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Abstract

In this study, the influence of high temperature exposure on mechanical properties as well as on
the microstructures of two Al-Cu alloys, has been investigated. Driven by an industrial will to use
structural aluminium at higher temperature than usually stated, this work is focused on the
characterization of the evolution of two commercial alloys, the 2219-T851 and the 2050-T84,
induced by an ageing treatment of 1000 hours at 200°C. Careful TEM observations confirm the
importance of the nanoscale precipitation and that the precipitate size and distribution strongly
influence the mechanical properties of the studied alloys. Results unexpectedly show that the
precipitates are more stable in time than the

precipitates at this

temperature. Regarding the mechanical properties related to ageing, it follows that the 2219-T851
alloy presents a reduced drop with time of its tensile test curves compared to the 2050-T84, thus a
limited, and at least less pronounced, temperature dependence. For an industrial application on
structural part, 2219-T851 alloy then appears to be a good candidate for long-term structural
applications at intermediate temperatures.
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Introduction

Aerostructures manufacturers are continually seeking solutions to reduce aircraft weight, and
aluminium alloys, with their low-density giving rise to excellent specific mechanical properties,
often appear as a pertinent choice when metallic parts are needed. Historically developed for lowtemperature applications, aluminium alloys are still being used with this specification, i.e. at
temperature generally below 80°C. Some applications of aluminium alloys can be found at
medium temperatures (in the range 80 – 110ºC) but mainly for non-structural applications. Usually
aerodynamic parts, as the wings leading edges for example, are made of aluminium alloys and the
temperature can be higher than 110°C [1]. For the supersonic flight, the Concorde highest
temperature was 127°C on the nose, an aerodynamic part non-essential for the aircraft structural
integrity [2]. In the case of heated structural parts, titanium alloys are preferred, essentially due to
their better mechanical resistance at elevated temperature. Consequently, on aircraft structures,
titanium alloys are being used for in-service temperatures above 80°C and up to 400°C (with ⍺,
near-⍺, β, and/or near-β structures [3,4]), while aluminium alloys are only used below 80°C-110°C
for structural parts, as it is generally considered that their mechanical properties decrease
excessively above 110°C. For structural applications, the replacement possibility of titanium alloys
by aluminium ones for long-term use at an intermediate temperature, that is when the mechanical
properties of aluminium are considered to be dropping down too rapidly, would, however, be of
great interest, as such a replacement would allow weight reduction, but also cost savings through
the low raw material and machinability costs. Aluminium alloys are indeed less expensive and
easier machined than titanium alloys [5].
Within the framework of this project, the aim was to find an aluminium alloy with a service
temperature of, at least, 150°C. To be able to use aluminium alloys at this temperature on
structural aircraft parts, ageing stability must be studied. In relation with industrial purposes, the
maximum service temperature has been fixed to 200°C. Hence the selection of the ageing
temperature to fit this targeted in-service temperature. Following these requirements, the alloy
choice has been made: two qualified aluminium alloys of the 2xxx series have been selected as
the aluminium-copper alloys of this series are supposed to have a good stability after thousands of
hours in temperature when compared to the other heat treatable aluminium alloys [6]. The 2219T851 alloy was selected due to the good ageing performance [6] as well as the 2050-T84 for the
results on the temperature tensile properties. As-received heat treatment was also of interest and
selected to correspond to the one already used for aircraft parts and to an overaged
microstructure.
Some results on the ageing of the 2xxx series aluminium alloys can be found in the literature but
most of them are focused on elaboration process optimizations. Indeed, the applications of higher
temperature during short periods of time, typically less than 200h [7], can enhance mechanical

properties but increase the production cost. Some recent research investigated over-ageing
behaviour on Al-Cu-Li alloys between 200°C and 305°C for less than 200 hours [8,9]. However,
almost no information can be found on aluminium ageing for a period as long as 500h or more. In
this work, the influence of a 1000 hours thermal ageing at 200°C at room temperature tensile
properties and microstructure evolution of two aluminium alloys of the 2xxx series is investigated.
To follow the evolution of the studied alloys, multiscale characterization and mechanical testing
have been conducted.

