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Effect of aging temperature on precipitation behavior and mechanical properties of an AA2519 alloy was
examined. Long-term natural aging provides the best combination of strength and ductility by the
precipitation of dense Guinier—Preston and Guinier—Preston—Bagaryatsky zones. This phenomenon,
called “delayed hardening”, has the same origin as the “rapid hardening” in AA2X24 alloys subjected to
artificial aging. At 190 °C, high density of 6”-phase provides high strength. Peak aging is characterized by
insignificant increase in strength associated with additional precipitation of 6’-phase. The overaging
leads to the formation of precipitate structure dominated by ¢’-phase. The formation of 6”- and 6’-phases
can consume ~0.7 and ~3.3%Cu, respectively. Despite this, the number density of 6”-phase precipitates is
higher than that of 6’-phase ones by a factor of ~40. The 6”-phase is effective strengthening agent in the
AA2519 alloy. The Q-phase plates with a very high aspect ratio (AR) > 100 precipitate during artificial
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1. Introduction

An AA2519 alloy (Al-5.6Cu—0.3Mn—0.3Mg—0.15Zr (wt. %))
exhibiting superior mechanical properties was developed as
a new grade of the age-hardenable AA2219 alloy
(Al—6.2Cu—0.3Mn—0.15Zr (wt. %)) [1—4]. Minor Mg addition and a
reduced Cu content provide 20 and 100% increases in yield stress
and total elongation, respectively, compared to those of the pre-
cursor [1,3—5]. Increased ductility and strength could be partially
attributed to decreased volume fractions of primary 60-phase
formed during solidification, since content of Cu in the AA2519
alloy approaches solubility of this element in Al matrix at a tem-
perature of solution treatment and the positive effect of Mg on the
precipitation structure. However, notwithstanding numerous
works [6—12], the precipitation behavior of AA2519 alloy remains
poorly known.

In Al-Cu—Mg alloys with high Cu/Mg ratio (>5.6) the text-book
precipitation sequence [13,14] occurs in supersaturated solid so-
lution (SSSS):

SSSS— GP zones(Al;Cu) — 0 (AlsCu) — 6’ (Al,Cu) — 0(Al, Cu)
(1)
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Guinier—Preston (GP) zones consist of single layers of pure Cu
atoms on {001}4 planes [13—15]. The 6”-phase comprises two
{001}¢y layers separated by three {001} planes [1,13—15]. The 6”-
phase may exist within the broad compositional range of
10—40 at.% Cu; therefore, different combinations of Cu and Al layers
can form this phase. The most accepted structure of 6”-phase
proposed by V. Gerold consists of two pure Cu layers separated by
three Al layers along (100) [13,14]. The Gerold structure has
superlattice and gives AlsCu stoichiometry rather than Al,Cu and
the orientation relationship of {001}y||{001}4; and (100)¢||{100)4}.
In fact, the 6”-phase with this configuration is a multilayered
structure of Cu atoms located on the {001}, planes and separated by
~0.8nm [14,15]. The 6”-phase exhibits plate-like shape with
coherent broad faces, while the edges of the plates could be semi-
coherent if the plates are relatively thick [1,13,14]. The 6”-platelets
form by direct transformation from solute clusters or GP zones in
the underaged condition and, therefore, their distribution is uni-
form [1,13,14].

The transition 6’-phase having the nominal stoichiometry of
AlyCu and a bet structure (I4m2, a = 0.404 nm, ¢ = 0.580 nm), forms
as rectangular or octagonal plates on {100}4; planes and also obeys
the orientation relationship ({100}ai||/{100}¢, (001)a1||{001) &)
[1,6—18]. Finely dispersed 6’-phase platelets are considered as an
extremely shear-resistant precipitate [18]. The 0’-phase has
coherent broad faces and semi-coherent interfaces at their pe-
ripheries [13—18]. The 6’-phase often forms on dislocations to
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reduce the misfit in two (100)4; directions during peak aging and,
therefore, its distribution is non-uniform [13,19]. Finally, the inco-
herent 0-phase is the thermodynamic equilibrium form of Al,Cu
with a body-centered tetragonal (I4/mcm, a=0.607nm,
¢ =0.487 nm) lattice.

The Cu/Mg/vacancy complexes form effective nucleation sites
for GP zones, enhancing their nucleation rate [20,21]. GP zones are
transformed in situ to the 0”-phase [13,14]: therefore, trace Mg
promotes precipitation of the 6”-phase. In addition to Seq. (1), in
certain circumstances the second precipitation sequence may
appear [6,14,16]:

SSSS— {111 }clusters — Q(Al,Cu) — 6 (2)

The Q-phase is fully coherent with the Al-matrix, forming thin
hexagonal-shaped plates on {111}, planes [14,22]. It was assumed
that the Q-phase is the most effective strengthening phase in
Al—Cu—Mg—Ag alloys [23]. The Q-phase has orthorhombic (Fmmm,
a=0.496nm, b=0.859nm, c=0.848nm) lattice [14,16] with
extremely small differences in atomic coordinates to those of the
equilibrium 6-phase and the orientation relationship of
(001)g||(111)4; [010]g||[10T]41. Ag and Mg monolayers are located at
the broad interfaces of the Q-phase plates to improve coherency by
reducing the misfit strain of the phase in Al-Cu—Mg—Ag alloys
with Cu/Mg of ~10 [24,25]. Ag-Mg co-clusters forming on the
{111} planes act as heterogeneous nucleation sites for the Q-phase
and, therefore, its distribution is uniform [14,22,25,26]. Despite
extensive investigations, the origin of the precipitation of the Q-
phase in Ag-free AlI-Cu—Mg alloys with high Cu/Mg ratios (e.g.
AA2519) remains unknown [6,14,16].

