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This work presents a detailed investigation of the ageing behaviour of AA2519 alloy subjected to cold rolling
with reduction of 10-80% (¢~0.11-1.61). The impact of pre-straining level and ageing duration on the me-
chanical performance was elucidated via hardness and tensile testing, DSC and analytical TEM. The increasing
rolling reduction followed by ageing reduces the peak age hardening and pronounces softening under over-

Precipitati ) ) . . s . .
Dre;zlrl;l];tif:: structure ageing. This effect of pre-strain on mechanical properties is related to the dependence of a dispersion of plate-
Ageing shaped precipitates that form on the {001}, and {111}, planes on deformation structure. The results show

that prior plastic strain profoundly changes kinetics of the ageing reaction and precipitation sequence. The peak
age hardening is provided by the dense and homogeneous precipitation of a 6'-phase, while the over-ageing is
attribute to the concurrent precipitation of the 6-phase on boundaries and thickening &'-phase plates on dislo-
cations. In addition, an Q-phase platelets appear during ageing; however, its number density is insufficient to

affect the mechanical properties, significantly.

1. Introduction

Thermomechanical processing (TMP) is widely applied to produce
high-strength products from age-hardenable aluminium alloys of 2XXX
series [1]. It consists of four consecutive operations: a solution treatment
followed by quenching, cold working and artificial ageing [1]. Cold
working by rolling or stretching accelerates the precipitation process
and provides additional strengthening in an overwhelming majority of
wrought aluminium alloys [1]. Cold worked (¢ < 0.1) Al-Cu alloys with
small Mg additions exhibit a superior ageing response [1,2].
Pre-straining increases the concentration of crystalline defects (partic-
ularly dislocations) and modifies the distribution of secondary phase
particles, thereby affecting the coherency, shape, dimensions, aspect
ratio, interparticle spacing, volume fraction and number density of the
secondary phase particles precipitated during ageing, which improves
the strength of above alloys [1,2]. The superposition of dispersion
strengthening and dislocation strengthening causes Al-Cu-(Mg) alloys
subjected to TMP to exhibit a high mechanical performance [1-8].
Moreover, increasing the rolling reduction is an effective way to increase
value of dislocation strengthening and, therefore, the overall strength
[3]. Extensive cold rolling with a moderate strain of <1.4 is commer-
cially viable and can be implemented in the TMP of production lines [1,
3,8]. The TMP development with intense plastic pre-straining of Al-Cu—
(Mg) alloys is practically attractive for structural applications because of
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the high strength and sufficient ductility [2,3,5-9]. Dislocation
strengthening significantly supplements the strength developed by
dispersion strengthening. However, it should be considered that exten-
sive cold working may reduce the dispersion strengthening [3,6].

A moderate-to-high pre-strain induces a specific deformation struc-
ture that strongly affects the ageing behaviour [2,3,5-8,10-13]. This
occurs during extensive rolling owing to the formation of microshear
bands (MBs) and/or lamellar structure with nanoscale interboundary
spacings. The previously mentioned structural elements promote the
storage of lattice dislocations, which provides very high strain hard-
ening and an acceptable ductility [3,9]. Strain-induced boundaries
contribute significantly to the yield stress (oys) [3,4]. Therefore, an
increasing pre-strain affects the contributions of different strengthening
mechanisms to the overall oys [3,5,9,12,18]. These contributions were
recognized to be additive [3-5,7-18] and expressed as follows:

GySZG?[‘FO'SS +6p+UGB+6d (1)

where ¢! is the resistance to dislocation glide in high-purity aluminium,
oss is the solid solution strengthening attributed to solutes presented
inside the aluminium matrix, op is the dispersion strengthening, ogg is
the grain boundary strengthening and o4 is the dislocation strength-
ening. Eq. (1) was validated for TMP with small pre-strains [4,12,18].
This additive rule becomes invalid with increasing pre-strain level [13,
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14,18]. The increasing contributions of X(c4+0¢p) to oys with increasing
strain reduces the value of precipitation strengthening strongly despite
the fact that the precipitation strengthening mechanism acts indepen-
dently and no considerable changes occur in the distribution of sec-
ondary precipitations [1,13,14,18].

Literature indicates that the weakening of the age-hardening effect in
Al alloys subjected to TMP with large pre-strains can be attributed to the
following four factors:

(i) The supersaturation by vacancies and high dislocation density
promote a recovery under ageing [19];

(ii) The grain growth during ageing decreases ogp [19,20];

(iii) The decomposition of supersaturated solid solutions (SSSS) in Al
alloys under peak ageing subjected to high strains occurs in a
distinctly different way than that of coarsely grained alloys and
leads to the formation of thermodynamically stable phases, which
do not contribute to dispersion strengthening, at the expense of
the strengthening transition phases [8,10-19,21,22];

(iv) The interaction between long-range stress fields originating from
stored dislocations and coherent/semicoherent transition phases
precipitated on these dislocations decreases the overall internal
elastic strain and, therefore, decreases o4 and op [21].

