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A B S T R A C T

The precipitation behavior and aging response of an Al-4.9Cu-0.74Mg-0.51Si-0.48Mn-0.1Cr-0.08Ti-0.02Fe (wt.
%) alloy was examined in detail after aging at 170 °C with different dwell times up to 96 h. Deformation by 3%-
stretching prior to aging was used to investigate the effect of dislocations on phase and hardness evolution and
compared with the undeformed material. The small pre-deformation led to a slight decrease of peak strength due
to reduced homogenous nucleation. Strong interaction between different phases caused the formation of hybrid
structures both in the undeformed bulk areas and on dislocations. These phases consist of different fragments of
the GP zones, θ”- and θ’-phases from the Al–Cu system, GPB zones and S1-phase from the Al–Cu–Mg system, and
β”-, β’-Cu, C- and Q’-phases from the Al–Mg–Si–Cu system. A new phase named C1, isostructural to the C-phase
but having a different orientation with the Al matrix – (010)C//(010)Al, [001]C//[101]Al, has been found pre-
dominantly on dislocation lines, and to a lesser extent in hybrid precipitates in the bulk. Calculations of
structural stability by density functional theory (DFT) were performed on experimentally found structures,
consisting of a C-phase core in two different orientations, and having Cu segregations in GP-like structures at
their interfaces with the matrix.

1. Introduction

Age-hardenable Al–Cu–Mg–Si alloys are used as structural materials
in aerospace industry due to the their unique combination of properties
of high specific strength, high fracture toughness and excellent fatigue
properties, satisfactory corrosion resistance, etc. [1,2]. These alloys are
strengthened during ageing at elevated temperatures due to the for-
mation of nano-sized particles of different phases [1–4]. Magnesium
and silicon additions significantly change the precipitation behavior
and kinetics in Al–Cu alloys, and hybrid structures consisting of diverse
phases belonging to the Al–Cu, Al–Cu–Mg and Al–Mg–Si(–Cu) systems
can be formed [2,5,6]. Researches using different examination techni-
ques have been attempted in order to properly characterize the phase
composition of these precipitates, their distribution, morphology and
crystal structures [2,5–8]. However, some confusion and uncertainties
have been found in the interpretation of the phase composition of the
alloys due to similarities in precipitate morphology and possible for-
mation of hybrid precipitates consisting of small fragments of different
phases. For this reason, the co-precipitation mechanisms for the frag-
ments of the different phases are still not well understood.

In Al–Cu–Mg–Si alloys, depending on Cu concentration and Mg/Si
ratio, different phases belonging to one alloying system or even a
combination of several systems form during artificial aging. It has been
shown [2] that a Cu content in the range of 2.5–4.5 wt% and a Mg/Si
ratio (in wt. %) lower than ~1.73 will produce the equilibrium θ-, Q-
phases, as well as pure Si particles at long aging times. In several Al–-
Cu–Mg–Si alloys [2,6], the prior precipitation sequence related with the
θ-phase includes GP (Guinier-Preston) zones (or GPI), θ’’(or GPII) and
θ’-phases [3,4,9–16]. It has been shown [3,16,17] that among these
precipitates the disperse θ’-phase plates are highly efficient in
strengthening. The situation with the quaternary Q-phase having
composition proposed in a range from Al3Cu2Mg9Si7 to Al5Cu2Mg8Si6
[18,19] is more complicated due to diverse metastable AlCuMgSi (or
AlMgSiCu) phases identified in a wide compositional range of com-
mercial Al–Cu–Mg–Si (2XXX series) and Al–Mg–Si–Cu (6XXX series)
alloys [2]. A precipitation sequence, including the formation of QP and
QC phases, was suggested in an alloy with composition close to Al–4-
Cu–1Mg-0.7Si-0.5Ag (wt. %) [7,20]. Liu et al. also reported [6] that the
formation of the Q’’-type precipitates, crystal structure of which was not
identified, contributed to the considerable increase in the ageing
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kinetics and higher strength at the early ageing stage of an Al-5.0Cu-
0.3Mg-0.3Si (wt. %) alloy. It has been shown that heterogeneous nu-
cleation of the θ’-phase on rod-like Q’’-type precipitates causes refine-
ment of the former phase plates compared with a Si-free alloy in the
peak-aging state [6].

Chemical compositions, crystal structures and morphology of the
precursors of the Q-phase have been studied in details in Al–Mg–Si
alloys with small Cu additions. GP-zones (also called as pre-β’’) are
formed in these alloys at early aging stages [21]. The β’’, β’-Cu, β’’, L, C,
SSi and Q’-phases (AlMgSiCu-type phases) have been found in
Al–Mg–Si–Cu alloys in a peak-aging state. Details of chemical compo-
sition, crystal structure, morphology and OR of these phases have been
widely discussed in literature [19,21–30]. It was shown that the frag-
ments of the different AlMgSiCu phases can co-precipitate forming
hybrid structures and furthermore that Cu atoms tend to occupy certain
sites at interfaces between these precipitates and the fcc-Al matrix
[6,22,31–33]. In Al–Cu–Mg–Si alloys with high Cu/Mg ratios and re-
latively low Si contents, the formation of the S-phase, its precursors as
well as σ-phases, take place [2,34,35]. A number of precursors of the S-
phase have been mentioned in the literature, such as Guinier-Preston-
Bagaryatsky (GPB) zones, S’’ and S’ [35–39], or S1 and S2 [40,41]. An
overview of the nominal chemical compositions, morphology, crystal
structures and orientation relationships (ORs) of these phases is sum-
marized in Table 1. {200}Al projections of crystal structures of the
phases belonging to different alloying systems are presented in Fig. 1.

The results of previous work detailed above point to a very complex
precipitate configuration in the Al–Cu, Al–Cu–Mg and Al–Mg–Si–Cu
alloy systems. Therefore, the goal of this work is to investigate the
precipitate crystal structures formed in an Al–Cu–Mg–Si alloy, which
has a composition at the border between the three mentioned systems
during aging at 170 °C, including the study of co-precipitation me-
chanisms in a relation with mechanical properties. The effect of pre-
deformation by 3%-stretching prior to aging was also investigated, and
precipitate evolution was compared with the undeformed state.