The main aim of the present study is to examine the precipitate
structures of the AA2519 after different aging conditions in details
to elucidate the origin and nature of the superior combination of
strength and plasticity. In industrial practice the AA2519 properties
are achieved through T87 processing, including solution treatment,
quenching, cold working and subsequent artificial aging [2—4,6].
This work is a part of complex study of precipitation behavior of the
AA2519 and deal with the examination of aging behavior without
pre-straining after quenching. The second aim is to provide a set of
quantitative data on number density and volume fraction of tran-
sition phases for a critical discussion of the microstructural design
of Al-Cu—(Mg—Ag) alloys and the strengthening efficiencies of
aforementioned transition phases. It was shown by direct trans-
mission electron microscopy (TEM) measurements [18,22] that
only minor portion of Cu solutes is consumed for the precipitation
of the 0- and Q-phases under peak aging condition in
Al-3Cu—0.05Sn and Al-5.6Cu—0.72Mg—0.5Ag alloys. This data
contradict the classical positions of the metastable solvus lines of
the 0’- and 0”-phases, GP zones in Al—Cu binary phase diagram
obtained by indirect hardness-reversion experiments, electric re-
sistivity or X-ray measurements and quantitative nuclear magnetic
resonance technique [13,14,18,27]. This contradiction arises from
limited statistical data regarding the number density, size, shape,
and distribution of transition phases in Al—Cu alloys acquired by
TEM technique.

2. Experimental details

The AA2519 alloy, with 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 homogeni-
zation annealing at 510 °C for 24 h [6,26]. Billets with dimensions of
55 x 120 x 155 mm°> were machined from ingots and swaged at a
temperature of ~400°C wup to final dimensions of

41 x 155 x 160 mm?>. Next, these billets were rolled with a total
reduction of 75% (e~1.3) at a temperature of 425°C up to final
thickness of 11 mm. Samples with dimensions of 10 x 11 x 20 mm>
and tensile specimens were cut from these plates and solution
treated at 530°C for 1 h and then immediately quenched in cold-
water. This material condition is denoted here as supersaturated
solution tempering (SST). Minor part of these samples was aged at
ambient temperature (T4 temper) for times up to 2 x 10> h. Major
part of these samples was aged at a temperature of 190 °C for times
ranging from 3 min to 50h (T6 temper). Quenching rate, bath
temperature and heating rate to the aging temperature were the
same for all specimens.

Samples for Vickers microhardness measurements were
grounded, electrolytically polished and examined with a Wilson
Wolpert 402MVD tester using a load of 2 N and dwell time of 10s.
At least 10 indentations were performed in arbitrarily selected
areas for each data point to determine the average values and
standard deviations of microhardness for each condition. Flat
specimens of “dog bone” type with a 25 mm gauge length and a
3 x 7 mm? cross section were cut with a tensile axis matching with
rolling direction. The uniaxial tensile tests to failure were carried
out at ambient temperature using a screw-driven testing machine
Instron 5882 equipped with an automatic high-resolution con-
tacting extensometer MFX 500. The rate of cross-head displace-
ment was constant (2 mm/min) and equivalent to an initial strain
rate of 1.3 x 103 s~ Yield stress, ultimate tensile strength, uni-
form elongation and elongation-to-failure were calculated in
accordance with ASTM E-8 standard. To ensure reproducibility,
each reported value was averaged over tests of three samples at
each experimental point.

Thin foils for TEM were produced by twin-jet electropolishing
method described elsewhere [6,28]. JEOL JEM-2100 and Technai G*
F20 microscopes operated at accelerating potential of 200 kV were
used for TEM studies in bright and dark fields (BF and DF-TEM)
modes. Precipitations of 6” and 6’-phases were assessed directly
by low magnification BF- and DF-TEM, respectively. To obtain
reproducible and statistically meaningful data the quantitative
measurements of precipitates diameter and thickness were aver-
aged for >10> measurements per each material condition. The
experimental errors of precipitates diameters and thicknesses
measurements are listed based on the particle size distribution (as
standard deviation) and could be considered as veritable. Meth-
odology for measurements of the number density per unit volume,
the total volume fraction of particles, the limits of solid solubility of
the 0’- and 0”-phases was reported in work [22]. The mass density
of 0 was calculated as 4.12 g/cm® whereas density of §” was taken
to be slightly lower 4.04 g/cm®. Values of dislocation density via X-
Ray peak broadening were estimated according to modified
Williamson-Hall method, following previous work [28].

Differential scanning calorimetry (DSC) was performed using a
SDT Q600 (TA Instruments) calorimeter. The mass of the DSC
samples was ~55 mg, and a protective atmosphere of pure argon
was used. Samples after solution treatment followed by water
quenching were heated from 20 to 600 °C at a rate of 2 °C/min. All
DSC traces were corrected by subtracting a baseline obtained from a
DSC run with empty pans. To confirm the authenticity of thermal
effects we have scanned dilute aluminum.

3. Results
3.1. Initial microstructure
Initial structure is uniform (not shown here) with an average

grain size of ~13 um. Low-angle boundaries are aligned with the
rolling direction predominantly and their portion is ~34%.
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Dislocation density is 5.4+ 0.6 x 10> m~2. The primary particles
precipitated during homogenization and solution treatments were
described in detail in Ref. [28]. These particles are not expected to
affect the precipitation of different phases during aging.

3.2. DSC analysis

Fig. 1 shows the DSC curves of the post-quenching AA2519 and a
reference high-purity Al (5N, 99.999) sample. The alloy curves are
complex and clearly different from the differential heat capacity
curves of the predecessor, AA2219 [29—33]. The following charac-
teristics reaction regions are distinguished:

(i) At 71°C, an exothermic reaction with the high energy
released of 7.75] g~ ! is typically associated with the precip-
itation of GP zone in Al—Cu alloys. The formation of Cu-Mg
co-clusters in Al-Cu—Mg alloys may also contribute to this
peak [14,34—36]. Upon further heating the relatively weak
endothermic reaction occurs between 72 and 86 °C.