Evidently, the chemical composition of aluminium alloy and pre-
strain level affect the roles of the aforementioned factors in reducing
age hardening. According to Refs. [1,3,5,10,11] Cu solutes retard
dislocation motion which inhibits a recovery. As a result, high energy
dislocation structures inducing long-range strain fields evolve during
extensive cold rolling [3]. No significant recovery was observed in
Al-Cu-(Mg) alloys under ageing up to 210 °C [6,17]. Whereas grain
coarsening was observed only in Al-Cu alloys with nanoscale structures
produced by intense pre-straining [7,13,19]. Therefore, factors (i) and
(ii) are not important for Al-Cu alloys subjected to cold rolling up to
commercially viable reductions [3]. It is apparent that factor (iii) may be
responsible for the breakdown of the linear additive law described by
Eq. (1) in Al-Cu alloys because the segregations of solutes on
strain-induced grain boundaries and Cottrell atmospheres provide
additional nucleation sites for the formation of an incoherent 8-phase
and semi-coherent ©'-phase, respectively [1,8,14,16,18-20,22-25].
Currently, there is no sufficient information concerning factor (iv).

The aim of the present study was to examine the ageing response of
an AA2519 alloy subjected to TMP with pre-strain through extensive
cold rolling. Specific attention was given to Eq. (1) with respect to the
true pre-strain, ¢, ranges from 0.11 to 1.61. The present study is a part of
ongoing research devoted to investigating the structure-property rela-
tionship and optimising the resulting precipitate dispersion, and ulti-
mately, mechanical properties of modern Al-Cu-Mg alloys. The
deformation structure produced by cold rolling and TMP effect at low
strain on the precipitation behaviour during ageing were fully studied
previously [3,18]. In addition, the precipitation behaviour of this alloy
with and without pre-strain was described in Refs. [18,23]. The ageing
conditions in previous [18,23] and present studies are identical.

2. Material and experimental procedures

The AA2519 alloy (a nominal chemical composition of
Al-5.64Cu-0.33Mn-0.23Mg-0.15Zr-0.11Ti-0.09V-0.08Fe-0.08Zn-
-0.04Sn-0.01Si; in weight %) was manufactured by semi-continuous
casting followed by homogenisation annealing at 510 °C for 24 h [2,
18,23]. Billets with dimensions of 100 x 120 x 200 mm? were machined
from homogenized ingots and isothermally swaged with a total strain of
~1 at a temperature of ~400 °C. Next, the plates with a 45 mm width,
250 mm length and different thickness (3.33-15 mm) were machined
from the billets. The thickness was dictated by the rolling reduction.
Then the plates were solution heat treated at 530 °C for 1 h and
immediately quenched in cold water (~20 °C). Following these, the
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plates were rolled at room temperature to the reductions ranging from
10 to 80% (logarithmic strain of 0.11-1.61). The final thickness (3 mm)
was the same for all plates. Finally, the cold worked plates were aged at
190 £ 1 °C with different durations using a forced-air electric furnace
(Memmert Universal Oven model UF55). To interrupt the decomposi-
tion process the specimens were quenched in cold (~20 °C) water. In
this paper the acronyms “UAC”, “PAC” and “OAC” stand for under-,
peak- and over-ageing conditions, respectively.

The Vickers microhardness was assessed with a Wilson Wolpert
402MVD tester at a load of 2 N and dwell time of 10 s. The strength and
ductility (as a function of the ageing time), were monitored with tensile
tests. Flat dog-bone shaped specimens with 25 mm gauge length and
dimensions of 3 x 7 mm? were machined from the central part of the
plates; with an electric discharge sawing machine Sodick AQ300L. The
tensile axes of the specimens were parallel to the rolling direction.
Subsequently, they were tensioned to failure at room temperature with a
screw-driven Instron 5882 testing machine fitted with an automatic
high-resolution contacting extensometer MFX 500. The initial strain rate
was 1.3 x 1072 s7! and the cross-head speed remained constant. The
tensile properties were estimated from stress-strain plots with the
standard procedure following from ASTM E8/E8M (Standard Test
Methods for Tension Testing of Metallic Materials). At least three sam-
ples were tested under each condition to ensure accurate results; the
error bars were provided according to the standard deviation. Other
mechanical tests details can be found in Refs. [2,18,23].

Transmission electron microscopy (TEM) was conducted with JEOL
JEM-2100 and Technai G2 F20 microscopes. The TEM analysis tech-
nique for the examination of secondary phase particles with {001}, and
{111}, habit planes was thoroughly described in Refs. [18,23]. To
guarantee reproducibility, the diameters and thickness of precipitates
were determined as average values of 2103 measurements. Differential
scanning calorimetry (DSC) was performed with an SDT Q600 (TA In-
struments) calorimeter. Further details on the structural characterisa-
tion, including the techniques for the calculation of the number density
and volume fraction of different phases were described in Ref. [18].

3. Results
3.1. Deformation structures

Cold rolling elongates the initial grains along the rolling direction
(Fig. 2 in Ref. [3]). The cell structure and separate MBs evolve after a
rolling reduction of 40% (¢ ~0.51), while dense MBs appear after a
rolling reduction of 60% (e of ~0.92) [3]. Low-angle boundaries (LABs)
transform into high-angle boundaries (HABs) with increasing rolling
reduction. A lamellar structure with planar HABs and interboundary
spacing of ~340 nm evolve after a reduction of 70% (¢~1.20) [3]. The
lamellas are subdivided by transverse LABs which results in interboun-
dary spacings of ~90 nm (Fig. 5 in Ref. [3]). The densities of the free
lattice (so-called forest) dislocations are 8.4 x 10, 2 x 10! and 4 x
10'® m~2 after rolling with reductions of 10%, 40% and 80%, respec-
tively. Detailed description and TEM-micrographs of the deformed
structures can be found in Ref. [3].

