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Abstract

This work aims to study the microstructural development of lead-containing aluminum
alloy in the process of intense plastic deformation. The evolution of the AA2030 alloy ob-
tained by the ECAP and long-term natural aging (within 45 months) has been analyzed using
electron microscopes. The average grain size of the ECAP treated samples is 420 and 380 nm
along the routes Bc and C, respectively. Long-term natural aging contributes to transforming
grain boundaries without changing their size. The results have shown that the structure, phase
distribution, and stoichiometric composition of the inclusions differ significantly during an-
nealing, equal-channel angular pressing, and long-term natural aging. The strain route affects
the dissolution kinetics and evolution of inclusions. A mechanism for refining the grains is
proposed that is associated with high dislocation density, dislocation cells, grain and subgrain
boundaries, as well as the evolution of inclusions in the ECAP AA2030 alloys.

K e y w o r d s: aluminum alloys, AA2030, SPD, ECAP, grains and interfaces, electron mi-
croscopy

1. Introduction

In recent decades, research and development of
bulk nanostructured materials or ultrafine-grained
(UFG) materials obtained by severe plastic defor-
mation (SPD) methods have received a huge break-
through [1–5]. Earlier, we also performed several stud-
ies on evaluating the SPD effect on the microstructure
and deformation behavior of steel and aluminum al-
loys [6–10]. It is known that AA2XXX series alloys are
widely applicable in the automotive and aviation in-
dustries [11]. Effective hardening of alloys of this series
is achieved by both thermal and deformation meth-
ods. In work [12], an increase in strength due to laser
treatment was noted, but the hardening mechanism
in this process is not clear. Alloys of this series belong
to thermally hardened alloys, and dispersoids act as a
hardening phase. The authors of [13] studied in detail
the process of alloy hardening due to the formation of
S inclusions – Al2CuMg. In addition, dispersed parti-
cles of Mg2Si and θ-Al2Cu are also strengthening.
Despite such properties of AA2XXX series alloys
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as high strength and high ductility, for successful ap-
plication in the industry, it is necessary to ensure the
alloy also with good treatability, which is achieved
by adding lead (free-cutting Al-alloys) [14, 15]. This
is connected with the formation of low-melting Pb-
enriched eutectics with low melting points. The im-
pact of Pb-enriched inclusions provides ease of cutting.
In addition, the impact of Pb also causes increasing
wear resistance [16, 17]. To this end, lead is present
in such alloys as AA6012, AA6262, AA2011, AA2030,
and EN-AW 2007 [18, 19].
The AA2030 (Al-Cu-Pb-Mg-Mn-Si) alloy is of in-

terest since it has been specially developed for the au-
tomotive industry; it belongs to thermally hardened
alloys, while aging can be both artificial and natural.
The effect of the aging process of the AA2030 alloy was
studied in detail in [20]. However, in the professional
literature, there is not enough information about the
nature of microstructural evolution in plastic deforma-
tion processes. The purpose of this work is to study the
evolution of the microstructure of the AA2030 alloy in
implementing SPD using the method of equal-channel
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Ta b l e 1. The stoichiometric composition of the inclusions in the annealed and ECAP alloy

Symbol Stoichiometric composition Phase

Al Al72.61−81.22Fe6.62−9.98Cu3.88−7.81Si4.63−6.85Mn2.67−4.5 (Fe,Mn)xSi(Al,Cu)y
θ Al68.87−75.28Cu25.18−31.13 Al2Cu
Pb Al18.9−67.13Pb18.52−44.33O8.54−37.04Cu1.41−5.13 Al13Pb10O7Cu

Fig. 1. A tool for implementing the ECAP.

angular pressing (ECAP) and subsequent long-term
aging.

2. Material and methods of study

An extruded AA2030 alloy (Al-3.89Cu-1.25Pb-
-0.8Mg-0.55Mn-0.31Fe-0.2Si,wt.%) in the form of bars
with a diameter of 30 mm was used for the study. The
workpieces were cut to length of 100mm each. Before
the ECAP, the blanks were treated by annealing at
480◦C in a chamber electric furnace. Next, the sam-
ples were pressed on the Bc and C routes in a 105◦-tool
with a plunger speed of 5 mm s−1 at the room tempe-
rature. The tool had an external rounding angle of
15◦ (Fig. 1). Then all the samples were subjected to
long-term natural aging at room temperature within
45 months.
There were cut transverse and longitudinal samples

from each sample to evaluate inclusions on a scanning
electron microscope (SEM) and in the transverse di-
rection 3mm discs for examination on a transmission
electron microscope (TEM). A JSM 6490LV electron
microscope illustrated their micrography and phase
composition. The fine structure was studied on a JEM
2100 transmission electron microscope. For elemental
microanalysis of the studied phases, an energy disper-

sive spectroscopy device (EDS analysis) was used in
the SEM and TEM studies.