(ii) Two exothermic reactions with low energy releases of 0.15
and 0.62]g~! at 102 and 203 °C may be attributed to the
precipitation of 6”- and Q-phase, respectively. It is worth
noting the latter peak is typically attributed to the precipi-
tation of Guinier-Preston-Bagaryatsky (GPB) zones in

Q
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Fig. 1. The DSC curves of AA2519 and Al 5N obtained at 2 °C/min. 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.)

Al—Cu—Mg alloys with a Cu/Mg ratio of ~2.3 [14]. However,
no precipitation of GPB zones was reported in alloys with
high Cu/Mg ratio of >7. In the temperature interval of
205—220°C the endothermic reaction may be attributed to
the dissolution of 6”-phase.

(iii) At 242 °C, an exothermic #’-phase precipitation reaction with
a high energy release of 12.5] g~ ! occurs. No such exothermic
reaction was observed in AA2219 alloy [30], although a
similar reaction peak was observed in an Al—3.9 wt%Cu alloy
at 275°C [32].

(iv) At258°C, an endothermic 6’-phase dissolution reaction peak
appears [30,37].

(v) In the temperature interval of 275—400 °C an exothermic 6-
phase precipitation reaction peak appears [29,37].
(vi) The incipient melting point appears at 539 °C.
(vii) The onset of massive melting occurs at 578 °C.

Minor additives of Mg strongly promote the formation of the
Cu-Cu clusters, Cu-Mg co-clusters and GP zones in the AA2519
alloy, compared to the AA2219 alloy or binary Al—Cu alloys, in
which no distinct exothermic reactions was found at T < 101 °C
[29—33,35,37]. It is apparent that the formation of Cu-Mg co-clus-
ters, which differ distinctly from GP zones in their dimensions and
free energy [21,36—38], and GP zones occurs at 71 °C, concurrently.
The portion of energy released to form the clusters and GP zones is
increased by ~42% and the exothermic peak appears at AT =55K
lower than that in AA2219 alloy and the Al—3.9 wt%Cu alloy [30,35].
In Al-Cu—Mg alloys with high Cu/Mg ratio the number density of
Cu-Mg clusters is relatively low and these clusters tend to rapid
dissolve under artificial aging [36]. Endothermic reaction between
72 and 86 °C could be attributed to dissolution of Cu-Mg co-clus-
ters. S. Abis et al. [39] found this reaction in Al-Cu—Mg—Ag alloys
with high Cu/Mg ratio and interpreted it in terms of GP zone
dissolution. No well-defined endothermic reaction attributed to the
dissolution of GP zones was found in AA2219 and the Al—3.9 wt%Cu
alloy [29—-33,35].

In AA2519 alloy the continuous GP — 6”-phase transformation
takes place in the temperature interval of 103—201 °C that gives
poor evidence for endothermic reaction. The relatively low scan
rate employed (2 °C/min) allows the occurrence of this reaction.
The upper temperature limit of GP zones stability in AA2519 is
significantly lower than 200 °C that is a well-accepted upper limit
for existence of GP zone in Al—Cu alloys [37]. The upper tempera-
ture limit of stability of 6”-phase of 230°C in AA2519 and other
Al—Cu alloys [33,37] is consistent. The precipitation of a low vol-
ume fraction of the Q-phase promotes the dissolution of GP zones
and precedes the precipitation of high volume fraction of the 6'-
phase. This supports the statement that the free energy of the Q-
phase is higher than that of the 6’-phase [22]. In contrast with
AA2219 [29,30,33], the precipitation of the 0’-phase is a distinctly
independent reaction, characterized by a large energy release as in
an Al-5.7 wt%Cu—0.5 wtsMg—0.3 wt¥Mn—0.15 wt%Zr alloy [40].
The temperatures of incipient and massive melting for AA2519 and
AA2219 [29,30] are essentially the same. Thus the Mg additive af-
fects the precipitation of all transient phases and has no effect on
the precipitation of thermodynamically stable 8-phase and melting.

3.3. Mechanical properties

Fig. 2 shows the evolution of hardness as a function of aging
time at 20 and 190 °C (T4 and T6 tempers, respectively). Immedi-
ately after quenching the hardness of the AA2519 alloy is low and
equal to that of AA2219 alloy after natural aging [40]. At ambient
temperature, the hardness remains unchanged for 25 h. Next the
hardness increases by +4% as the aging time increased to 200 h.
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Fig. 2. The age hardening response of AA2519 alloy subjected to two different treat-
ments. Red arrows indicate the positions of hardness peaks. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Then the hardness continues to increase as the aging time is
increased up to 800 h; thereafter, it remains nearly unchanged with
further aging. Minor Mg addition provides a +60% increase in
hardness of AA2519T4 compared to that of AA2219T4 after long-
term natural aging [31,32,40,41].