3.2. Mechanical properties

Cold rolling with reductions of 10%, 40% and 80% increases the
microhardness from 96 4 1 (after a solution treatment) to 130 & 2, 164
+ 1 and 179 + 2 HV 5, respectively [3]. The measured hardness of the
cold rolled alloy in the course of ageing is displayed in Fig. 1. It is worth
noting that the ageing curves of the alloy subjected to cold rolling with a
reduction of 10% (Fig. 1) and tension with an engineering strain of <7%
[18] show similar age hardening trends. Peak ageing with a hardness of
161 + 2 HV; is attained after 2 h in the sample rolled with a reduction
of 10%. Upon further ageing up to 10 h the hardness decreases to 157 +
3 HVp, indicating over-ageing. Therefore, the increase in the peak
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Fig. 1. Age hardening curves demonstrating evolution of AA2519 Vickers
microhardness as a function of increasing pre-strain and ageing time at 190 °C.
The black arrows denote the peak-ageing positions.

hardness is 23% which is lower than that of the non-deformed alloy; the
hardness increases from 96 + 1 to 150 + 2 HVg 5 (56%) [23].

On the other hand, the hardness measurements curves indicate that
the age hardening of the material subjected to cold rolling with re-
ductions of >20% occur in other way, namely softening follows a slight
hardening after ~1 h. The subsequent increasing rolling reduction re-
duces the peak hardening and pronounces softening, whereas the
hardness tends to increase with increasing level of pre-straining after
rolling followed by ageing. Evidently, cold rolling with reduction of
>40% suppresses peak ageing. At a reduction of 80%, the increase in the
peak hardness is insignificant (10 = 1 HVy 3 or ~5%). The softening
upon over-ageing increases from 6 + 1 HVj 2 (~4%) to 15 4+ 2 HVj»
(~8%) and 26 + 2 HV( 3 (~14%) with increasing rolling reduction from
10% to 40% and 80%, respectively. After rolling with a reduction of
40%, softening occurs gradually up to 10 h, while in the material sub-
jected to rolling with a reduction of >60%, a poorly defined plateau of
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approximately constant hardness is observed after 4 h.

Tensile tests were conducted to investigate the evolution of the
mechanical performance of the alloy during ageing. Typical curves of
the peak- and over-aged conditions are presented in Fig. 2. For the sake
of brevity, the relevant main numerical results (oys, oyrs, €u, 5, and oys/
oyrs ratio) are provided in the Supplementary Figs. S1 and S2. The
shapes of the AA2519 6-¢ curves under peak-aged and cold-rolled [3]
conditions are nearly the same. Pronounced strain hardening occurs
after yielding up to the onset of necking. The work hardening, do/de,
after yielding decreases insignificantly with increasing rolling reduction.
At rolling reductions of 10% and 20%, peak ageing increases oys and
outs by ~10%. Peak ageing and the increase in the rolling reduction
increase the oys/oyrs value (Fig. S2). As expected, the increase in
oys/oyrs value attributed to work hardening correlates with the
decrease in ductility (Fig. S1). At rolling reductions of >20%, the
pre-strain seems to have no effect on the strain hardening behaviour.
With increasing rolling reduction to 40%, the effect of peak ageing on
the mechanical behaviour becomes insignificant, and at a rolling
reduction of 80%, the o—¢ curves after rolling and further peak ageing
are almost the same.

After over-ageing, extensive strain hardening occurs initially (Fig. 2¢
and d) with a well-defined peak in the flow stress. It is clearly seen that
the shape of the 6—¢ curves of the over-aged alloy depends on the rolling
reduction. Increasing the pre-strain increases oys and oys/oyts and de-
creases the elongation-to-failure (Figs. S1 and S2). As a result, the alloy
subjected to rolling with a reduction of 10% exhibits higher oyrs, €y and
6t and lower oyg in comparison with those of the alloy rolled with a
reduction of 80%. The value of Tabor’s constant (c) in relationship oyrs
= ¢ x HV [18,23,26,27] is different under the peak (~3.1) and
over-ageing (~2.9) conditions. This fact is attributed to the different
oys/oyrts values (Fig. S2) [26].

3.3. DSC analysis

The DSC curve shapes exhibit insignificant differences after cold
rolling with reductions of >10% (Fig. 3) and a pre-strain of 7% [18].
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Fig. 2. Typical engineering stress-strain curves (a, ¢) and true stress—true strain curves (b, d) after peak ageing (a, b) and over-ageing (c, d). The numbers in square

brackets indicate the ageing duration.
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After extensive rolling an exothermic reaction associated with the
simultaneous precipitation of the Q- and ¢’-phases is observed at 179 °C;
in addition, an endothermic reaction associated with the onset of the
dissolution of these phases and precipitation of the 6-phase occurs at
205 °C. There is no effect of strains >7% on the energy released with
these reactions. Reviewing the aforementioned data, the increasing
pre-strain shifts the precipitation of the Q-, ¢'- and 6-phases to lower
temperatures [18,23].