To identify the atomic column arrangements in the different phases
all the images were taken in an {200}Al projection using high-angle
annular dark-field scanning TEM (ADF-STEM). The atomic models were
suggested based on atomic column Z-contrast, known crystal structures
of various precipitates in the 2XXX and 6XXX Al alloy systems and
phase construction rules for precipitates in the Al–Cu–Mg and Al–Mg–Si
(-Cu) systems given in [25]. According to these rules, every Al atom has
12 near neighbors, every Mg atom has 15 and every Si has 9. It means
that in the model every Al atom is surrounded by 4 atoms of “opposite”
height (± 0.203 nm), every Mg by 5 and every Si by 3 (making it a
triangular site). Examples of such atomic columns arrangement in the
S1-phase cross-section are shown in Fig. 1, where dashed lines (sym-
metry) indicate the near neighbors around Al, Cu and Mg atoms. In-
terestingly, Cu was observed to be a triangular site (as Si) if located
inside precipitates or GPB zones, or to have an Al local configuration
when located at the precipitate’s interfaces with the Al matrix, or if part
of GPI zones and θ’’-phase (Fig. 1). Also, it should be noted that Cu can
take two different local atomic arrangements forming sub-units in the
Al–Mg–Si–Cu alloys: in-between the Si atomic columns as in Q’- and C-
phases, and replacing 1/3 of the Si atomic columns in the β′-Cu phase
[42].

Density functional theory (DFT) has been applied to calculate the
formation enthalpy of hybrid precipitate structures consisting of GP-like
structures/Cu segregations and L precipitates involving fragments of
the C-phase, in order to verify and understand the structural observa-
tions.

2. Experimental procedure

An aluminum alloy with the chemical composition of Al-4.9Cu-
0.74Mg-0.51Si-0.48Mn-0.1Cr-0.08Ti-0.02Fe (wt. %, Mg/Si~1.45) was
cast as cylindrical billets (Ø38×140mm). The alloy was homogenized

at 500°С for 24 h and hot rolled (~400 °C) to 14mm plates. Rectangular
samples with sizes of 14×14×3mm and flat “dog-bone” specimens
with gauge sizes of 35× 7×3mmwere cut from the central part of the
hot-rolled billets using wire electric discharge machine. These speci-
mens were solution heat treated at 500 °C for 1 h, followed by water-
quenching to room temperature. The flat “dog-bone” specimens were
stretched immediately with an initial strain rate of 2×10−3 s−1 up to
a fixed plastic strain of 3%, and machined to get rectangular samples
with sizes of ~10×7×3mm. The undeformed and 3%-stretched
samples will hereafter be referred to as “undef” and “3%-def”, respec-
tively. The samples were then aged at 170 °C for different ageing times
in a range from 0.25 to 96 h using a furnace with forced air circulation.
Each sample was held at the aging temperature for 3min to reach a
thermal equilibrium, then aged for a certain time, and finally cooled in
air.

Hardness measurements were performed on the broad flat surface of
the rectangular samples using a Wilson Wolpert 402 MVD hardness
tester at a constant load of 5 N and a loading time of 15 s. At least ten
indentations were carried out in arbitrarily selected areas to determine
the standard deviation of the hardness for each condition. The yield
stress (YS), the ultimate tensile strength (UTS) and the elongation-to-
fracture (δ) were measured using an Instron 5882 tensile testing ma-
chine at an initial strain rate of ~10−3 s−1. The YS, UTS and δ values
were averaged using three samples from each condition.

Orientation imaging microscopy (OIM) with an automated indexing
for electron back scattering diffraction (EBSD) patterns was carried out
using a ZEISS Ultra 55 scanning electron microscope (SEM) equipped
by a Nordif EBSD detector and a TSL OIM software. The surface for OIM
analysis was prepared by mechanical polishing using a VibroMet 2 vi-
bratory polisher. The average size of crystallites (grains) delimited by
high-angle boundaries (HABs) (angle> 15°) was measured by the mean
linear intercept method, in which the longitudinal direction was par-
allel to the hot rolling direction for the “undef” state and stretching
direction for the “3%-def” state. A Quanta 600FEG SEM was used for
back-scattered electron (BSE) images of the constituent phases. The
volume fraction of these constituents was determined by standard grid
techniques.

TEM specimens were prepared by mechanical polishing to
100–200 μm thickness and electropolished with a solution of 2/3 me-
thanol and 1/3 nitric acid at −30 °C using a Struers TenuPol-5 twin-jet
unit. TEM characterization was performed on a JEOL JEM-2100F mi-
croscope operated at 200 kV and equipped with an Oxford X-Max 80
SDD EDX detector. All the TEM and STEM observations were carried
with electron beam parallel to an< 100> Al zone axis. In this case, 1/3
of the<100> Al rods and 2/3 of the {200}Al laths/plates go through
most of the TEM specimen with little overlap with the Al matrix, and
can be imaged as “dots” and “rectangles”, respectively. The volume
fraction of the relatively coarse secondary phases approximated as
particles having round shape was estimated as: =

+ ×
f Sπ

N
A d t

4
3

3/2
( )

T
S eq

,
where S is the cross-section area of precipitates, NT is the number of
counted precipitates, AS is the TEM image area, =d 2eq

S
π

is the
equivalent circular diameter of precipitates in each TEM image, t is the
foil thickness. The mean f and deq magnitudes and their standard de-
viations were calculated using the average S value linked with the
precipitate size distribution in each TEM image. The density of lattice
dislocations was estimated using intercept relationship as

= +( )ρd
n
L

n
L t

11
1

2
2

, where n1 and n2 are the numbers of intercepts on the
sets of orthogonal lines of total lengths L1 and L2 in TEM images. The
foil thickness was determined by the convergent beam electron dif-
fraction (CBED) method based on Kossel-Mӧllenstedt fringe oscillations
[15,16,43,44] and averaged using at least three measurements for each
TEM image.