During artificial aging, a 40% increase in the microhardness
occurs within 1 h. A peak aging hardness corresponding with a 50%
increase in the hardness of the quenched material reaches after 3 h
followed by a plateau from 5 to 15h with a hardness of 141 +2
HVg.. Slight reversion is observed from 3 to 5h and poor-defined
second peak appears at 12 h. At times >15h, upon further aging
the hardness decreases remarkably. But at 20°h, third poor-defined
hardness peak could be distinguished. It is worth noting that sec-
ond and third hardness peaks are almost meaningless because their
values are close to accuracy of measurement. However, the yield
stress of specimens aged for 20 h is distinctly higher than after 18
and 22 (not shown here). During overaging, the hardness remains
nearly constant. After 42 and 1000 h of artificial and natural aging,
respectively, the hardness equilibrates. Character of age-hardening
behavior in the AA2519 alloy is typical for AA2219 alloy, Al—5.76 wt
%Cu alloy and Al-Cu—Mg(—Ag) alloys with high Cu/Mg ratio at
T>140°C [16,21,31,39,42]. The peak-aging hardness of the
AA2519T6 is 6, 18 and 45% higher than those of an Al—5.76 wt%Cu
[42], AA2219T6 [31] and a binary Al-5wt.%Cu alloy [43].

The typical engineering stress-strain (¢—e) curves are shown in
Fig. 3. The principal mechanical properties, namely microhardness,
yield stress (oys), ultimate tensile strength (oyrs), elongation-to-
failure (9), uniform elongation (ey) and oys/oyrs ratio attributed to
the work-hardening rate, are summarized in Table 1. All 0—e curves
exhibit continuous yielding followed by strain-hardening stage.
Extensive initial strain hardening and overall parabolic shape of the
g—e curves prior to necking are observed in the SST material. In the
work-hardening stage, low-frequency stress oscillations attributed
to dynamic strain aging (DSA) [26,44] are distinguished. The oys of
the SST material is very low, whilst the ductility and gyrs are high
(Table 1). Long-term natural aging provides 124 and 30% increases
in gys and oyrs values, but ¢ is decreases by 43%. The o—e curve
exhibits a prolonged strain-hardening stage and no serrations. As a
result, the ¢ and ey values are nearly the same and sufficiently high.

The values of strength and ductility in the AA2519 alloy

500
§400—f
ésoo-f
§ 2007/ SST  ——T4[2m]
8 100] ——Té[12n]
1 —— T6[20h] —— T6[50h]
0 T

0 5 10 15 20 25 30 35
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Fig. 3. Typical engineering stress-strain curves for AA2519 alloy in different conditions
corresponding to the quenched material (SST), after long-term natural aging of 2
months (T4) and artificial peak aging with different times. The number in square
brackets indicates the duration of the aging treatment. Black arrows indicate stress
oscillations in the artificially aged specimens.

subjected to artificial aging are lower than those after long-term
natural aging, despite the higher hardness. The work-hardening
stage is shorter than that in the naturally aged material, gys is
almost independent of aging duration, and oyrs decreases with
increases in aging time >20h. Low-frequency Type A serrations
[44] are observed (black arrows in Fig. 3) in the curves of samples
aged up to 12 h. The overaged AA2519 exhibits lower elongation
than peak-aged material does despite disappearance of plastic
instability attributed to DSA. The values of agys, oyrs and 6 of the
AA2519T6 alloy are higher than ones of AA2219T6 [31]. It is worth
noting that the second hardness peak could be distinguished by
higher values of gys and oyrs.

The inspection of Tabor's relationship, ayts = ¢ x HV [42], shows
(Table 1) that c for the long-term naturally aged alloy is somewhat
higher than that for the artificially aged alloy. The c~3.2 MPa/HV >
is often used as an empirical constant for metallic materials [45,46].
It is known [46] that high c values are attributed to strong work
hardening. In the AA2519 subjected to long-term natural aging a
high oyrs value appears despite relatively low hardness. The
appropriate oyrs magnitude cannot be achieved in the artificially
aged material because of the premature onset of plastic instability.
Therefore, the long-term natural aging provides a superior com-
bination of strength and plasticity in AA2519 alloy.

3.4. Precipitation microstructure

3.4.1. Natural aging

Fig. 4 shows typical TEM micrographs of naturally aged AA2519
alloy. The superlattice reflections on selected area diffraction
(SAED) patterns, which were not emphasized by circles in Fig. 4
a—c, are attributed to the B and f'-phases (Al3(Zr,Ti)) with non-
coherent and coherent interfaces [26] and are unrelated to the
transition phases precipitated during natural aging. Aging with a
duration of ~1 h (SST condition) produces low-density GP zones,
distinguished by continuous electron diffraction streaks through
the {200} matrix spots parallel to the (001) directions, as well as a
specific contrast indicating the presence of internal elastic stress
fields originating from areas with dimensions of ~2 nm [6,14,47].
Very fine clusters and/or GP zones are precipitated uniformly on
the {001}, planes with increasing aging up to 72 h. Streaks are
continuous and exhibit nearly uniform intensity that is indicative
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Table 1
Room-temperature mechanical properties of aged AA2519 alloy.
Temper Ageing time, h Hardness, HV» oys, MPa oyts, MPa Elongation % Oys/Outs ¢, MPa/HVq 3
ey d
SST <1 957+ 1.1 136.2+1.3 3493 +2.1 22.1+06 284+14 0.390 3.6
T4 >103 1283 +1.5 305.0+1.0 455.0+1.3 184+0.5 19.9+0.5 0.670 35
T6 I 3 1445 +3.7 289.2+0.5 425.7 +0.5 17.7+05 214+05 0.679 29
1 12 148.5+2.0 2923 +0.5 408.8 +1.7 14.7 +0.5 163+1.3 0.715 2.7
111 20 137.8 +3.0 289.0+1.0 4107+ 1.5 10.0+0.5 13.6+0.5 0.704 29
T6 50 1263 +2.8 278.7+0.5 393.7+1.2 73+03 10.6 £ 0.6 0.708 3.1

022°
. ®* e

®002

0208% -

-

Fig. 4. BF-TEM micrographs with corresponding SAED patterns taken with the electron beam parallel to (001), (a) SST. (b) natural aging for ~72 h. A “line of no contrast” indicated
by a pair of black arrows within the coherent Al;(Zr,Ti) gives an evidence that the image is in focus. (c) after natural aging for ~1440 h. Spots from GPB-zones [14,47] are marked with
green circles. (d) the HR-TEM image and corresponding FFT spectrum (inset) after natural aging for ~1440 h. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

for dominance of single layer zones [48]. No distinct evidence was
obtained for increasing number density of GP zones.