3.4. Precipitation structures

To associate the observed mechanical properties with the evolution
of the precipitation, systematic TEM investigations were conducted at
different processing stages of the samples. Therefore, AA2519 alloy was
aged to impart the underaged (Section 3.4.1), peak aged (Section 3.4.2)
and over-aged conditions (Section 3.4.3).

3.4.1. Early stage of precipitates

The distributions of secondary-phase particles exhibit no differences
after a pre-strain by 7% stretching [18] and cold rolling with a reduction
of 10% followed by under-ageing (Fig. 4a-c). Discontinuous streaking
through the {002}, spots could be rarely observed (Fig. 4c), thereby
indicating a low volume fraction of the 6”-phase in the material rolled
with a reduction of 10% [1,18,23]. No solid evidence for the formation
of Guinier-Preston (GP) zones was found. It was noticed that the
6’-phase tends to replace the 6”-phase with increasing rolling reduction.
At an ¢ of ~0.11, the volume fractions of the 6”- and 6'-phases are nearly
equal (Fig. 4a and b). The increasing pre-straining level decreases the
0”-phase volume fraction. It is obvious that after rolling with a strain of
~1.6 the 0'-phase is the dominant transition phase (Fig. 4d-f).

The selected area electron diffraction (SAED) patterns taken along
the <011>, zone axis show streaking along the <111> directions and
distinct diffraction spots at 1/3<022>, and 2/3<022>, positions,
thereby indicating the precipitation of thin Q-phase plates on the {111},
matrix planes (Fig. 5b and d) [1,18,23]. It is seen that the volume
fraction of this phase is significantly higher than that after low
pre-straining [18]. After rolling with a reduction of 80% the precipita-
tion of the Q-phase occured rarely after a very short ageing time (for 15
min). It should be emphasized that most precipitates with {111} habit
plane belong to the so-called “Qp-type”, i.e. were nucleated on the
6'-phase/Al interfaces [18]. Homogeneously nucleated particles of the
Qr-phase were rarely observed after rolling with a reduction of 10% and
are not present after rolling with a reduction of 80%. Therefore, intense

AA2519 CR70% 2°C/min

Exothermic

205
l l534

Heat Flow, [W/Q]
o

Endothermic

-
-

}o.1
Illl
100 200 300 400 500 600
Temperature, [°C]

Ty rrTrprrTrTyrTra

Fig. 3. DSC thermograms of cold-rolled AA2519. The black and red arrows
indicate the onset of a reaction and peak temperatures, respectively. (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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pre-straining suppresses the formation of a uniformly nucleated
0”-phase and promotes the precipitation of the 0'-phase and Qp-platelets.
This is provided by the increased number of dislocations, which func-
tions as nucleation sites for the 0'-phase and, hence, for the Qy-phase
[18].

3.4.2. Fully age-hardened microstructure

Under peak ageing with a pre-strain of >0.11 the 6'-phase replaces
the 6”-phase completely (Fig. 6). It is worth noting that after rolling with
an ¢ ~0.11 and tensioning with an ¢ ~0.07 followed by peak ageing the
dimensions of the ¢'-phase platelets are nearly equal and significantly
smaller than those without pre-strain (Table 1) [18,23]. Furthermore,
the number density is higher by a factor of two, and the volume fractions
are higher by 50% [18]. At ¢ > 0.51, the increasing rolling reduction
leads to a refinement of the 6'-phase; it decreases its volume fraction and
increases its number density (Fig. 6, Table 1). Herewith, the aspect ratio
(AR, diameter-to-thickness ratio) of the ©'-phase, which is crucial for
effective strengthening, is virtually independent of the rolling reduction
(Table 1).

Distinct diffusive streaks through {111}, and distinct diffraction
spots at 1/3<022>, and 2/3<022>, positions can be clearly observed
in the SAED pattern taken along <011>, zone axis (Fig. 7). This in-
dicates unambiguously the Q-phase precipitation [18,23]. The di-
mensions of the Q-phase after rolling with an € of ~0.11 and tensioning
with an ¢ of ~0.07 followed by peak-ageing are essentially equal,
whereas the volume fraction and number density after cold rolling are
remarkably lower than those after tensioning (Table 2) [18,23,26]. The
number density of the Q-phase increases by a factor of ~5 with
increasing rolling reduction from 10% to 80% (Fig. 7, Table 2). This
increase is attributed to an increase in the volume fraction by 60% and a
decrease in the plate diameter by 35%. The thickness of the Q-phase
plates is nearly independent of the rolling reduction. A major portion of
the Q-phase nucleates at the edges of the '-phase, while some platelets
of this phase nucleate homogeneously. In contrast to those of the
deformed via stretching [18,26] the dimensions of the Q and the
Qr-phases are nearly equal. Thus, cold rolling followed by peak ageing
provides the formation of a dense network of platelets on {100}, and
{111}, planes. The number density of the Q-phase tends to approach the
number density of the '-phase with increasing rolling reduction. Thus,
increasing rolling reductions refine both type of particles with {100},
and {111}, habit planes.