A JEOL ARM-200F microscope equipped with a probe-aberration
corrector and JEOL ADF-detector was used to examine the crystal
structure of the precipitates formed in the aged samples. A spot size of
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0.08 nm, 27mrad convergence semi-angle and collection semi-angles of
35–149mrad were used to acquire high-resolution ADF-STEM images
along the<100> Al zone axis. These images contain projected

locations of atomic columns of matrix and precipitates viewed in cross-
section, providing information about the rod/lath/plate-shaped pre-
cipitate crystal structures. Identification of atomic columns chemistry is

Fig. 1. Schematic of atomic positions in {200}Al projections for the unit cells of metastable ordered precipitates in Al–Cu, Al–Cu–Mg and Al–Si–Mg–Cu alloys. All
phases are drawn using the same scale. Filled/open circles denote different positions along the paper plane normal, corresponding to a separation of 0.5× the lattice
parameter of Al. The Si-network and Cu arrangement projections as well as orientations of Cu sub-unit, similar in the C- and Q’-phases, but different from the β’-Cu,
are presented.
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possible because ADF-STEM images contain atomic number (Z) contrast
[45]. Fast Fourier transform (FFT) filtering has been applied to all
images to reduce noise with periodicity shorter than ~0.14 nm.

The availability of solute for precipitation was calculated with the
Thermo-CalcTM software with the TCAL1 database. The DFT calcula-
tions of the formation enthalpies for hybrid structures were performed
with the Vienna Ab initio Simulation Package (VASP) [46] using the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [47]. A
gamma-centered k-point mesh was used in all calculations with a
maximal k-point distance of 0.18 Å−1 and a plane wave energy cut-off
above 400 eV. The Methfessel-Paxton method of 1st order was applied
for atomic position relaxations with maximum force of 0.001 eV/Å [48]
and a smearing factor of 0.2. For accurate energies, all relaxations were
followed by a static calculation using the tetrahedron method with
Bloch corrections.

3. Results

3.1. Mechanical properties

Hardness evolution as a function of logarithmic time and tensile
curves in some specific stages of the “undef” and “3%-def” samples are
presented in Fig. 2a and b, respectively. It is seen that the 3%-stretching
of the as-quenched condition does not have a noticeable effect on
hardness, as both the pre-deformed and undeformed material have a
hardness level of ~83 HV0.5. A tendency to form three hardness peaks
during artificial aging is observed in the both alloy states. Aging at
170 °C leads to an initial fast hardening response and the formation of a
short hardness plateau up to 1 h, with similar hardness values of
120–130 HV0.5 in both “undef” and “3%-def” samples, associated with
the first peak (Fig. 2a). The next increase in hardness seems to start at
the same aging time, but the maximum is reached later in the “undef”
state compared to the “3%-def” state, which is wider in shape and lower
in absolute magnitude. This effect is marked as a second peak. The third
peak is higher in the “undef” state, whereas it is less pronounced in the
“3%-def” state. A loss of hardness during over-aging occurs with a si-
milar rate in both “undef” and “3%-def” states, with the latter main-
taining lower hardness values. All these effects can be associated with
the stages of the precipitation evolution during aging [1,3,4].

Some specific ageing conditions chosen for tensile properties mea-
surement (Fig. 2b) shows that the tensile curve shapes as well as the
strength characteristics depend on the aging conditions. The alloy in the
as-quenched and under-aging conditions exhibits a distinct strain
hardening up to a high strain. Repeating oscillations that are associated
with the Portevin-Le Chatelier (PLC) effect attributed to the dynamic
strain aging in aluminum alloys [44] appear during the strain hard-
ening stage in as-quenched and under-aging “3%-def” samples.

Considering tensile properties in general, YS of the “3%-def” in the 1 h
under-aging state is lower than in the “undef” state. The similarity in
hardness and UTS values shows the reliability of both methods to de-
termine aging stages. It is seen that the hardness values in different
aging stages cannot be directly related with the YS values, but instead
relate to the relative changes in UTS values. Maximum YS and UTS
values and elongation-to-fracture for the alloy in peak-aging stages
reach to ~405MPa, ~450MPa and ~9.8% for “undef” and ~390MPa,
~430MPa and ~8.7% for “3%-def” conditions, respectively. These
results are commensurable with properties for other Al–Cu–Mg–Si al-
loys having similar chemical compositions [1,6]. Aging times of 0.25, 1,
16 and 96 h, corresponding to under-aged, peak-aged and over-aged
conditions were chosen for subsequent TEM characterization.

3.2. Microstructural analysis

The initial microstructure of the alloy after solution heat treatment
(not shown) and consists of grains having average size of ~113 and
~56 μm in the longitudinal and transverse directions, respectively, and
fraction of HABs of ~80%. Different levels of a precipitate hierarchy
can be identified: (1) coarse primary particles (agglomerates of bright
particles in the BSE-SEM image, Fig. 3a)); (2) dispersoids (Fig. 3b and
c); and (3) nano-sized precipitates appearing during aging (shown
further). The coarse primary particles usually have irregular cross-sec-
tions. Their volume fraction and equivalent circular diameter were es-
timated to be 2.0 ± 0.4% and ~2.3 μm, respectively. Dispersoids are
non-uniformly distributed in the matrix. Their estimated equivalent
circular diameter was 90 ± 25 nm. The volume fraction is dependent
on the presence of coarse primary particles, and varies from 0 to ~2.7%
in regions close to and far away from primary particles, respectively.
The EDS map in Fig. 3c reveals that Mn, Si, Fe and Cr are present in
dispersoids. It is seen that some inclusions, which are, in addition to
these elements, also enriched by Cu, were attached to the dispersoids.
Because of there is no other alloying elements correlating with the Cu
distribution, we suggest that these precipitates are the θ-phase (Al2Cu,
I4/mcm, a= b=0.607 nm, c=0.488 nm [49]).