Long-term natural aging drastically increases the density of GP
zones. The intensity of the streaks corresponding to zones is
increased greatly with increasing aging duration (cf. insets in
Fig. 4b and c). Streaks on SAED patterns become diffusive and
exhibit none-uniform intensity associated with multilayer zones
[48]. One of the striking features of the matrix spots in SAED pat-
terns (Fig. 4c) is a marked asymmetry in intensity caused by
compressive stresses in the matrix. The density of GP zones after
2000 h of natural aging is significantly higher, as indicated by
stronger streaks, than that in AA2219 after 200 h natural aging or in
a binary Al-5.5Cu after 5800 h natural aging [40,43]. Therefore,
minor additives of Mg strongly increase number density of zones
after long-term natural aging. In addition, bright spots marked with
green circles in Fig. 4c appear.

A careful examination of more than five experimental SAED
patterns and the high-resolution TEM (HR-TEM) images with

corresponding fast Fourier transforms (FFT) provide conclusive
evidence for GPB zones (inset of Fig. 4d) [14,34,49,50]. It is known
[14,50—56] that the GPB zones are unique agglomeration with rod-
like shape and fully coherent interface, 1-2 nm in diameter and
4—8 nm in length. Reports on the crystallographic structures of GPB
zones are contradictory [14]. Generally, two different phases are
spatially arranged in the shell and core regions of GPB zones,
interpreted [50] in terms of GPB and GPBII phases, respectively. The
GPBII comprise single or double units or agglomerates of two single
units, with one-dimensional translational periodicity along the
(100)4; direction and may produce different characteristic diffrac-
tion spots in SAED patterns, depending on the type of the structural
unit number [47]. Clear reflections are seen at 1/2[022], in the FFT
spectrum, as indicated by green circles (inset of Fig. 4d). These spots
originate from GPBII zones [50—52,54,55]. The shell region pro-
duces streak reflections that create “half-crosses” outside the
forbidden {110}4 reflections [50,51]. No such streaks were found
(insetin Fig. 4d) and, therefore, GPB zones in AA2519 have only core
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Fig. 5. BF-TEM micrographs and corresponding SAED patterns recorded near the (001), (a, ¢, d) and (011),, (b) orientations from the aged for 0.5hat 190°C (a, b) and 3 h (c, d)
AA2519 alloy. The blue, green and red arrows indicate 6”-,6'- and Q-phase plates, respectively. Note that the diffraction from the ¢’-phase yields characteristics spots at the {220},
positions, four [101]y spots adjacent to the {220}, positions marked by green circle and {002} ¢ spots [6,29]. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

regions. Thus, the GPB zones precipitate along with dense GP zones
in AA2519 after long-term natural aging in the Al-Cu—Mg alloy
with high Cu/Mg~25. It is worth noting that GPB zones may pre-
cipitate in Al-Cu—Mg alloys with Cu/Mg ratio of ~2.3 upon high-
temperature aging [50—54]. The formation of GPB zoned upon
natural aging was reported in few works [53].

3.4.2. Artificial aging

Fig. 5 through 7 represent TEM micrographs of the alloy aged at
190°C. The effect of aging duration on number density, volume
fraction and dimensions of precipitates with the {001}, habit plane
is summarized in Table 2 and Fig. 8.

30 min of aging increases the density of GP zones and produces
a limited number of 6”-phase, both formed on {001}, planes as
small plates [14,57] (Fig. 5a). The SAED patterns show continuous
thin diffuse streaks of uniform intensity, parallel to (100),, forming
a characteristic network through the {200}, and {220}, matrix
spots [14]. The staggered contrast of Fig. 5a is indicative for
coherent stress originated from 6”/GP-zones. In addition, an
insignificant number of the plate-like Q-phase particles were
precipitated on the {111}4; planes (Fig. 5b). The average diameter
and thickness of the Q-phase are 25.8 + 11.7 and 0.79 +0.10 nm,
respectively. It is worth noting that the corresponding SAED pattern
according to (011), zone axis frequently did not include charac-
teristic reflections, herewith precipitation of the Q-particles is
confirmed by their plate morphologies with their broad faces
aligned along {111},. The lack of specific diffraction spots is
attributed to the low volume fraction of the phase. Platelets of both
the 0”- and Q-phases exhibit high aspect ratios (AR).

Increasing the aging time up to 3 h leads to dissolution of GP

zones and the formation of a dense network of 6”-phase platelets
(Fig. 5c and d, Table 2). The 6”-phase plates exhibit strong coherent
stresses. On the SAED patterns, the 0”-phase platelets cause
discontinuous (100), streaks through {200}, positions with pro-
nounced maxima at {200},, as well as spot reflections at {220},
positions from the precipitates whose broad faces are perpendic-
ular to the beam [14]. Therefore, lattice of the 6”-phase consists of
pure Cu layers separated by Al layers. In addition, the SAED and the
simulated diffraction pattern for the Gerold model [6,14] are nearly
the same. This indicates the superlattice of the 6”-phase and stoi-
chiometry of Al3Cu [14]. The volume fraction of the 6”-phase is low
(Table 2). The distribution of the phase length is relatively narrow
with a distinct peak at 17 nm (Fig. 8). In contrast, three peaks at 0.8,
1.2 and 1.4 nm are observed in distribution of plate thickness. The
dimensions of the 6”-phase in AA2519 are significantly smaller than
those in under-aged AA2219 [31-33,43], approaching the di-
mensions of the phase in binary Al—Cu alloys aged at the low
temperature of 130°C [57,58]. So, minor additions of Mg strongly
refine particles of the 6”-phase providing a very high number
density of this transition phase and facilitating the formation of
distinct superlattice structure that exhibits distinct coherent
stresses. Precipitation of the 6’-phase on dislocations (green arrow
in Fig. 5d) leads to the formation of the 6”-phase free zones. The Q-
phase is also observed in the Al matrix (not shown here).