3. Results and their discussion

3.1. Evolution of inclusions

After annealing, the alloy contains a large number
of big constituents located along the axis of primary
extrusion (Fig. 2). Using the EDS analysis (Fig. 3),
the SEM constituents were identified as Al2Cu phases
designated as θ, the phase (Fe, Mn)xSi(Al, Cu)y is des-
ignated as (Al), and the complex oxide Al13Pb10O7Cu
is designated as (Pb) (Table 1). In the main matrix,
there are fixed dissolved elements such as Mg, Mn,
and Cu. Lead particles in the alloy are detected only
in combination with oxygen, aluminum, and copper;
thus, all of the lead is bound into a complex oxide. In
the process of the ECAP treatment there takes place
crushing of constituents, turning relative to the origi-
nal location, partial dissolution. Large constituents on
the longitudinal sections have a line structure with a
length of up to 50 µm and up to 10µm in the trans-
verse direction each; on the transverse sections, the
particles have an irregular shape with sizes up to
15 µm. The position of small inclusions (smaller than
1 µm) coincides with the outlines of grain boundaries
(Fig. 4).
The transformation of small inclusions in the

ECAP process was detected using SEM microscopy.
When carrying out the 1st cycle of deformation of
inclusion of a bar-shaped, sometimes elliptical form,
they are mainly located along the grain boundaries.
The particles are so dense that they form continuous
precipitates. The size of the inclusions ranges from
500 to 1000 nm in length and up to 100 nm in width.
The particles were probably separated in the anneal-
ing process along the grain boundaries in the form of
a continuous mesh. Implementation of the first cycle
led to fragmentation (the arrows indicate the location
of the inclusions destruction) of the continuous mesh
and the formation of bar-shaped particles. The defor-
mation route determines the subsequent behavior of
the inclusions. So, after 3 cycles of the ECAP along
the Bc route, the described characteristics of the lo-
cation of the particles is observed, and even after the
4th cycle, fragments of the location of particles along
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Fig. 2. Constituents in the ECAP treated AA2030 alloys after the 1st cycle of deforming (a), (b), (c) after the 3rd cycle,
(d), (e) after the 4th cycle; (b) and (d) the Bc route, (c) and (e) the C route, × 1500.

the grain boundaries are revealed. On the other hand,
the C route contributes to the chaotic arrangement of
particles after the 3rd and 4th cycles of deformation.
It is noticeable that increasing the accumulated de-
gree of deformation during the ECAP narrowing and
even blurring of individual particles occurs. The parti-
cle identification by SEM is impossible since their size
is too small. It should be noted that a smaller num-
ber of bar-shaped particles are detected in samples

after aging; this allows concluding that there is signif-
icant diffusion in the ECAP-treated and aged samples.
Figure 5 shows the map of the elements distribution
obtained using the EDS of the TEM analyzer. The dif-
ference from the coarse-grained analogs is the smear-
ing of detected inclusions, concluding that diffusion is
enhanced in the UFG materials obtained by the SPD
methods. Intermetallic inclusions detected by TEM in
naturally aged samples are represented by four main
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Ta b l e 2. The stoichiometric composition of inclusions in ECAP and aged alloy

Symbol Shape Stoichiometric composition Phase

Al7Cu3Fe Rod-shape Al81.88−88.47Cu11.44−11.88Mn0.09−0.15Fe0.01−0.09 Al7Cu3Fe
θ Plate-shape Al71.31−84.85Cu14.08−28.57Mn0.08−1.07 Al2Cu
Pb Cloud-shape Al75.41−83.09Cu6.94−17.69O5.72−9.37Pb0.45−1.19 Pb-rich complex oxide
Dispersoid Dispersoid Al86.34−88.71Cu5.65−7.15Mn5.38−5.98Fe0.27−0.52 Al20Cu2Mn3

Fig. 3. EDS analysis of constituents shown in Fig. 2.

types: dispersoids, particles of a bar-shaped form, in-
clusions of a lamellar form, and oxide inclusions rich in
lead. In addition, there are particles of silicon with a
strong diffraction contrast. The stoichiometric compo-
sition of the inclusions after aging is shown in Table 2.
The authors of work [21] note the restriction of