Simulations of equilibrium phase composition at 500 °C using the
Thermo-Calc software predicts the presence of the τ1-phase (with,
F̅43m, a=1.092 nm [50]), Al12(Mn,Fe)3Si (Im̅3, a=1.23 nm [49])
and θ-phase with volume fractions of 0.26, 1.11 and 1.62%, respec-
tively. The chemical composition of the matrix was predicted to be Al-
3.71Cu-0.74Mg-0.28Si-0.03Mn-0.08Ti with Mg/Si~2.64 (in wt. %, or
Al-1.61Cu-0.83Mg-0.27Si-0.02Mn-0.05Ti in at. %). Cr and Fe contents
in the matrix were calculated to be less than 0.001wt %. The decrease
of Cu, Mn and Si contents in the matrix are consistent with the results of
electron microscopy showing the presence of dispersoids enriched by
these elements (Fig. 3c). The EDS map in Fig. 3c shows that Mn and Si

Fig. 2. Age-hardening curves (a) for the alloy in “undef” and “3%-def” conditions and typical engineering stress-strain curves (b) for some specific aging conditions.
Aging durations indicated by vertical dashed lines on the aging curves were chosen for TEM characterization.
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are consumed from solid solution to form Al12(Mn,Fe)3Si dispersoids,
whereas the BSE-SEM images reveal the presence of bright coarse pri-
mary particles (Fig. 3a) tentatively identified as the θ-phase. No ex-
perimental evidences of the presence of the τ1-phase have been found.
Consumption of Si from the solid solution to form equilibrium dis-
persoids pushes the alloy matrix composition toward the Mg/Si ratio of
~2.64 corresponding to the (θ+β(Mg2Si)) or even (θ+β+S+(σ))
phase fields [2].

3.3. Precipitate microstructure

TEM shows that dislocations naturally occur in the “undef” condi-
tion. They are non-uniformly distributed in the Al-matrix and pre-
dominantly observed in regions close to grain boundaries, coarse pri-
mary particles and dispersoids (Fig. 3c). The average ρd was measured
to be ~2×1013 m−2 in these regions. Some dislocations were found in
form of helices and loops. A similar tendency to form helical disloca-
tions as well as loops was observed in an as-quenched Al–Cu–Mg–Si
alloys with decreased Si content [34]. Pre-deformation by 3%-
stretching leads to a large increase in dislocation density and regions of
their presence expanded, but dislocation-free fields can still be found in
the “3%-def” condition. The ρd value was found to reach 1014 -1015 m-2

in the densest areas.
Obtained results show that the precipitation behavior was similar in

dislocation-free regions and along dislocation lines in both “undef” and
“3%-def” states (see Fig. 4). For this reason, the crystal structures of the
precipitates discussed below do not differ between the “undef” and
“3%-def” samples, and a distinction between these two states will not
be made.

3.3.1. Under-aging state
Representative (S)TEM images, showing a general evolution of

precipitate morphology and crystal structure in under-aging states, are
given in Fig. 4a–d, 5 and 6. Close examination reveals the presence of
two precipitate groups categorized by morphology in the TEM images
taken along< 100> Al directions. The first group is associated with
precipitates formed in dislocation-free regions. This group includes the
precipitates appearing as diffuse dark spots in the bright field images
with typical contrast originating from local elastic strains, as well as
rod-shaped precipitates (Fig. 4a and c).

Solute clusters containing Cu (Fig. 5a) are clearly visible in ADF-
STEM images, in addition to single Cu atomic columns along<100
> Al direction, GP zones (which we define as a row of Cu columns
creating an enriched {100}Al plane) and GPB-zone units (Fig. 5b). The
Cu atoms also form ordered rod-like structures in the fcc-Al matrix
shaped as a capsule (or tube) with diameter of 1–3 nm as shown in
Fig. 5c. The formation mechanism of such Cu capsules is unknown, but
it can be the result of heterogeneous nucleation and growth of
monoatomic layers (GP-like structures) due to matrix distortions
around Mg–Si enriched fcc-Al matrix. The tendency of Cu-enriched shell
formation around other metastable precipitates is also demonstrated
below in a current section.

The cross-sections of rod-shaped precipitates and suggested atomic
models are shown in Fig. 5d–h. It is seen that all precipitates have
hybrid and, sometimes, local disordered structures. The internal areas
are occupied by the ordered fragments identified as well-known struc-
tures belonging to the Al–Mg–Si(–Cu) alloys (β” (eye), β’-Cu and C-
phases [19,21–29]) and Al–Cu–Mg alloys (GBP zones [49,51]). Co-ex-
istence of small fragments of the C-phase in one precipitate is associated

Fig. 3. Microstructure of the alloy in as-quenched condition. BSE-SEM (a) and bright-field TEM images (b), element maps (EDS-STEM) for a selected group of
dispersoids are shown (d).

M. Gazizov, et al. Materials Science & Engineering A 767 (2019) 138369

6



with the disordered L-phase. It is seen that GPB zone units and GP-like
structures have a tendency to form along the interfaces between the
agglomerates of these fragments and Al matrix.