After 12 h aging, the non-uniform distribution of high-AR ¢’-
phase coexists with a uniform distribution of 6”-phase (Fig. 6,
Table 2). An approximately three-fold increase in the volume
fraction of the transition 6”/6’-phases occurs as the time increases
from 3 to 12 h by the precipitation of 6’-phase. The number density
of the 0’-phase after 12 h aging is lower than that of the 6”-phase
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Fig. 6. TEM micrographs with corresponding SAED patterns of AA2519 after aging at 190 °C for 12 h. (a) BF-TEM with the (001), zone axis (b) DF-TEM taken using the {011},
reflection corresponds to the same region at (a), (c) BF-TEM with the (011),, zone axis, (d) SAED pattern taken from (c). A set of reflections at 1/3 and 2/3{022}, (marked with red
circles at d) as well as (111),, diffuse striking were observed in the corresponding (011), SAED pattern (d), consistent with the unique precipitation diffraction from the Q phase. The
blue, green and red arrows indicate 6”-,6'- and Q-phase plates, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

after 3 h aging by a factor of ~40; the 6”-phase platelets (blue arrow
in Fig. 6a) exhibit coherent stresses. Therefore, after 12 h aging, the
number density and volume fraction of the 6”-phase are signifi-
cantly higher and lower, respectively, than those of the 6’-phase.
These differences arise from the great difference in the dimensions
of these phases. The distribution of the 6’-phase dimensions is
nearly uniform (Fig. 8).

Two variants of plate-shaped precipitates lying on the {111},
planes of the matrix was found (Fig. 6¢ and d). The SAED pattern
clearly shows streaking along the (111), directions and distinct
diffraction spots at the 1/3<022>, and 2/3<022>, positions, which
confirm the presence of thin Q-phase plates on the {111}, matrix
planes. Several ledges on the broad face of Q are seen occasionally
at high magnifications (not shown here). The average diameter and
thickness of the Q-phase plates are 116.8 + 67.7 and 0.97 + 0.21 nm,
respectively. So, particles of the Q-phase exhibit a very high AR
exceeding 100. Despite this, number density of this phase is
insignificant to affect mechanical properties. Therefore, we can
conclude that the high strength could be provided by the mixture of
6”- and 0’-phases with a minor amount of the Q-phase.

Further aging causes the complete dissolution of the 0”-phase,
as confirmed by the SAED patterns (Fig. 7). The coarsening of the 6’-
phase is insignificant. The volume fractions of both 6’- (Table 2) and
the Q-phases increase with increasing aging time. The decrease in
hardness with increasing aging time is attributed to the replace-
ment of the 6”-phase with particles of the 6’-phase. After 50 h aging
this replacement is completed. Thus, overaging is associated with
the almost complete dissolution of the 6”-phase. Note, that the
large length and extremely small thickness of Q-phase plates (see

Figs. 6 and 7) is a unique feature of the AA2519 precipitation
structure.

3.5. Fractography

SEM analyses of the fracture surfaces have been carried out on
two tensile specimens, representing two of the aging conditions. As
observed (Fig. 9), the aging temperature significantly affects the
fracture mode. Long-term natural aged AA2519 shows trans-
granular ductile fracture with very fine dimples (Fig. 9a), whereas
artificial aging causes mixed-type fracture. Large deep dimples are
nucleated at particles and grain boundaries (Fig. 9b), while small
dimples are observed at tear ridges. Transgranular ductile fracture
is in dominance. However, evidence of both intergranular ductile
fracture and transgranular brittle fracture modes was found.

4. Discussion
4.1. Precipitation structures

Inspection of the present experimental data shows that pre-
cipitation sequences in the AA2519 alloy at 20 and 190°C are
distinctly different. At ambient temperature, the following precip-
itation process occurs:

SSSS — GP zones — GP + GPB zones (3)

No formation of GP zones was found upon natural aging in
AA2219 alloy [59]. It is known [16,60], Mg atoms which have an
atomic volume -~29% larger than Al atoms, give rise to an
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Fig. 7. Representative DF- and BF-TEM micrographs of AA2519 alloy aged for 20 hat 190 °C (a, b) and for 50 hat 190 °C (c, d). DF-TEM images (a, c) are picked up using {011},

reflection. Note, the aspect ratio of Q-phase precipitates is very high.

extensional distortion of the Al matrix. It seems to be appropriate in
relieving the compressive strain normal to faces of single layer GP
zones and 60”-phase and parallel to broad faces of 6”-phase
[16,48,60]. The reliving of distortions decreases the misfit strain
energy. Therefore, an increase Mg concentration decreases the
nucleation barrier [13] for the formation of GP zones [59]. The
second precipitation reaction in Seq. (3) is attributed to a very low
Si content in the present AA2519 alloy. No formation of GPB zone
was found in a grade of AA2519 alloy with Mg/Si~1.5 after several
years of natural aging [59]. It is known [61] a high binding energy Si
with Mg leads to the formation of Mg-Si clusters which are
continuously enriched in Mg upon natural aging. No exothermic
reaction (i) at 71 °C was found in AA2219 alloy and AA2519 alloy
with 0.13 wt%Si [59]. Therefore, Mg addition and lowering Si
strongly promote the formation of GP zones.