UFG materials obtained with a small number of de-
formation cycles due to the uncontrolled release of
inclusions along the grain boundaries during natu-
ral aging. The authors found a random orientation
of the θ-Al2Cu phase and its direct formation by-
passing the intermediate non-equilibrium phases θ′

and θ′′, typical for coarse-grained materials. On the
other hand [22], the presence of both non-equilibrium
phases and the Guinier-Preston zones in the ECAP of
Al-Cu treated alloys is noted. J. Gubicza et al. [23]
noted that the ECAP affects not only the kinetics
of forming inclusions but also their shape for the η
phase in the Al-Zn-Mg alloy, which was found only in
spherical shape but not in needle-shaped. Similarly,
after the ECAP there were detected only spherical
flat precipitates of θ-phases with an average size of
500 nm or smaller. At the same time, complete disso-
lution was noted in [24] after 8 cycles of the ECAP
and further separation along the grain boundaries.
At this, in [25], bimodality of the observed inclusions
is noted. It should be noted that the authors of [26]
found that the deformed θ′-particle in the Al-Cu bi-
nary alloy dissolves faster than the non-deformable
θ-particle due to the additional increasing deformation
energy accumulated in the deformed θ-plate, as well

as the fragmentation of the particle with the ECAP.
Huang Liu et al. [27] also stated the complete disso-
lution of θ′-particles in Al-Cu binary alloys treated
with SPD. It was noted [28] that grinding the grains
in ultrafine-grained materials affects the dislocation
substructure, which, in turn, regulates the kinetics of
inclusions.
In the annealed samples, we recorded the Al5Cu2

phase, whose stoichiometric composition differs from
the θ-phase by a large amount of aluminum. Moreover,
this difference is amplified in the samples after natural
aging; incoherent inclusions with the Al2−4Cu compo-
sition were detected. For all ECAP modes in naturally
aged samples, a significantly larger quantitative run-
up of atomic composition than 2 : 1 was detected. After
natural aging, the transformation of the θ-phase into
the Al2.5−6Cu phase is detected. This indicates the
dissolution of the initial particles of the θ-phase af-
ter the ECAP during subsequent natural aging. In all
the θ-particles, there is an insignificant (less than 1%)
amount of manganese. Probably, manganese replaces
part of the copper atoms in the compound. In all the
cases, we found a lamellar form of the θ-phase after the
ECAP; probably, these inclusions were formed during
annealing, and later on, with the ECAP and aging,
their slow dissolution occurred. Interestingly, the dis-
solution of the particles of the θ-phase can occur in
two ways. In the first case, which is a priority, there
is gradual blurring of the particle accompanied by de-
creasing the diffraction contrast until it is completely
dissolved. There are also several cases when the dis-
solution of the particle occurs from the periphery to
the center of inclusion. In this case, the central lay-
ers retain a bright diffraction contrast, and the par-
ticle acquires an elliptical shape with strongly elon-
gated long axes. At the same time, its stoichiomet-
ric composition does not differ from that described
above.
The dispersoids (the Al20Cu2Mn3 phase) with a

size smaller than 100 nm have a fairly constant compo-
sition and are located mainly along the grain bound-
aries. Bar-shaped particles have similar composition
but contain additionally iron atoms. Based on the as-
sumptions [29, 30], it is possible to indicate them as
particles of the Al7Cu3Fe phase.
The dispersoids and Fe-enriched particles effec-

tively interact with structural dislocations. Interest-
ingly, the Al7Cu3Fe-phase particles in UFG materials
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Fig. 4. Evolution of bar-shaped inclusions in the ECAP treated AA2030 alloys after the 1st deformation cycle (a), (b), (c)
after the 3rd cycle, (d), (e) after the 4th cycle; (b) and (d) Bc route, (c) and (e) C route, × 20000.

obtained via the Bc route have a large phase contrast
compared to the C route, which indicates their lower
solubility. A characteristic feature of Al7Cu3Fe inclu-
sions is their location either along the grain boundary
or across it. Thus, Al7Cu3Fe and the dispersoids pro-
vide pinning of grain boundaries, restraining their mi-
gration and contributing to the grinding of the latter.
In addition, these particles and θ-phase particles act
as nuclei during grain formation.

