  attributed  to  S′′ are explained
by  consideration  of  the various  variants  of the  equilibrium  S phase  on Al–Cu–Mg  based  alloys  (based
eywords:
lloys
recipitation
lectron microscopy (TEM)
rystal structure

only  on  HRTEM  analysis).  From  the 12  orientation  variants,  only  3 orientations  between  the  matrix  and
S-phase  precipitates  were  taking  into  consideration  in  this  study.  It was  found  that  the  metastable  S′′-
phase  could  be  explained  as  an  orientation  variant  of  the  equilibrium  S-phase  (Al2CuMg).  It  is  worth
mentioning  that  the  third  variant  has not  been  reported  in  the  literature  using  HTREM,  therefore,  the
incorporation  of  this  variant  in  the analysis  provides  an  alternative  explanation  for  the  experimental
evidence  previously  used  as  support  for the  S′′-phase.
. Introduction

Al–Cu–Mg alloys have been widely used in the aircraft indus-
ry for structural applications because of their combination of high
trength and ductility. The mechanical response in these alloys
epends on the dispersion of second-phase particles, which act as
bstacles for the motion of dislocations [1]. In this sense, Ringer and
o-workers [2,3] studied the atomistic-level nanostructure during
he early stages of elevated temperature ageing of rapid hardening
n Al–Cu–Mg alloys, significant dispersion of small solute cluster
hich are thought to be responsible for the rapid hardening effect
uring the ageing was observed. They concluded that a high density
f Mg–Cu cluster with high Mg:Cu ratio enhances the strengthening
esponse.

The precipitation was proposed by Bagaraytsky in the early
0s, the discovery of new microscopy techniques has brought back
he discussion of the existence of other phases. This precipita-
ion sequence for the ageing of Al–Cu–Mg alloys as proposed by
agaraytsky [4,5] is as follows:

 (supersaturated solid solution) → GPB zones → S′′ → S′ → S (1)

Perlitz and Westgren [6],  working with X-ray diffraction (XRD),
eported that the crystal structure of the equilibrium S-phase
Al2CuMg) has an orthorhombic cell with space group Cmcm and

attice parameters aS = 0.400 nm,  bS = 0.923 nm and cS = 0.714 nm,
nd since then, these data have been widely used. This S-phase is
oherent with the aluminium (Al) matrix, and therefore, the epitax-
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ial relationships (0 1 0)S//(0 2 1)Al and [1 0 0]S//[1 0 0]Al is the most
widely reported [7].

At present, many authors consider that the S′-phase is a slightly
distorted version of stable S-phase and do not make any distinc-
tion between its orthorhombic structure [7],  even though the main
difference between these two phases is the degree of coherency
with the matrix. Charai et al.  [8] mentioned that there is a reason-
able difference between the crystal parameters of the S-phase and
the S′-phase and, therefore, they cannot be considered as the same
phase. However, the lattice parameters proposed for the S′-phase
strongly depend on the degree of coherency. In this sense, the main
controversy is focused on the existence of the metastable S′′-phase
proposed by Bagaraytsky. A number of models have been suggested
in order to support the existence of this phase or to refine its crys-
tal structure, for instance, Cuisiat [10] observed an S′′-phase with
different structure given by Bagaraytsky. Shih et al. [11] proposed
partially ordered GPB (Guinier–Preston–Bagaraytsky) zones. Charai
et al.  [8] suggested that the S′′-phase originates from the agglom-
eration of GPB monolayers and has a monoclinic unit cell with
parameters of aS′′ = 0.32 nm,  bS′′ = aAl cS′′ = 0.254 nm and  ̌ = 91.7◦.
Wang et al. [9] proposed an orthorhombic structure with Imm2
space group and cell parameters of aS′′ = bS′′ = 0.405 nm and bS′′ =
1.62 nm.

Ringer et al. [12] reported that there is a possibility that the S′′-
phase could be explained as an orientation variant of the S-phase.
This is due to the S-phase has 12 crystallography equivalent vari-
ants and the electron diffraction pattern identified as S′′-phase is

consistent with the S-phase when viewed from the [0 0 1]Al ori-
entation (variant SI). Recently, Kovarik [13,14],  based on HRTEM
image simulations, proposed that the electron diffraction pattern of
the metastable S′′-phase can be explained as an orientation variant
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f the equilibrium phase-S. The objective of this work is to pro-
ide more information of different orientations from those already
eported in the literature [12–14] and to provide an alternative
xplanation for the experimental evidence previously used as sup-
ort for the S′′-phase, through HRTEM.