Long-term natural aging leads to the strong increase in the
density of GP zones and additional precipitation of GPB zones
providing a +47% increase in hardness, that is close to the effect of
“rapid hardening” in Al-Cu—Mg alloys [36,56,62]. This

Table 2

phenomenon in AA2519 can be termed “delayed hardening”
[36,50,56,62]. It is known [53,63] that the formation energy per
solute (Cu + Mg) of GP, 6”-phase and GPBII are —0.21, —0.24 and
~-0.2 eV/atom. Therefore, GPB zone has a slightly lower negative
energy than 0”-phase and the precipitation of GPB zone instead of
0”-phase takes place at room temperature due to lower activation
energy barrier. Long time is required for the solutes to overcome
diffusion distances for nucleation of GPB zones. Precipitation of GPB
zone is accompanied by extensive precipitation of additional GP
zones. Origin and nature of this phenomenon remain unknown. No
delay hardening is observed in AA2219 alloy [32]. It is worth noting
that long-term natural aging of the AA2519 alloy diminishes DSA,
completely. Therefore, significant portion of solutes depleted from
solid solution for precipitation of both GP and GPB zones.

At 190 °C, the precipitation sequences of (1) and (2) take place
and no evidence for precipitation of 6';-phase having rod shape and
the specific orientation relationship of {001}¢||{110}a|
(100)¢/||(001)a;, S-phase and o-phase (Als;CugMg,, Pm3,
a=1999nm) [14,16,21] was found. Mg addition refines a

Effect of aging time at 190 °C on characteristics of platelets precipitated on {001}, planes. PAC and OAC mean peak and overaging conditions, respectively.

-3

Ageing time, h Plates dimensions, nm Aspect Ratio Number density,#/m Volume fraction, %
diameter thickness

3 0" 21.0+75 1.23+0.36 17.15 1.5+£0.2 x 10?2 0.7+0.2

PAC 1

12 o 1322 +76.6 4.45+1.22 29.7 4.0+0.3 x 10%° 24409

PAC I

20 1333+ 846 5.40 +1.49 24.67 40+04 % 10%° 23+0.7

PAC III

50 132.5 + 80.0 5.83+1.85 22.71 3.9+0.2x10%° 33+0.8

OAC
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Fig. 8. Distribution of diameters (a) and thicknesses (b) of particles with plate-like shapes precipitated on {001}, planes after aging.

dispersion of 0”-phase due to increased density of GP zones playing
the role of nucleation sites for 6”-phase [59]. In addition, the
reliving of distortion decreases the misfit strain energy of 6”-phase
interfaces that reduces critical-size of nucleus [13]. The precipita-
tion of Q-phase in accordance with (2) leads to depletion of Mg
atoms from Al matrix to interfaces of the Q-phase that eliminates
the reliving of compressive misfit of 6”-phase interfaces and in-
creases strength due to coherent strengthening [38,64]. The peak
aged AA2519 exhibits increased hardness in comparison AA2219
due to refinement of 0”-phase and the formation of mixture pre-
cipitation structure consisting of {001}, and {111}, platelets of 6”-
and Q-phase, respectively [18,19], at the onset of peak aging
plateau. It is worth noting that no precipitation of Q-phase was
detected in AA2519 alloy with Mg/Si~1.5 showed lower strength in
the peak aged condition [59] in comparison with the present
AA2519. Si suppresses the formation of Q-phase if the Mg/Si ratio

(wt.%) is < 3 [65]. Therefore, Si is a detrimental impurity in AA2519
alloy.

Initially the nucleation of the 6’-phase is more likely to occur at
quenched-in dislocations due to the associated lower nucleation
barrier [13,63]. The replacement of uniformly distributed plates of
the 6”-phase by the none-uniformly distributed 6’-platelets yields
hardness plateau and poor defined second peak of hardness. Third
hardness peak associates with the appearance of uniform distri-
bution of the 6’-phase. It is known [21] that large Cu-rich clusters
may play a role of precursors for 6’-platelets. However, the pre-
cipitation of dense 6”-phase platelets makes impossible retaining
these clusters. Uniform nucleation of the #’-phase is more likely to
occur due to in situ transformation of 0”-phase interfaces [66]. This
nucleation mechanism provides strong refinement of the 6’-phase
in AA2519 alloy in comparison with AA2219 alloy and, therefore,
increased strength.
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Fig. 9. Fracture morphologies of AA2519 alloy subjected to natural (a) and artificial (b)
aging. The significantly different fracture mechanisms are evident.

4.2. Solvus lines of §"- and §'-phases

We have re-calculated the volume fraction of transition phases
to content Cu solutes in Al matrix taking into account stoichiometry
and density of 0”- and 6’-phases, and plotted the solvi of these
phase in the Al-rich corner of binary Al-Cu diagram. Fig. 10 and
Table 2 clearly show that the widespread metastable solvus curves
for the 0”- and ©'-phases obtained by indirect experimental
methods [13,14,27] are incorrect. The experimental data points are
shifted to the left despite the fact that Mg decreases the solubility of
Cu in Al [29,30,34,35,37]. Only ~14% of Cu is consumed for the
formation of the 0”- phase and ~4.3 wt%Cu retains in solid solution
at 190 °C. The small amount of Cu precipitated as 6”-phase provides
a high hardness and strength. 50 h of artificial aging increases the
amount of Cu consumed for the formation of the 6’-phases to
~3.3 wt%. Nearly the same values for the amount of Cu consumed
for the formation of this phase were reported in works [18,22,67]
after aging at 200 °C corroborating positions of metastable solvus
curves for 6”- and 0’-phases at Fig. 10. Thus, a major portion of Cu
may be precipitated in a form of 6’-phase. However, the strength of
the AA2519 with precipitation structure consisting of the 6”-phase
and mixed one consisting of 0”- and 0’-phases is essentially the
same. Therefore, the specific strengthening efficiency of the
shearable 0”-plates is greater than that of the non-shearable 6'-
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Fig. 10. Al-rich side of the Al-Cu binary phase diagram and corresponding solvi taken
from Ref. [27]. The calculated points are plotted on the graph.

plates. This is explained by the high number density of the 8”-phase
and the strong strengthening associated with coherent stress fields.