The second group of precipitates in under-aging state form con-
tinuous and somewhat jagged bands along dislocation lines (Fig. 4b and
d). Similar decoration of dislocations by precipitates was observed in
Al–Mg–Si alloys after 10% pre-deformation followed by aging at 190 °C
[52]. ADF-STEM images in Fig. 6 show precipitates formed on dis-
location lines projected to< 100> Al directions in the “3%-def”
sample. The position of the dislocation lines can be identified by strip-

type precipitates, as well as by a glow indicating segregation of the
heavier elements such as Cu along the dislocation line. The formation of
GP zones and θ’’-phase plates having {200}Al habit planes is observed
along dislocation lines (Fig. 6a and b). The heterogeneous nucleation of
these phases along the dislocations differs from their nucleation in the
bulk and commonly presented in the literature, where the tendency to
homogeneous nucleation in matrix is observed due to the coherent
nature of their interfacial boundaries and small difference from crystal
structure of the Al matrix [3]. The formation of the Cu arrangement
belonging to the C-phase was found in ADF-STEM images and

Fig. 4. BF-TEM (a–f) and ADF-STEM images (g–h) of the typical microstructure of the “undef” (a, c, e, g) and “3%-def” samples (b, d, f, h) aged at 170 °C for different
times: 0.25 h under-aged (a, b), 1 h under-aged (c, d), 16 h peak-aged (e, f) and 96 h over-aged (g, h). Dark/bright spots and lines in BF-TEM/ADF-STEM images
represent cross sections of the rod- and lath-/plate-like precipitates, respectively, normal to the image plane. Circles show hybrid precipitates consisting of inter-
grown plates and rods.
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corresponding FFT pattern (Fig. 6b), showing the similar distribution of
diffraction streaks (marked by arrows) as observed in [24].

The projection of a dislocation loop decorated by precipitates in the
“3%-def” sample after 1 h aging is presented in Fig. 6c. Precipitates
nucleated on a segment of the dislocation loop are overlapped by the Al
matrix, preventing their crystal structure to be clearly observed.
Therefore, the remaining segment (without matrix overlap) was used to
identify the decorating phases. It is revealed these precipitates are very
diverse, being composed of fragments from a number of different me-
tastable phases belonging to the Al–Cu, Al–Cu–Mg and Al–Mg–Si–Cu
systems. Some disordered regions and local fragments contain only Cu
arrangements in phases, as θ’’ and S1 (in Al–Cu(-Mg) alloys), and others
are based on both Cu arrangements and Si-networks as in β’-Cu, Q’- and
C-phases (in Al–Mg–Si–Cu alloys). It is also seen that different phases
decorate dislocation lines depending on the orientation of its segments

in the {200}Al projection: S1-phase precipitate [40] down to one unit
cell size in projection can be found along the dislocation segments with
projection line parallel to the {210}Al planes. A crystal structure con-
taining Cu arrangements and Si-networks in projection similar to the C-
phase, but having unique orientation in Al matrix, was found in both
“undef” and “3%-def” states. An example of this crystal structure is
presented in the suggested atomic model of Fig. 6c, named C1-phase.
This orientation can be characterized as a 45° rotation around the b axis
of the C-phase, when adopting the unit cell description from literature
[27]. The unique disordered precipitate occupies a dislocation segment
parallel to {220}Al planes. Cu segregation can be found along its in-
terfaces. The OR between this unusual phase and fcc-Al matrix, is
identified to be: (010)C1//(100)Al, [001]C1//[011]Al.

β’-Cu and Q’-phase has also been observed to locally decorate the
dislocation segment, with typical orientations as reported in the

Fig. 5. ADF-STEM images of precipitates in bulk material in under-aging state. Clusters (a); GP zones, Cu-enriched columns and GPB zone units (b); Cu capsule (c);
hybrid precipitates consisting of disordered L-phase and GP-like structures (d), β’’-phase fragment and GP-like structures (e), β’’-eye and five GPB zone units (f), L-
phase, two GPB zone units and GP-like structures (g), L-phase and GP-like structures (h). The Cu arrangements and Si-networks are marked by yellow and blue-green
lines, respectively, in the suggested atomic models (see legend in Fig. 1). Red dashed line indicates precipitate global symmetry also described in Al–Zn–Cu–Mg–Si
alloy [32]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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literature [21–23,42].

3.3.2. Peak-aging state
Fig. 4e and f show the typical morphology and distribution of pre-

cipitates in “undef” and “3%-def” samples after peak-aging, respec-
tively. The precipitate microstructure can be characterized generally as
follows. The rod-shaped particles become coarser than in the under-
aged state, and particles, having plate-/lath-shape morphology with
{200}Al habit planes which were not observed in the under-aging state,
appear In the SAED patterns (insets in Fig. 4e and f), the strong dif-
fraction streaks in< 100> Al directions and “crosses” in the ½{220}Al
positions are associated with nucleation and growth of θ’-phase from
the Al–Cu system [2,4,15,16]. This phase is dominant in the peak-aging
state.

Circles in Fig. 4e and f show hybrid precipitates consisting of inter-
grown plates and rods. This may indicate that rods provide nucleation
sites for the plates, as only rods are observed to exist in the under-aged
state, consistent with earlier observations [32].

It is seen in Fig. 4f that rod- and plate-like precipitates have a ten-
dency to heterogeneously nucleate at or close to the interfaces between
dispersoids and fcc-Al matrix because of solute segregations or presence
of dislocations pinned by the dispersoid particles [1,4].

ADF-STEM images and corresponding FFT patterns for different
precipitates and hybrid structures at peak-age are shown in Figs. 7 and
8. Some FFT patterns are noisy due to the prevailing disorder character
of atomic column distribution in the precipitate crystal structures [52].
The θ’-phase plates, having {200}Al habit planes, and different hybrid
structures containing this phase are represented in Fig. 7a–d. For θ’
plates with thickness about 1–1.5 nm the connection with the GPB zone
units is often observed at the semi-coherent (narrow) interface of the
plates. The bulk structure of these thin θ’ plates is defect-free and
matches with the well-established Silcock model [12–14,49,53]. Two

columns, marked with red circles in Fig. 7a, are sites of triangular
symmetry most commonly occupied by Si. Significant Si segregation at
coherent θ’/Al interfaces have been observed earlier, and a strong
thermodynamic driving force favoring Si partitioning to Cu sites in bulk
θ’ plates has been predicted by first principle calculations [12]. For this
reason, the Si occupation identified in Fig. 7a is plausible.