. Experimental procedure

An aluminium (Al) alloy with the nominal composition Al–2.1Cu–1.25Mg (wt.%)
as  cast into ingots and cold rolled, homogenised and machined into discs of a

hickness of ∼1 mm.  The samples obtained after this process were solution heat
reated at 525 ◦C for 0.5 h in a molten salt bath. The selected solution tempera-
ure  was  lower than the critical dissolution temperature to avoid localised melting.
fter  the solution treatment, the samples were quenched in water at room temper-
ture, ∼20 ◦C, then aged at 150 ◦C for four days and quenched in water. The HRTEM
nvestigations were carried out in a JEOL 2010F microscope, operated at 200 kV and
quipped with field emission gun. The specimens for HRTEM were mechanically
round to a thickness of ∼0.2 mm,  and then electrolytic polishing was  performed on
hin foils of 3 mm diameter using a Struers Tenupol. A small hole was  made using

 double jet of methanol and nitric acid solution with a ratio of 3:1 at ∼−30 ◦C.
igital Micrograph software was used to analyse the images obtained by the
RTEM, whilst the image simulation was carried out with an electron microscope

imulation (EMS) software. In the HRTEM simulations, the microscope parameter
ere: acceleration voltage = 200 kV, spherical aberration coefficient = 0.7 mm,  beam

onvergence = 0.75 mrad and spread of defocus =5 nm [15]. The “two overlapping
etworks method” (TONM) [16] was employed to visualise the Moiré patterns pro-
uced by the interference between the Al matrix and the equilibrium S-phase. This
ethod consists of rotating two  overlapped images of the studied network. The

etwork overlapped can generate Moiré patterns. Another advantage of using this
ethod is that almost all the contrasts observed in the experimental images can be

eproduced.

. Results and discussion

According to the reported epitaxial relationship, there are 12
esultant orientation variants between the Al matrix and the S-
hase [17]. Fig. 1A–C shows the simulated electron diffraction
atterns (SEDP) of 3 orientation variants (the other 9 variants are
roduced by the rotation of these 3 variants with respect to the
l lattice). In these simulated diffraction patterns, the gray spots
orrespond to Al lattice reflections, the black spots correspond to
-phase reflections and dark-gray spots are generated by double-
iffraction. The simulated diffraction pattern shown in Fig. 1A has
een identified as the characteristic diffraction pattern of the equi-

ibrium S-phase and corresponds to the orientation variant I, where
he zone axis is parallel to [1 0 0]S. In Fig. 1B the simulated diffrac-
ion pattern corresponds to the orientation variant II, which has
een reported as the metastable S′′-phase, whereas the orientation
ariant III presented in the simulated diffraction pattern in Fig. 1C
as not been identified as a different phase. Note that this orienta-
ion variant III, is precisely the one we are proposing as a key phase
o clarify that there is no S′′-phase and yet, it has not been named
n the literature.

In order to understand the origin of these orientation variants, a
iagram of the epitaxial relationship between the Al matrix and
he S-phase is shown in Fig. 2A. According to this diagram, the
0 1 0) planes of the S-phase begin to grow under (0 2 1) Al planes,
herefore, the resultant inclination of the S-phase with respect to
orizontal axis is ∼26.58◦. According to Fig. 2A, if the view direction

s orientated parallel to the [1 0 0]Al lattice, then the view direction
ill be parallel to the [1 0 0]S, giving rise to the orientation vari-

nt I, as shown in Fig. 1A. On the other hand, if the view direction
s parallel to the [0 1 0]Al lattice, then the view direction will be
lmost parallel to the [0 2̄ 1]S, bringing about the orientation variant
I. Considering the epitaxial relationship between Al and S-phase,
he [0 2̄ 1]S have a misorientation (or geometric difference) of 5.75◦
ith respect to the [0 1 0]Al. However, if the view direction is par-
llel to the [0 0 1]Al lattice, then the view direction for S-phase is
lmost parallel to the [0 1 3]S, giving rise to the orientation variant
II, while the misorientation or geometric difference with respect
try and Physics 130 (2011) 431– 436

to [0 0 1]Al is ∼2.92◦. Experimentally, the HRTEM images of the Al
lattice obtained in the zone axes [1 0 0], [0 1 0] and [0 0 1] are iden-
tical. However, for the orthorhombic structure of the S-phase, the
HRTEM images in the axes [1 0 0], [0 2̄ 1] and [0 1 3] are completely
different. The following sections explain, in detail, the experimen-
tal images, i.e. FFT and Fourier filters, of the 3 variants investigated
for the Al–Cu–Mg alloy. Fig. 2B shows the schematic in 3D of the
epitaxial relation, including the view directions that originated the
variants mentioned above.