4.3. Effect of transient phases on mechanical properties

It is well known that the strength and ductility are usually
inversely correlated. However, long-term natural aging provides
the highest ovys, ours, ey and 6, concurrently. The HV/gys ratios
attributed to “delayed hardening” in AA2519 and “rapid hardening”
in Al-2.5 wt%Cu—1.5 wt%Mg [36,68] are essentially the same. The
combination of shearable GP zones and GPB zones, which are
highly resistance to shearing, provides this hardening. Interaction
of gliding dislocations with GP and GPB zones leads to continuous
work-hardening that provides high uniform ey and achievement of
hlgh OUTS-

Analysis of mechanical properties shows that the highest
strength, uniform elongation and ductility are attributed to the
formation of three-dimensional networks of shearable 6”-phase
plates on the {001} planes. The transition to a mixture of shear-
able 0”-phase and non-shearable 6’-phase plates has no effect on
ays, but decreases both elongation and ayrs. The full dissolution of
shearable 0”-phase particles decreases both oys and ductility
(Table 1). The onset of premature fracture of artificially aged
AA2519 occurs because of the decreased work-hardening ability.
The appearance of intergranular and brittle fracture modes has a
minor effect on the decreased ductility. Similar observations have
been reported in AA2219 [40].

To evaluate the work hardening behavior, the tensile testing
data were re-plotted in terms of true stress (c), with the slope of
the true stress-true strain plot (do/de) as a function of the true
strain (&) (Fig. 11). Three stage of work-hardening behavior [69,70]
are distinguished: Stage I is a rapid decrease in work hardening; the
transition from a linear to a parabolic dependence of do/de on e,
takes place at Stage II; at Stage I, a sudden drop of work hardening
occurs. Uniform tensile deformation occurs until the Considere
criterion; i.e., when the do/de is equal to the true stress o, necking
begins. Therefore, the transition from Stage II to Stage III has to
occur at the applied stress determined by the Considere criterion
for instability in numerous materials [69—71]:

do/de = 0. (4)

The AA2519 alloy in SST shows a prolonged Stage II (Fig. 11a). In
addition, the parabolic dependence of do/de on ¢ generally trans-
forms to a linear dependence with increasing strain. The onset of
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plastic instability occurs at o> do/de because of strong stress o0s-
cillations. DSA is responsible for the onset of necking at do/de>o.
Premature fracture attributed to Portevin-Le Chatelier effect has no
relationship to gyts and ductility. In AA2519 exhibiting “delayed
hardening”, the transition from Stage II to Stage Il matches the
Considere criterion and a pronounced linear Stage II is observed
(Fig. 11b). As a result, the material achieves high oyrs, after which
the onset of plastic instability occurs.

In contrast, Stage IIl is poorly-defined in artificially aged AA2519
(Fig. 11c—f). After 3 and 12 h aging, the onset of plastic instability is
attributed to stress oscillations. After 20 and 50 h aging, Stage II is
parabolic with a low rate of slowing down do/de value with
increasing e. Transition through the Considere criterion has no
remarkable effect on the dependence of dg/de on e. Thus, prema-
ture fracture occurs in AA2519T6 by the loss of work-hardening
ability at low strain. In addition, DSA facilitates the onset of plas-
tic instability in peak-aged (3 and 12 h) AA2519.

5. Conclusions

We have investigated the mechanical properties and related
precipitation structures in AA2519 after both natural and artificial
aging. The major results are as follows:

1. Natural aging of AA2519 induces rapid precipitation of
Guinier—Preston zones that have a slight effect on the mechan-
ical properties. Long-term aging for approximately 1000 h causes
a strong increase in the density of Guinier—Preston zones and the
additional precipitation of Guinier—Preston—Bagaryatsky zones.
This provides a superior combination of strength and plasticity:
ays = 305 MPa, ayrs = 450 MPa, ey~18%, 6 ~20%. These properties
are attributed to the pronounced work-hardening during ten-
sion. This phenomenon was termed “delayed hardening”.

2. At 190°C, the aging curve of the AA2519 alloy exhibits peak-
aged plateau with two poor-defined peaks. At the onset of
plateau for 3 h aging, the precipitation of the 6”-phase occurs.
This precipitation structure provides the oys of 290 MPa, oyrs of

425 MPa, ey of ~18%, 6 of ~21%. The second maximum of hard-
ness (after 12 h) associates with the mixed precipitation struc-
ture consisting of 6”- and 0’-phase. This precipitation structure
provides ays of 292 MPa, oyts of 409 MPa, gy of ~15%, ¢ of ~16%.
During overaging the 0’-phase replaces the 6”-phase.

3. Precipitation of the Q-phase on {111}, planes is observed in all
artificially aged conditions. The specific features of this phase
are a high AR (>100). The number density of Q—phase plates is
relatively low.

4. Analysis of the number density of 6”- and 0’-phases showed that
the metastable solvi of these phase are located to the right of
their generally accepted positions. The formation of 6”- and 6'-
phases may consume ~0.7 and ~3.3%Cu, respectively. In the
same time, the number density of 8”-phase is higher than that of
0’-phase by a factor of ~40.
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