Fig. 7b shows the presence of the θ’ plates with stacking faults [53].
The formation of the θ’-C complexes early described in [32] have been
also found (Fig. 7c and d). It is interesting to notice that both the Cu
arrangement in the θ’-phase and the Si-network in the C-phase are
observed as hexagonal with apparent ~0.4 nm plane periodicity in
{100}θ’ and (010)C projections (Fig. 7c and d). It seems that C pre-
cipitate hinders the coarsening process of the θ’-phase associated with
thickening ledge migration with height of half a unit cell along the
broad plate surfaces [3,14].

Another example of a hybrid precipitate is presented in Fig. 8a. It is
a C-phase platelet extending along [001]C, with a one-unit cell width
core and GP-like Cu segregations along both broad coherent interfaces.
Similar GP-like structures were observed at coherent θ’/Al interfaces in
Fig. 7. It has been revealed [14] that the interstitial positions in the θ’
structure along the θ’/Al interfaces are filled due to high local Cu
concentration in solid solution in early stages of plate growing in the
Al–Cu alloys. Thus, the broad θ’ plates interfaces are similar to the GP-
like structure, which is associated with the thickening of θ’ plates due to
redistribution of these interstitial atoms on the ledge migration front.
For this reason, one can speculate that similar GP-like structures at
interfaces between AlMgSiCu precipitates and Al matrix could become
preferable sites for heterogeneous nucleation of the θ’-phase. It is
worthy to note that these type of hybrid precipitates consisting of C
platelets and GP-like structures were also found in under-aging states
(Fig. 5h).

Other examples of hybrid AlMgSiCu precipitates in the peak-aging

Fig. 6. ADF-STEM images of hybrid precipitates continuously decorating dislocation lines in under-aging state. The Cu arrangements and Si-networks are marked by
yellow and blue-green circles/lines, respectively, in the suggested atomic models (see legend in Fig. 1). Yellow arrows in FFT pattern show streaks distribution typical
for the L-phase [37]. The fcc-Al spots are marked by blue circles in FFT pattern. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 7. HAADF-STEM images of precipitates and hybrid structures in peak-aging state. Thin θ’-phase plate and GPB zone units with possible Si columns (marked by
red circles) in transition region (a). Thick θ’-phase plate with {100}θ’ and {101}θ’ faults (b). Hybrid structures showing interaction between θ’-phase plates and
AlMgSiCu precipitates (c, d). The Cu arrangements and Si-networks are marked by yellow and blue-green lines, respectively, in the suggested atomic models (see
legend in Fig. 1). Green hexagon and yellow rhomb in FFT patterns shows the symmetry/orientation of the Cu arrangements in the C- and θ’-phases, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. ADF-STEM images of hybrid precipitates in peak-aging state. Hybrid structures showing interaction between C-phase and GP-like structures (a), β’-Cu and
GPB zone units (b), C-, β’’- and θ’-phase fragments (c). The Cu arrangements and Si-networks are marked by yellow and blue-green lines, respectively, in the
suggested atomic models (see legend in Fig. 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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state are presented in Fig. 8b and c. One precipitate contains two unit
cells of β’-Cu phase showing the hexagonal network with columns oc-
cupied by 2/3 Si and 1/3 Cu in the projection plane (Fig. 8b). The β’-Cu
part is surrounded by a disordered shell incorporating GPB zone units.

The hybrid precipitate in Fig. 8c consists of three identified struc-
tures corresponding to two fragments of the C-phase (or L) with a se-
parate hexagonal Si-network, and one fragment of β’’-phase with Cu
atoms into the Si3/Al sites (Fig. 1) [22] maked as β’’(+Cu) in this
study. Cu atoms also tend to segregate between the different fragments
of AlMgSiCu phases, where they form disordered structures (Fig. 8c), in
addition to their segregations and formation of the θ’-phase fragments
in the outskirt regions of hybrid precipitates.

String-type precipitates along dislocation lines are presented in
Fig. 9. In addition to the precipitates, the exact position of dislocation
lines in {200}Al plane projection can be identified by Cu segregations.
The same types of metastable precipitates as in the early aging state are
observed at the peak-aging states, but having coarser morphology. Si-
milar tendency to occupation of dislocation line segments by different
AlMgSiCu and AlCuMg precipitates depending on orientation in pro-
jection plane is revealed. In addition, coarse θ’-phase plates can be
found. The C1 precipitate (Fig. 9) is observed to form predominantly on
dislocations in under- and peak-aging states. A few hybrid precipitates
consisting of the C1-phase can also be found in bulk matrix, but the
fraction is much lower compared with the appearance along disloca-
tions. A common feature is that the C1-phase can be rarely found in the
core of hybrid precipitates being surrounded by thick shell of other
phase fragments. The unusual orientation of this precipitates has been
roughly estimated using the Cu arrangements, which is similar to the C-
phases, but turned on ~45°. In this case, the prismatic planes of hex-
agonal Si-network in the basal plane projection are parallel to the
{410}Al and {220}Al planes, which coincides with the Si-network in Q-
phase with OR3 observed in work [28].

3.3.3. Over-aging state
Fig. 4g and h represent ADF-STEM images of microstructure in the

“undef” and “3%-def” samples after 96 h aging, respectively. It is seen
that the rod- and plate-shaped particles grow thicker and longer during
over-aging, that leads to decrease in their number density. The number

density of rod-shaped precipitates in dislocation-free regions for the
“3%-def” samples is lower in comparison with the same region in the
“undef” sample. The tendency to heterogeneous nucleation of plate-
shaped particles on dislocation lines and on AlMgSiCu precipitate in-
terfaces is more pronounced.