In addition to the main strengthening precipitates, a fairly small
amount of 0y’-phase with {110}, habit plane (Fig. 7a) [18,28] was also
found after rolling with a reduction of 10%. It is impossible to assert
unequivocally that the nucleation of above phase is related to the
pre-deformation. Simultaneously, the increasing rolling reduction sup-
presses the precipitation of this phase. The striking feature of peak
ageing after cold rolling with £ > 0.51 is a copious precipitation of the
6-phase and coarse particles of the 6’-phase on the HABs and LABEs,
respectively (Fig. 8). The boundary precipitations of the 6-phase exhibit
irregular shapes with longitudinal dimensions ranging from 50 to 200
nm. It is worth noting that the shapes of these 6-phase particles and
boundary particles evolved during natural ageing of Al-4wt.%Cu alloy
subjected to intense plastic straining at room temperature [24] are
nearly equal and bigger than the 0-phase particles precipitated homo-
geneously and having plate-like shapes in Al-3.4wt.%Cu alloy after
ageing at 190 °C without pre-straining [29]. The average diameter and
thickness of the 6'-phase platelets nucleated on LABs are ~50 and ~10
nm, respectively. These are higher by factors 2 and 4 than the di-
mensions of the phase precipitated on the free dislocations (Table 1).
The ©'-phase particles located on LABs retain their orientation rela-
tionship with the Al matrix. It is worth noting that the 6'-phase disper-
soids located on the dislocations comprising the LABs loose a part of a
coherency of its interfaces owing to the interactions with dislocations
belonging to two or more slip systems. This results in the extensive
coarsening of these particles [22] and the formation of &'-phase chains



LS. Zuiko and R. Kaibyshev

CR10% [0.5h]
77000,
J; ’ [

- Q‘ v. : l 5 j

along the LABs (Fig. 8d). The difference between the 6'-phase nucleated
on the free dislocations and LABs consists in their thicknesses and aspect
ratios. As a result, their contributions to the overall strength are sub-
stantially different.

3.4.3. Over-ageing

Increasing the ageing duration strongly affects the morphological
characteristics of secondary phase particles (Figs. 9 and 10, Tables 1 and
2). Over-ageing after rolling with a reduction of 10% is attributed to the
thickening of the &'-phase by consuming Cu from Al matrix. This in-
creases the volume fraction by +45% and the number density of this
reinforcement phase decreases insignificantly (Fig. 9, Table 1). As a
result, a dense network of a relatively thick 6'-phase remains and the
softening is slight.

Semi-continuous chains of & - and 6-phases appear on the LABs and
HABs, respectively, after rolling with a reduction of 80% followed by
over-ageing (Fig. 9c). The platelets diameter, AR, and number density
are insignificantly smaller than these values after a rolling reduction of
10%, while the volume fraction of the 6’-phase is ~60% lower (Table 1).
Moreover, a high portion of the ¢'-phase located on the LABs does not
contribute to the overall strength. Thus, the extensive softening during
over-ageing is attributed to the dramatic decrease in the volume fraction
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Fig. 4. Representative BF-TEM (a, d) and corre-
sponding DF-TEM (b, e) micrographs taken using
the {011} 4 reflection corresponds to the same re-
gions in (a, d). The images demonstrate the abun-
dant presence of 0” and 0’ precipitates in AA2519
after cold rolling followed by under-ageing.
Because the ¢ parameter of 0" differs from those
of aluminium, the aluminium planes parallel to the
plate are distorted by elastic coherency strains
(clearly visible in a). The SAED patterns (c, f)
contain spots at {110}, positions (green figure)
and week streaks (blue arrow), which can be
attributed to the ©'-phase and to 6”-phases,
respectively. Schematic SAED patterns were pre-
sented in previous works [2,18,26]. (For interpre-
tation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

of the matrix 6'-phase and decreasing AR of its particles [23,30].

Over-ageing leads to concurrent coarsening and dissolution of the
Q-phase (Fig. 10 and Table 2). During over-ageing after rolling with
reductions of 10% and 80%, the number densities of the Q-phase
decrease by factors of 4 and 10 and the volume fraction decreases by 50
and 60%, respectively. The thickness of the Q-phase after rolling with a
reduction of 10% is nearly independent of the ageing duration whereas
the diameter increases by 10%. By contrast, after rolling with a reduc-
tion of 80% the thickness and diameter increase by 40% and 50%,
respectively. The Q-phase AR decreases by ~26%.

Thus, over-ageing strongly diminishes the strengthening efficiency of
the - and Q-phases. The main difference between the low and high pre-
strains is the precipitation and growth of a thermodynamically stable
0-phase at the HABs at the expense of the metastable 6'- and Q-phases.
Consequently, after rolling with a reduction of 80% followed by over-
ageing, the overall volume fraction of these two phases, which are
effective strengthening agents [18,23,30,31], is by a factor of 2 lower
than that after rolling with a reduction of 10%. The precipitation of
boundary particles resulting in dissolution of matrix 6'- and Q-phases in
accordance with the Gibbs-Thomson schema [18,22] promotes soft-
ening under over-ageing.

The data of EBSD analysis (not presented here) show no ageing effect
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on the grain dimensions. The strain-induced LABs and HABs are retained
during ageing at 190 °C for any duration. The TEM observations without
objective aperture and weak-beam dark-field technique indicate a
decrease in the dislocation density during ageing after rolling with re-
ductions >40%, i.e. a recovery takes place. The effect of the under-
ageing on the mechanical properties (Fig. S1) supports this conclusion.
At rolling reductions >40%, the ductility and uniform elongation in-
crease owing to the decreasing oys/oyrs. SO, we may assume that the
recovery promotes strain hardening under tension. Our findings are
broadly in line with the observations of Starink et al. [6].