3.1. Variant I

Figs. 3–5A show the HRTEM images for the Al–Cu–Mg alloy aged
at 150 ◦C for 4 days and Figs. 3–5B show the corresponding fast
Fourier transform (FFT) at the regions shown in Figs. 3A–C. As can
be observed, the FFT of these regions exhibit similar patterns to
the diffraction patterns simulated for the orientation variants of
the S-phase with respect to the Al lattice. The FFT in Fig. 3B which
corresponds to the region showed in Fig. 3A is similar to the orien-
tation variant I. As previously mentioned, this orientation variant
has been identified as S-phase. Fig. 3D shows an inverse FFT when
applying a Fourier filter over the Al reflections; here, the HRTEM
image expected for Al lattice in the zone axis [1 0 0] is observed.
Similarly, Fig. 3C shows the inverse FFT when applying a Fourier
filter over the precipitate reflections, so that the Al matrix is then
removed in order to show clearly the structure of the precipitates.

3.2. Variant II

With regard to variant II, Fig. 4B shows the FFT of the region
observed in the HRTEM image shown in Fig. 4A. This pattern has
already been identified in the literature as the metastable S′′-phase
and it is similar to the simulated diffraction pattern obtained for
the orientation variant II in Fig. 1B. With the HRTEM image dis-
played in Fig. 4A, it is not possible to observe a clear contrast arising
from the precipitate; therefore, a Fourier filter was applied over
the Al lattice reflections where the inverse FFT is similar to the
one observed in Fig. 3D. When the Fourier filter is applied over the
precipitate reflections, the pattern on the inverse FFT (Fig. 4C) is
different from the pattern obtained for the Al lattice. If the analy-
sis were to stop here, the confusion/controversy of the existence of
the metastable S′′-phase would continue, since this slight change
between the two  lattices can generate a Moiré interference pattern
that can be confused with the presence of other phases i.e. S′′. It is
worth mentioning that variants I and II were already reported by
Ringer et al. [12] and Kovarik et al. [13,14], therefore, it is imper-
ative to include a third variant, which will observe the structure
from a different zone axis in order to contribute to the clarification
of the aforementioned confusion/controversy.

3.3. Variant III

As mentioned above, the introduction of the variant III proved to
be very important in identifying the nature of the so-called S′′-phase
in the Al–Mg–Cu alloys. From the FFT in Fig. 5B, which corresponds
to the region shown in Fig. 5A, it can be observed that this pat-
tern is similar to that simulated of the orientation variant III in
Fig. 1C. In the HRTEM image, it is possible to detect a contrast that
arises from the precipitate, but only when the FFT is calculated,
an additional lattice is detected. Then, when applying a Fourier fil-
ter to the reflections of the Al lattice, a similar inverse FFT image is
observed, as shown in Fig. 3D. In order to identify the crystalline lat-

tice that produced the additional spots in the FFT pattern (Fig. 5B),
a Fourier filter was applied over the additional reflected spots, and
then the inverse FFT was  calculated, as shown in Fig. 5C. With this
FFT, the crystalline lattice is clearly observed in comparison with
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Fig. 1. Simulated electron diffraction patterns corresponding to the orientation variants of S-phase pertaining to the Al matrix. (A) Variant I, (B) variant II and (C) variant III.

Fig. 2. (A) Projection of the Al and S-phase lattices according to the epitaxial relationship (0 2 1)Al//(0 1 0)S; [1 0 0]Al//[1 0 0]S, and (B) 3D view of the epitaxial relationship
of  the S-phase and Al matrix.

F g alloy
a ) afte

t
a
fi
a

i
o
c

F
a

ig. 3. (A) HRTEM image corresponding to the Variant I of the S-phase in Al–Cu–M
pplying a Fourier Filter over the precipitate reflections, and (D) HRTEM image of (A

he previous variants where the contrast could be wrongly taken as
 different phase. Therefore, the introduction of this variant clari-
es that the S′′-phase in Al–Cu–Mg alloys might be understood as

 contrast effect of the interference of Al and S-phase lattices.

In order to explain the influence of the planes that are involved

n the formation of the image, the contrast transfer function (CTF)
f the microscope employed in this work was calculated. In the
ase of the Al lattice oriented in zone axes [1 0 0], only the planes

ig. 4. (A) HRTEM image corresponding to the Variant II of the S-phase in Al–Cu–Mg allo
pplying a Fourier Filter over the precipitate reflections.
 aged at 150 ◦C for 4 days, (B) FFT obtained from (A), (C) HRTEM image of (A) after
r applying a Fourier Filter over the Al matrix reflections.