ADF-STEM images of precipitates in dislocation-free regions in the
over-aging state are presented in Fig. 10. Examination of these images
shows that most precipitates consist of θ’-phase plates having faults and
inter-growth of C-phase. It is seen in Fig. 10a that fraction and length of
hybrid precipitates based on these phases also increase. The separate
rod-shaped precipitates usually have disordered structure consisting of
the common hexagonal Si-network and fragments of Cu arrangements
belonging to the C- and Q’-phases (Fig. 10b). In some cases, the Si-
network is interrupted to form discrete local fragments (Fig. 10c). The
most apparent change in phase fraction in dislocation-free regions is
disappearance of the β”- and β’-Cu phases, as well as GP-like structures.
However, Cu segregations having disordered structure still exist along
interfacial boundaries of the AlMgSiCu. GPB zone units are commonly
found at these interfaces despite being less stable in nature than S1- and
S2-phases in Al–Cu–Mg alloys [36,40]. No formation of σ-phase [54]
and pure Si particles was observed.

An example of the string-type precipitate along a dislocation line
segment in the over-aging state, presented in Fig. 11, shows a complex
phase composition. Fragments of different phases belonging to Al–Cu,
Al–Mg–Si systems can be identified as θ’, β’-Cu and S1-phases, as well as
C1-phase with the unusual orientation. It is seen that this C1-phase
connects to fragments of Q’-phase through a common Si-network with
orientation corresponding to one of the six ORs for the equilibrium Q-
phase found in the literature [28]. In general, the fraction and sizes of
string-type precipitates increase in comparison with the peak-aging
state. The GPB zone units and Cu segregations can be found in large
numbers at interfacial boundaries.

4. Discussions

4.1. DFT investigations

Analysis of ADF-STEM images revealed that Cu tends to segregate

Fig. 9. ADF-STEM images of hybrid precipitates continuously decorating dislocation lines in peak-aging state. The Cu arrangements and Si-networks are marked by
yellow and blue-green lines, respectively, in the suggested atomic model (see legend in Fig. 1). Green hexagons in FFT patterns shows the orientation of the Si-
networks in the L (or C fragments) and C1-phases. The fcc-Al spots are marked by blue circles. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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along interfacial boundaries between different AlMgSiCu-type pre-
cipitates and fcc-Al matrix. The hybrid precipitates consisting of the C-
and C1-phases with Cu segregations at the interfaces were frequently
observed in present alloy. The formation of these hybrid precipitates
seem to be energetically favorable due to accommodation of the misfit
strain between precipitate and matrix. For example, it has been re-
ported that Cu segregations form at the habit planes of lath-shaped
precipitates in overaged states to accommodate the lattice misfit with
the Al matrix in lean Al–Mg–Si alloys with trace Cu additions [33]. Here
Cu atoms occupy certain sites at the interfaces between AlMgSiCu-type
precipitates and fcc-Al matrix [6,22,32,42]. In our work, the formation
enthalpies were calculated for two types of hybrid structures corre-
sponding to two different orientations of the GP-like structures/Cu
segregations: first, normally oriented C-phase (with cross-section
along< 100> Al) with Cu segregation at one or both habit planes as
shown in Figs. 9 and 8a respectively. The second is the C1-phase with
the unusual {110}Al habit plane and with Cu segregation as shown in
Figs. 6c and 9. Modeled structures and calculated formation enthalpies
with DFT are presented in Fig. 12. Since VASP is a periodical DFT code,

the structures I-III and IV-V are considered as infinite {200}Al and
{220}Al laths/plates, respectively. The difference between structures II/
III and I, as well as between structure IV and V is the absence of the GP-
like structures/Cu segregations along broad coherent interfaces be-
tween precipitate and fcc-Al matrix. Atomic arrangements for modeled
structures II, III and V have been experimentally observed in the studied
alloy at different aging states (see Figs. 6c, 8a and 9). The structures I
and IV are constructed purely for comparison, to understand the in-
fluence of Cu interface segregation on the stability of the structures. It is
seen in Fig. 12 that the formation enthalpy is lower for both orienta-
tions of the lath-shaped precipitates with the Cu segregations or layers
along broad interfaces. It also demonstrates the tendency in decrease of
enthalpy if the Cu atoms/layers occupy both sides of the laths. The
formation of the {220}Al C1-phase laths without Cu segregations is the
least favorable case. Thus, DFT calculations are in good agreement with
the TEM results, as structures I and IV have higher formation enthalpy
and are not found in the experimental observations. It should be noted
that the GP-like structures or atomic columns with full occupation of Cu
atoms were used in calculation. However, it was shown [9] that the GP

Fig. 10. ADF-STEM images of hybrid precipitates in over-aging state. Hybrid precipitates consisting of the θ’-phase, C-phase and GPB zone units (a), the Q’-, C-phase
fragments and GPB zone units (b), disordered L-phase surrounded by the GPB zone units (c). The Cu arrangements and Si-networks are marked by yellow and blue-
green lines, respectively, in the suggested atomic model (see legend in Fig. 1). Green hexagons in the FFT patterns show Si-networks in the C- and Q’-phase fragments.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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zones comprising 40–50 at. % Cu are most stable in an Al-4 at. % Cu
alloy. We suppose that different Cu atomic column occupancy in the
GP-like structures can affect the accuracy in the enthalpy calculation,
but it is clear the tendency is a decrease in formation enthalpy with
increasing Cu segregation.

4.2. Relationship between precipitation behavior and strength

The influence of pre-deformation on YS values and the curve shape
related to hardness evolution during aging (Fig. 2) are shown in
Fig. 13a. In accordance with the experimental observations, three
hardness peaks can be identified in both alloy states, despite of the fact
that the second peak is less pronounced in the “3%-def” state. It should
be noted that a similar splitting of the hardness peaks have been pre-
viously reported [6]. Three hardness peaks can be associated with the
evolution of the phase composition during aging (Table 2) and super-
position of the strengthening effect related to these precipitates. In
general, precipitate strengthening contributions depend on precipitate
type, their morphology and distribution [1,4,44].