4. Discussion
4.1. Effect of rolling on precipitation sequence

At 190 °C, the decomposition of the SSSS in the AA2519 alloy
tensioned with true strains ranging from 0.03 to 0.07 and cold rolled at &
< 0.51 proceeds via two independent precipitation sequences [18,23]:

SSSS —GP zones —0"-phase —0'-phase+Q-phase—0'-phase—0-phase (2)
SSSS— {111} clusters » Q-phase — 0-phase 3)

An increasing pre-strain intensifies the precipitation sequence (2)
and prevents the reaction (3). At ¢ > 0.51, the precipitation sequence (2)
converts into the following one:

SSSS —0'-phase+Qy-phase—0'-phase—0-phase (€)]

It is known [31] that a dislocation causes an elastic distortion in
crystalline lattice around the defect line. The interaction between this
stress field and the undersized substitutional solutes (e.g. Cu) leads to

UAC CR80% [0.25h]

A
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Fig. 5. BF-TEM images and corresponding SAED
patterns showing the plenty of edgewise Q (lying
on the {111},) and 0"/0' (lying on the {100},)
plates of the under-age cold rolled AA2519. The
observations illustrate the presence of two variants
of the plate-shaped precipitates lying on the
{111}, planes of the matrix (red arrows). The
streaking along {111}, (red arrows) and diffrac-
tion spots at 1/3 and 2/3 [220], (red circles)
associated with Q precipitation in the SAED pat-
terns are evident. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)

-—
4

the migration of these atoms towards the compressed regions above the
slip plane. This stress-induced migration leads to the formation of Cot-
trell atmospheres [31]. Dislocations gliding during cold rolling and a
decrease in the dislocation spacing from 34.5 nm at ¢ of ~0.11 to 15.8
nm at ¢ of ~1.61 promote the formation of these Cottrell atmospheres
which leads to two consequences. First, the homogeneous nucleation of
the GP-zones and 6”-phase is suppressed owing to the trapping of a
number of Cu atoms by dislocations. Second, the Cottrell atmospheres
function as nuclei for the &'-phase plates and, therefore, the precipitation
of the &'-phase on dislocations becomes strongly feasible due to the
decreased activation barrier [22,32].

Furthermore, Cu segregations appear on the strain-induced bound-
aries by a depletion of this element around these boundaries [25,33,34];
this induces an additional precipitation sequence:

SSSS— boundary segregation of Cu — boundary 6-phase 5)

During extensive cold rolling, the forced migration of strain-induced
boundaries collecting Cu atoms from the swept matrix results in the
segregation of Cu atoms along them [25,33,34]. The strain-induced
HABs (often called “non-equilibrium”) contain high density of lattice
dislocations [35], which also promote the segregation of Cu atoms on
them [36]. Therefore, the formation of a boundary 6-phase occurs owing
to the superposition of two factors. First, a fast diffusion path for Cu
atoms along these boundaries, because the diffusional grain boundary
width is significantly larger than that of the HABs containing low density
of grain boundary dislocations [34,37]. Second, HABs containing a high
density of grain boundary dislocations can accommodate more solute
elements than annealed boundaries and, therefore, the Cu solute excess
around the boundaries increases, decreasing the activation barrier for
nucleation of the stable 6-phase [34]. It is worth noting that in contrast
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Fig. 6. Intragranular precipitation of metastable

PAC phases in peak aged AA2519. A set of four spots that

0, (V) (V) are characteristic for the Q reflections (marked by red

CR1 0 A) [1 '5h] CR40 /0 [0 5h] CRBO A) [0 5h] circles) from four {111}, habit plane variantsf’ are

e o [00 1T] . ‘ ; - symmetrically opposed on the diagonals surrounding

" Ny : T . the 0114 position at 1/3 and 2/3{011},. DF-TEM (b,

- ) e, f) taken using the {011} reflection corresponds to

the same regions in (a, d, g). The intensity asymmetry

of the matrix spots reflects the presence of long-range
stresses in the matrix.

Table 1

Effect of pre-strain and ageing conditions on geometric dimensions, number density and volume fraction of & -phase. Data for T6 treatment [23] and tensile pre-strain
[18] are presented for comparison.

Temper Pre strain, % Condition Aging time, h Mean plate dimensions, nm Aspect ratio Number density x 10%°, #/m~3 Volume fraction, % oys, MPa
Diameter Thickness
T6 0 PAC 12 132 + 77 45+1 30 4+0.3 2.4+ 0.9 29241
T8 Tensile 3% PAC 2 49 + 23 3+0.8 16 28 +0.8 1.7 £ 0.2 395+ 3
7% PAC 1.5 35+ 17 3+09 12 60 + 0.7 2+0.6 421 +1
OAC 12 34+14 33+1 10 57 £ 0.1 2+0.1 380 + 2
Rolling  10% PAC 1.5 38 +13 3.2 +0.90 10 114 +18 3+09 441 + 4
OAC 12 36 + 15 4+1 9 91 +17 4.4+0.2 411+ 2
80% PAC 0.5 23+8 2.5+ 0.7 10 141 + 24 1.7 £ 0.3 509 +£1
OAC 12 26 +8 35+1 7.5 85+ 10 1.9+ 0.2 428 + 3
Table 2

Effect of pre-strain and ageing conditions on geometric dimensions, number density and volume fraction of Q-phase. Data for T6 treatment [23] and tensile pre-strain
[18] are presented for comparison.