(2 0 0) and (2 2 0) are involved in the formation of the image, but
only the (2 0 0) plane appears before the first intersection with the
X-axis, commonly known as point-to-point resolution (Fig. 6A), for
this reason, the HRTEM images of Al in zone axis [1 0 0] do display

a poor contrast. For the S-phase in the same zone axis, before the
first intersection with the X-axis, at least 8 planes participate in the
formation of images, as shown in Fig. 6B; consequently, the HRTEM
images have high contrast and, therefore, a good definition. Similar

y aged at 150 ◦C for 4 days, (B) FFT obtained from (A), (C) HRTEM image of (A) after



434 O. Novelo-Peralta et al. / Materials Chemistry and Physics 130 (2011) 431– 436

Fig. 5. (A) HRTEM image corresponding to the Variant III of the S-phase in Al–Cu–Mg alloy aged at 150 ◦C for 4 days, (B) FFT obtained from (A), (C) HRTEM image of (A) after
applying a Fourier filter over the precipitate reflections.

Fig. 6. Contrast transfer function (CTF) of JEOL 2010F microscope showing the interplanar distances for: (A) Al, variant II and variant III, and (B) variant I.
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Fig. 7. Simulated HRTEM image using the multislice method on: (A) Al lattice in the [1 0 0] zone axis, (B) S-phase in zone axes [0 2̄ 1] and (C) S-phase in zone axes [0 1 3].
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Fig. 8. (A) Image obtained when superimposing Fig. 7A with Fig

bservations were found for the S-phase in zone axes [0 2̄ 1] and
0 1 3] (Fig. 6A). This complicates the interpretation of these images,
s the Al in zone axis [1 0 0] as well as the S-phase on these axes
ave similar contrast, making difficult the interpretation of images,
ince S-phase is embedded in the Al matrix.

To understand the experimental HRTEM images, the simulated
-phase images in the zone axes [0 2̄ 1] and [0 1 3] and the Al in zone
xis [1 0 0] were obtained. In the simulated image of Al in Fig. 7A, it
s observed that the array of spots is similar to the array observed
n the experimental image. Fig. 7B, which corresponds to the sim-
lated image of the orientation variant II, exhibits an array of spots
imilar to the array presented in the filtered experimental image of
ig. 4C, whereas in the simulated images of the orientation variant
II shown in Fig. 7C, the array of spots is almost equal to the array
bserved in the filtered experimental image of Fig. 5C. In the real
ase, the precipitates are embedded in the Al matrix, and therefore,
he experimental image is formed by the interference of two lat-
ices; this interference can produce Moiré patterns as previously

entioned. To explain the interaction between matrix and precip-
tate, the simulated image of Al and the S-phase were overlapped,
sing the TONM, in the orientation variants II and III. The resultant

mage clearly shows (Fig. 8A) the interference of the Al lattice with
he S-phase in the orientation variant II, and it was observed that
he Moiré pattern generated is similar to the image reported in the
iterature as S′′-phase. Thus, the Moiré pattern generated by the
nterference of Al and S-phase in orientation variant III (Fig. 8B) is
ot clear but the image generated is quite similar to the image in
ig. 5A.

The introduction of variant III combined with the TONM to anal-
se the interaction between the Al matrix and S-phase proved to be

ery useful, as it was possible to clarify by HRTEM the true nature of
he commonly known metastable S′′-phase. Since the interference
etween the Al and S-phase normally generates Moiré patterns, the
′′-phase could be easily misinterpreted as a different metastable
nd (B) image obtained when superimposing Fig. 7A with Fig. 7C.

phase. However, with the results mentioned above, it was  possible
to identify that the S′′-phase is just a visual effect generated by the
interference between the Al matrix and the equilibrium S-phase.

Therefore, the precipitation of Al–Cu–Mg alloys could have the
following sequence:

� (supersaturated solid solution) → GPB zones → S′ → S (2)

Finally, the other techniques such as differential scanning
calorimetry, that have reported the existence of the S′′-phase
should be reassessed, taking into account this new evidence.

4. Conclusions

According to the epitaxial relationship between the aluminium
(Al) matrix and the S-phase, there are 12 resultant orientation vari-
ants. As there is no restriction for the preferential growth of the
S-phase variants, any of these could co-exist. The experimental evi-
dence showed that the reflexions in the FFT could be explained as
an orientation variant of the equilibrium S-phase, and the extra
spots that appeared in the FFT are associated with double diffrac-
tion effect. The incorporation of variant III, which has not been
reported in the literature using HRTEM, strongly suggests that the
S-phase could co-exist in any of these variants. The S-phase in the
zone axis [0 2̄ 1] does not have a good contrast and the interfer-
ence between the Al matrix generates a Moiré interference pattern
that can be confused with the presence of other phase, such as
the so-called S′′-phase. The combination of variant III and the “two
overlapping networks method” allowed us to propose that there

is no S′′-phase, and that the effects attributed to S′′ are explained
by consideration of the various variants of the equilibrium S phase.
In consequence, from the aforementioned results, the reinterpre-
tation of the differential scanning calorimetry results reported in
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