Despite that the experimental data collected in this work does not
allow for an estimation of the exact precipitate strengthening con-
tributions to the YS values, they can be schematically drawn using our
current observations. Strengthening contributions from different me-
chanism are shown in Fig. 13b and c for “undef” and “3%-def” states,
respectively. For simplicity, the total strength is presented as an ad-
ditive sum of strengthening contributions from different precipitate
types, solid solution and dislocation strengthening. Dispersoid
strengthening is ignored due to relative low and constant contribution
to the overall strength of the alloy during aging [1,3,4,44]. In Fig. 13b
and c, an increase in the precipitate contribution is associated with
nucleation and growth of certain precipitate types, while a decrease

corresponds to their coarsening and/or dissolution [1,4,44]. Dislocation
and solid solution strengthenings decrease with increased aging time
due to recovery processes occurring at the aging temperature and de-
pletion of alloying elements from the matrix, respectively. It is seen in
Fig. 13b and c that the first, second and third peaks have been asso-
ciated with the formation of clusters, rods/laths (AlMgSiCu phases) and
plates (θ’-phase), respectively. In general, the aging curve shapes in
“undef” and “3%-def” states can be explained by the influence of pre-
deformation on kinetics and distribution of AlMgSiCu-type precipitates,
whereas its effect on clusters, GP zones and θ’-phase is less pronounced.

Two types of hybrid AlMgSiCu precipitates have been found in the
alloy: discrete in a bulk matrix and string-type at dislocations. Both
types are strengthening, and consuming portions of alloying elements
from the solid solution. However, the string type has higher nucleation/
coarsening rates and a lower strength contribution, with the result of a
lower overall strength of the alloy in peak and overaged conditions of
the “3%-def” material. Therefore, a lower strengthening effect is caused
by less homogeneous distribution and coarser morphology of the string-
type precipitates compared with AlMgSiCu precipitates in the bulk
matrix. Higher strengthening contribution from hybrid AlMgSiCu pre-
cipitates in the bulk superimposed on the strengthening contribution
from the θ’-phase plates in the “undef” samples, provide a sharper and
higher strength peak in comparison with “3%-def” sample.

5. Conclusions

Microstructure, hardness evolution and precipitate crystal struc-
tures in an Al-4.9Cu-0.74Mg-0.51Si-0.48Mn-0.1Cr-0.08Ti-0.02Fe alloy
(in wt. %) have been investigated as a function of ageing time at 170 °C.
A small pre-deformation by 3%-stretching was used to introduce dis-
locations and understand their effect on precipitation behavior and

Fig. 11. ADF-STEM images of hybrid precipitates
continuously decorating dislocation lines in “3%-
def” alloy in over-aging state. The Cu arrangements
marked by yellow circles/lines are in Q’- and S1-
phase cross-sections. The Cu arrangements and Si-
networks are marked by yellow and blue-green lines,
respectively, in the suggested atomic model (see le-
gend in Fig. 1). Green hexagon in the FFT pattern
shows Si-network in Q’-phase. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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hardness in comparison with the un-deformed alloy. The key results are
summarized as follows:

(a) A small pre-deformation leads to a slight decrease in maximum
strength by ~10 HV0.5 or 15MPa of YS in comparison with the
peak-aged undeformed alloy. The negative effect of pre-deforma-
tion was associated with enhanced density of dislocations, which
initiate heterogeneous nucleation and accelerated kinetics of phase
transformation and growth of the AlMgSiCu-type precipitates. This
process consumes a portion of alloying elements from solid solu-
tion, hindering the formation of a finer homogeneous distribution
of hardening precipitates in the bulk that would have coarsened less
rapidly.

(b) Pre-deformation changes the co-precipitation sequence in the stu-
died Al–Cu–Mg–Si alloy, which can be written in dislocation-free
regions as follows:

SSSS → clusters → GP + GPB + θ” + β” + β’-Cu + C → GP +
GPB + θ’ + β”(+Cu) + β′-Cu + C+ Q’ (*) → GPB+ θ’+ C+Q’

and on dislocations as follows:

Fig. 12. DFT calculations showing the formation enthalpy per atom (eV) for
different lath-shaped precipitates of C-/L-phase having different orientations
and Cu segregations – layers along interfacial boundaries. Structures I/II/III and
IV/V are {200}Al and {220}Al laths, respectively. Structures II and III have Cu
layers along one and both board interface sides, respectively. There are no
experimental observations of Structure I and IV in studied alloy.

Fig. 13. Schematic drawing of strength evolution (a) and strengthening con-
tributions from different mechanisms for the alloy in “undef” (b) and “3%-def”
states (c) during aging. Three stages of precipitate strengthening evolutions
have been classified and related to the formation of clusters (from all alloying
systems), rods/laths (AlMgSiCu-type precipitates) and plates (θ’-phase from
Al–Cu system), respectively. The solid solution and dislocation strengthenings
were combined for simplicity.
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SSSS → GP + θ” + C → GP + GPB + θ” + β’-Cu + C + C1 + Q’
+ S1 → GP + GPB + θ’ + β’-Cu + C + C1+ Q’ + S1 (*) → GPB
+ θ’ + β’-Cu + C + C1+ Q’ + S1

Asterisks mark the phase composition in the peak-aging
state.Strong interaction between different phases leads to the for-
mation of hybrid structures, which can involve different number of
fragments of the GP zones, θ”- and θ’-phases from the Al–Cu system,
GPB zones and S1-phase from the Al–Cu–Mg system, and β”-, β’-Cu,
C- and Q’-phases from the Al–Mg–Si–Cu system.

(c) A new C1-phase, isostructural to the C-phase, but differently or-
iented, have been found predominantly on dislocation lines. DFT
calculations performed on examples of never-before-reported hy-
brid precipitates show that co-precipitation of these phase frag-
ments consisting of the GP zones/GP-like structures/Cu segrega-
tions and the C-phase is energetically favorable.

These observations highlight newly discovered interaction me-
chanisms between the precipitates belonging to the Al–Cu(-Mg) and
Al–Mg–Si(-Cu) systems and provide a better understanding of the pre-
cipitation kinetics in industrial alloys at the border between the sys-
tems, and the expected strength potential arising from the micro-
structural features.
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