Materials

The two aluminium alloys selected for this study are the 2050-T84 and the 2219-T851 alloys, with
composition ranges given in Table 1. Both alloys were delivered as plate-like bulk pieces, 130 mm
thick for the 2050 and 80 mm thick for the 2219. For this study, the 2050 and 2219 alloys are
respectively associated with the specific thermomechanical T84 and T851 treatments. The T84
heat treatment for the AA2050 corresponds to a first solution heat treatment at 525 ± 5 °C followed
by a water quenching, then a cold work at approximately 4% and an artificial ageing at 155 ± 5 °C
for 18 hours [10,11]. The T851 heat treatment on the 2219 alloy is similar but with a solution heat
treatment at 535 ± 5 °C, followed by the cold working and an ageing treatment at 175 ± 3 °C for 18
hours. On this last alloy, another treatment was applied: a stress relief by stretching between 1
and 3% [10]. In the following, these thermomechanical treatments are called “as-received states”.

The 2219 alloy has been developed in 1954 (year of standard designation). Some authors [12,13]
have noted the high temperature stability of this alloy. They conducted several mechanical tests
on a 2219-T87 alloy heat-treated between 165 and 185°C and reported stable mechanical
properties of the alloy after being exposed between 12 and 30 hours at the given temperatures.
The tensile yield stress value was slightly above 300 MPa and, ultimate tensile strength was
around 400 MPa. Notice that these authors only studied these experimental conditions in order to
improve the thermomechanical process optimization, as mentioned previously [12,13]. The 2219
alloy mostly contains

precipitates, which have been widely studied in the literature [14–

16]. The precipitation sequence of the

precipitates is now well accepted [17,18]: starting from a

solid solution alloy, precipitates grow from Guinier-Preston zones to coherent
semi-coherent

precipitates to incoherent

precipitates to

precipitates with the known Al2Cu stoichiometry. The

precipitation sequence can be summarized as:

Where GP stands for Guinier-Preston zones [19,20]. -precipitates are platelets-like precipitates
lying in the {001}Al planes with various orientation relationships with the aluminium matrix [21,22].
It is worth noting that coarser intermetallic precipitates such as T-phase Al20Cu2Mn3 are also
present in the alloy microstructure [15]. These precipitates have an important influence on the
corrosion sensitivity of the alloys [23], mechanical properties [1,24] and also grain size control
[24,25]. They have been studied by several research teams but won’t be studied here as we will
focus our investigation on mechanical properties.

The 2050 alloy has been more recently developed and is part of the AIRWARE® brand developed
by Alcan Rhenalu SAS (now known as Constellium®) for space and aeronautical use [26]. This
alloy is the third generation of Al-Cu-Li alloys developed by Alcan Rhenalu SAS, with a reduced
lithium content. This alloy’s macroscopic properties and microstructure have been characterized
since the early 2010s in order to understand the microstructural changes characteristic of this
generation compared with the previous generation of Al-Cu-Li alloys and even with other
aluminium alloy series [25,26]. Apart from

precipitates, other nanometric precipitates

can be found in Al-Cu-Li alloys [27]. Two types of precipitates can coexist: T 1 – Al2CuLi and
. T1 – Al2CuLi platelet-like precipitates are lying in the {111}Al planes. The T1 – Al2CuLi
crystallographic structure was first determined by Meetsma et al. [14] and recently confirmed by
two different research teams [28,29]. Despite their observation on previous Al-Cu-Li generations
[26,30],

precipitates have not been found in the 2050 alloy due to the low Li content. In

addition to these precipitates, and due to the alloy chemical composition, another kind of
precipitate can be expected. Indeed with the presence of magnesium and silver in this alloy,
precipitates can be observed [31]. These precipitates are also lying in the {111}Al planes. Finally,
as in the 2219, coarser precipitates related to heavier elements are also present in the
microstructure, also affecting corrosion sensibility [32]. In this alloy, it has been found that Al3Zr
and T-phase Al20Cu2Mn3 precipitates are present [25].

Experiments

The thermal ageing was conducted on bulk pieces placed at 200°C for 1000h under air pressure
(noted ‘aged’ in the following). Ageing parameters have been chosen to correspond to a maximum
peak temperature seen by the alloys during foreseen in-service solicitations.
To understand the alloys’ behaviour before and after a long thermal ageing, several
characterization methods were used: mechanical testing, optical microscopy and Scanning and
Transmitting Electron Microscopy (SEM and TEM).
-

Mechanical testing was performed on cylindrical specimens with an effective diameter of 6
mm in accordance with the NF EN 2002-001 standard modified using a test speed fixed at
0.005 min-1 (approximately 0.8 .10-4 s-1). The tests have been realized on a RKM250 Zwick
equipment.