An interesting fact is that Pb-rich particles are not
involved in the formation of the deformation struc-
ture. Lead-containing complex oxides do not inter-
act with dislocations or with other inclusions. Ox-
ides are located both inside the grains and in adjacent
grains, while the grain boundaries do not undergo any
changes. Thus, the presence of lead does not predict
a negative effect on the deformation behavior of the
alloy or its mechanical characteristics.
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Fig. 5. The map of elements distribution in the ECAP treated AA2030 alloy after long-term natural aging: (a) general,
(b) Cu, (c) Si, (d) Al, (e) Mn, and (f) Fe.

Fig. 6. Microstructure of the ECAP treated AA2030 alloy:
(a) Bc route and (b) C route.

3.2. Deformation structures

After the annealing treatment, the grain size ob-

served using optical microscopy was 4± 1.5 µm. There
was a uniform distribution of grain throughout the
cross-section of the workpiece without abnormal grain
sizes. The average grain size of the ECAP-treated sam-
ples is 420 and 380 nm along the Bc and C routes,
respectively (Fig. 6). The structures formed in the
UFG AA2030 alloy are distinguished by the coexis-
tence of grains saturated with and free from dislo-
cations. As the degree of deformation increases, the
dislocation density in the grains increases, leading to
the formation of dislocation tangles and dislocation
cells. An intense diffraction contrast in grains with
high dislocation density indicates significant stresses.
With increasing the growth of the total strain, defor-
mation bands and dislocation walls are formed that
may be accompanied by rotation of separate fragments
of grains relative to each other.
The deformation structures in the samples after

long-term natural aging are of great interest. The co-
existence of differently oriented grains/subgrains of
different sizes in one grain is typical for ultra-fine-
grained structures obtained by SPD. Figure 7a shows
many subgrains with low-angle borders formed inside
one large grain. It should be noted that the bound-
ary between the G1 and G2 subgrains is not com-
pletely formed and is represented by a network of
grain-boundary dislocations. The results obtained are
in good agreement with the materials presented in
[31]. The presence of non-equilibrium boundaries is
typical for structures obtained due to realizing large
deformations. Figure 7c shows an example of such non-
equilibrium structures observed in aged samples. At
the same time, a large number of grains with the size
of 300–400 nm were found, having a bright diffraction
contrast with a cellular structure but free from sub-
borders. An electron diffraction pattern typical of sin-
gle crystals indicates the absence of sub boundaries.
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Fig. 7. TEM images of typical grain structures observed in
ECAP end aged AA2030 alloys: (a) large grain with sub-
grains together with dark-field image, (b) grain with dislo-
cation cell structures together with SAD pattern, and (c)
typical deformation structure: grain with non-equilibrium

boundaries, high density of dislocations.

An interesting fact is the almost complete absence of
dislocations in the subgrains.
Thus, the cleaning of grains from dislocations is

Fig. 8. The pattern of forming the deformation structure
in the ECAP treated and aged AA2030 alloy.

facilitated by the alignment of dislocations into dislo-
cation walls with the further formation of subgrains
and then the grain boundaries. In this case, an impor-
tant role is played by inclusions that fix dislocations
and grain boundaries, thereby acting as embryos in
the grain formation. The pattern of forming the de-
scribed deformation structure is presented in Fig. 8.

4. Conclusions

1. The effect of the ECAP and subsequent long-
term natural aging on the evolution of the microstruc-
ture of the AA2030 alloy has been experimentally
studied. After the ECAP, the alloy has 420 and 380 nm
grain sizes obtained by the Bc and C routes, respecti-
vely.
2. The ECAP and natural aging after the ECAP

lead to the formation of insoluble dispersoids of the
Al20Cu2Mn3 phase providing the pinning of disloca-
tions and grain boundaries.
3. The C route in the ECAP causes more intense

dissolution of the particles of the θ-phase and the
Al7Cu3Fe phase compared to the Bc route.
4. Lead is present in the structure of the AA2030

alloy exclusively in the form of complex oxide and does
not take a visible part in the grinding of grains during
the ECAP and during subsequent natural aging.
5. In the ECAP-treated samples, spherical θ-phase

particles are formed, followed by gradual dissolution
in the process of aging. In one case, there takes place
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complete dissolution of the particles; in other cases,
there is observed the formation of ellipsoidal particles
with preserving the Al2.5−6Cu composition.
6. The role of the evolution of inclusions and dislo-

cation cells in the formation of subgrain/grain bound-
aries has been analyzed, and the mechanisms of grain
refinement associated with these structural phenom-
ena have been proposed.
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