Temper Pre strain, % Condition Aging time,h Mean plate dimensions, nm Aspect ratio Number density x 10%°, #/m~3 Volume fraction, %
Diameter Thickness
T6 0 UAC 0.5 26 + 12 0.8+0.1 33 - -

PAC #2 12 117 + 68 1+0.2 120 1.2 +1.8% 0.08 £ 0.07
T8 Tensile 1 UAC 0.5 33+12 0.85 + 0.20 39 6+3.6 0.03 £ 0.01
PAC #1 2.5 47 + 24 0.8+0.2 58 4+3 0.06 + 0.04
PAC #2 12 141 + 81 1.2+0.3 119 0.5+0.3 0.08 + 0.02
3 UAC 0.5 36 + 12 0.8+0.2 47 5+17 0.04 £ 0.01
PAC 2 44 £+ 20 1+03 46 11+4 0.14 £+ 0.05
7 UAC 0.5 34 +13 0.8+0.2 40 16 + 0.3 0.11 + 0.04

PAC 1.5 40 + 18 1.1+0.3 37 23+10 0.3+0.1
Rolling 10% PAC 1.5 40 +£17 1.1+0.3 37 14 + 4 0.17 + 0.05
OAC 12 44 + 18 1.6 +£ 0.4 28 3.6 +£1.3 0.09 + 0.06
80% PAC 0.5 23+8 1+0.24 24 73+11 0.27 £ 0.05
OAC 12 32+11 1.9+ 0.6 18 7.4+28 0.11 £ 0.04
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Fig. 7. BF-TEM micrograph and corresponding SAED patterns recorded near
the <011>, orientation after rolling and peak ageing.

to the intense plastic straining [24,38], the precipitation of the 8-phase
was detected at a relatively high temperature (190 °C). Therefore, an
increasing strain that increases the density of the strain-induced
boundaries strongly promotes the formation of a 8-phase which may
appear even after a long-term natural ageing [24,25].

The number density of the Q-phase increases by a factor of ~4 with
increasing pre-strain from 0.11 to 1.61 despite the increase in the
number density of the &'-phase (i.e. nucleation sites for the Qj-phase) by
30%. It is apparent that the increased lattice dislocations promotes the
segregation of Mg atoms on the semi-coherent 6'-phase/Al matrix in-
terfaces [18,39,40], which facilitates the nucleation of the Qp-phase.

4.2. Effect of rolling reduction on mechanical properties

The experimental data show that the two factors unveiled in Section
1 are responsible for diminishing the age-hardening phenomenon in the
AA2519 alloy with increasing pre-strain. First, the pre-strain affects the
distribution of secondary-phase particles. The character of this effect
depends on the formation of strain-induced boundaries. At ¢ < 0.51, no
boundaries evolve during rolling and increasing the pre-strain followed
by under-ageing leads to a replacement of the 6”-phase by a 6’-phase (see
Sections 3.4.2 and 4.1). Peak artificial ageing after cold rolling with a
reduction of 10% (¢ ~0.11) provides an increment in oys of 100 MPa.

Materials Science & Engineering A 781 (2020) 139148

This is slightly higher compared with an increase (85 MPa) in the yield
stress of AA2519 which was stretched with ¢ of ~0.07 followed by peak
aging [18]. This observation may be ascribed to the increased number
density, volume fraction and distribution uniformity of the 6'-phase. The
contribution of the Qp-phase to overall oyg increases with increasing
pre-strain imposed by the cold rolling procedure before peak ageing due
to the increasing number density of the semi-coherent €'-phase/Al ma-
trix interfaces, which serve as nucleation sites. Over-ageing is relevant to
coarsening behaviour of the &'- and Q-phases and the dissolution of the
Qp-phase (Section 3.4.3). As a result, at an ¢ ~0.07 [18], oys decreases
insignificantly (by approximately 10 MPa), and at an ¢ ~0.51, a high
decrease of ~48 MPa occurs. At ¢ > 0.51, the formation of
strain-induced boundaries with low- or high-misorientation strongly
increases the number of nucleation sites for the coarse 6'- and 0-phases,
respectively. These boundary particles contribute little or not at all to
the overall strength and consume significant portions of Cu solutes,
which is the required element for a &'-phase formation. Consequently,
the volume fraction of ¢'-phase nucleated on free dislocations in the Al
matrix decreases with pre-straining. The decreasing number of key
strengthening agents decreases the peak age-hardening with increasing
pre-strain.

Second, the superposition of long-range elastic strain fields origi-
nating from dislocations and the ©’-phase nucleated on these disloca-
tions decreases the increase in oys under peak ageing. The lattice
dislocations facilitate the formation of ©'-phase plates with minimal
volume and shape changes because the elastic strain energy plays a
dominant role compared with the interface energies in the nucleation
[40,41]. The independence of the 6'-phase AR from the pre-strain in-
dicates that the pre-strain has no effect on the basic mechanisms that
control the nucleation of this phase [41,42]. The superposition of the
long-stress fields originated from the dislocations, 6'-phase plates and
the Qp-phase reduces the overall elastic strain under peak ageing. As a
result, the increase in oys is due to the decreased peak ageing (46 MPa)
at an ¢ of ~0.51. In addition, the internal elastic stress fields affect the
growth mechanism strongly [41,42]. As a result, the ©'-phase growth
depends on the dislocation density. An increased dislocation density
restricts the 6’-phase growth owing to the interaction between the
coherent stresses originating from the 6’-phase plates [43] and stress
fields originating from the dislocations [39]. The strain field of a
dislocation can reduce the misfit of the 6'-phase interfaces in two <100>
matrix directions [22]. The 6'-phase has a positive vacancy in character
misfit (42.4% along the c-direction) and its formation below a disloca-
tion strongly reduces the elastic strains [22,40]. It was assumed that the
6’-phase is non-shearable [1,22,23,30]. Therefore, the reduction in the
misfit strain originates from this phase decreases the efficiency of the
strengthening agent. Table 1 and the data in Refs. [18,23] indicate
unambiguously that the refinement of the 6'-phase contributes to a
decreasing peak age-hardening. Under over-ageing, the growth of the
6’-phase occurs by thickening, which is unusual [40,42]. The coarsening
of the 6'-phase under over-ageing leads to loss of coherency of its broad
interfaces, whereas the edges of the plates of this phase become inco-
herent [22]. Moreover, the strengthening efficiency of this particle de-
creases owing to a decreasing misfit strain, which provides a significant
contribution to the extensive softening behaviour at ¢ > 0.51 [30,41].

The AR is a key parameter of the strengthening efficiency of the
shearable Q-phase plates [41-47]. A decreasing AR with increasing
rolling reduction decreases the strengthening efficiency of this phase [1,
30]. This decrease may be compensated by a strong increase in the
number density of the Qp-phase nucleated on the 6'-phase/Al interfaces
(Table 2) under peak ageing (Table 2). It is worth noting that at ¢ > 0.51,
the loss of such an effective strengthening agent as 6'-phase cannot be
compensated by the increased number density of the Q-phase.
Furthermore, the increasing pre-strain strongly facilitates the dissolu-
tion of the Qp-phase under over-ageing, which causes extensive
softening.

In addition, it is most likely that the dislocation recovery of the rolled
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Fig. 8. Microstructure of AA2519 after rolling with
reduction of 80% followed by ageing for 0.5 h. The
images clearly demonstrate the precipitation of 6 on
the HABs and 6’ chain on the LABs. The DF-TEM
image (b) was recorded using reflexes from 6. The
EDXS point analysis (not shown here) of the phase
point out that Al/Cu ratio of the precipitates is close to
2:1, i.e. the stoichiometry is Al,Cu. The SAED pattern
(e) includes only fundamental reflections from a-Al
and spots specific to ' and Q [18,23].

Fig. 9. TEM-micrographs and corresponding SAED
patterns of AA2519 after cold rolling and over-
ageing. DF-image (b) taken using the {011}, reflec-
tion corresponds to the same region at those in (a).
The diffraction spots at 1/3 and 2/3 [220], associated
with Q precipitation in the SAED patterns are evident
after cold rolling with a reduction of 10% (red circles
in inset), whereas they are very faint or practically
absent in the 80% cold rolled sample (d). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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CR80% [12h]

Fig. 10. BF-TEM micrographs (a, c) taken with <011>, zone axes and SAED (b, d) after rolling with reductions of 10% (a, b) and 80% (c, d) followed by over-ageing

for 12 h.

alloy during annealing at a relatively high temperature contributes to
the weak age-hardening.

5. Conclusions

The mechanical properties and precipitation behaviour of AA2519 Al
subjected to extensive cold rolling were examined during ageing at 190
°C. The major results are as follows:

1. Two different strain intervals could be distinguished based on the
ageing behaviour. The following precipitation sequences occur at
pre-strains ranging from 0.11 to 0.51:

SSSS — GP zones — 0”-phase — 6'-phase-+Qy-phase — 0'-phase — 0-phase
SSSS — {111} clusters — Q-phase — 6-phase

Increasing the pre-strain from 0.11 to 0.51 suppresses the precipi-
tation of the Qj-phase and promotes the precipitation of the Qp-phase
and its subsequent dissolution.

2. At pre-strains ranging from 0.51 to 1.61, an additional precipitation
sequence appears:

SSSS — boundary segregation of Cu — boundary 6-phase

In addition, the precipitation of the 6”-phase is suppressed even
during under-ageing. The following precipitation sequence occurs:

SSSS —6'-phase+Qy-phase—8'-phase—6-phase

10

3 The peak age-hardening effect weakens with increasing pre-strain.
The replacement of the 6”-phase by a 8'-phase and the effect of the
pre-strain on the dimensions and shapes of ¢'- and Q-phases decrease
oys from 100 to 46 MPa with increasing pre-strain from 0.11 to 0.51.
At ¢ > 0.51, the boundary precipitation of the 6-phase and the for-
mation of ©'-phase chains on LABs strongly lead to a significant
reduction in the volume fraction of the 6’-phase nucleated on free
dislocations. These processes are responsible for the disappearance
of the peak age-hardening. Moreover, the softening under over-
ageing is relevant to the Qp-phase dissolution, 6’-phase coarsening
and recovery phenomenon.
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