-

Optical observations were made after etching the samples for 30 seconds with Keller’s
reagent. Widely used to reveal aluminium alloys microstructure, the Keller reagent is
composed of 1 ml of 40 wt.% HF, 1.5 ml of 35 wt.% HCl, 2.5 ml of 68 wt.% HNO 3 and 95 ml
of H2O [33].

-

Scanning Electron Microscopy observations were performed using a dual-beam FEI Helios
600 Nanolab. SEM samples were smoothed out with graduated SiC papers and finally
polished with a 1 µm suspended diamond solution. The samples were observed with a 20
kV acceleration tension and a current of 1.4 nA. A circular backscatter (CBS) detector was
used to highlight the presence of intermetallic precipitates. To complete the study, size
characterization of the coarse precipitates was conducted by Image J software
(imagej.nih.gov/ij/) on SEM-CBS images.

-

Transmission Electron Microscopy observations were conducted on a JEOL JEM2010 HC
(with an LaB6 filament) at 200 kV. Microstructure characterization was carried out on thin
foils prepared by twin-jet electro-polishing in a 2/3 vol. % Methanol and 1/3 vol. % Nitric
Acid solution at 20 V and -15°C on samples mechanically polished until reaching a
thickness of 200 µm. Square samples (approximately 2 x 2 mm 2) glued with silver lacquer
to a copper grid were prepared for classical TEM imaging.

All observations were made on the as-received state alloys and after the long thermal ageing.

Mechanical properties

Tensile tests were realized at room temperature with the parameters given above on the asreceived and aged alloys (Figure 1). The values of yield and ultimate tensile strengths (referred in
the following as YS and US) are reported in table 2.
First of all, for alloys in the as-received state, the measured stress-strain curves are in a good
agreement with what was expected from the patent presented by Alcan in 2010 [34] or by Chemin
et al. [35] for 2050-T84 and reported in previous works for 2219 alloy [10]. The 2050-T84 alloy has
a high yield tensile strength, comparable to the alloys of the 7xxx series, and significantly higher
than that of 2219, with equivalent ductility. As expected, after being submitted to a long-term
ageing process, yield and ultimate tensile stresses of both alloys are significantly reduced. The
most affected material by long-term ageing is the 2050 alloy for which the decrease of static yield
tensile strength (YS) is estimated to 208 MPa in the Rolling Direction (RD), that is a reduction of
about 40% from the value before ageing. The impact of ageing on the 2219 alloy is less
pronounced with a reduction limited to 79 MPa in the RD, that is about 17%. The evolution of YS
with thermal ageing is also more significant for the 2050 alloys with a 271 MPa (54%) drop than for
the 2219 alloy (106 MPa, i.e. a reduction of 30% in the RD). The 2219 alloy then appears with
slightly better capabilities than the 2050 after ageing. Clearly speaking, while the 2050 alloy shows
a better tensile resistance than the 2219 alloy in the as-received condition, the 2219 alloy is better
than the 2050 after ageing treatment. As this heat treatment could be abruptly correlated to real
conditions of use, this may have profound industrial implications.

Another important point to emphasize is the differences in the stress-strain curve shapes, which
can be clearly evidenced by plotting the Kocks-Mecking curves (work hardening rates

as a

function of reduced stress (Figure 1b)) [36,37]. Heat treatment does not have a significant impact
on the hardening rate of the 2219 alloy. On the contrary, there is a great change for the 2050 alloy
before and after heat treatment. Between 1% and 3% of deformation, that is when the deformation
process has reached a steady-state behaviour, the hardening rate of the as-received 2050 alloy is
significantly lower than the ones for the aged 2050, whose behaviour looks like the one of the
2219 alloys, thus indicating a change in the involved deformation mechanisms.
Two hypotheses can be put forward to explain this change. Firstly, it could result from the
elaboration process. Indeed, the 2219 alloy underwent a stress relief treatment by stretching, and
not the 2050 alloy. On a general point of view, a higher initial dislocation density would result in an
improved initial yield stress, essentially related to forest hardening, and consequently a lower
hardening rate. However, it is not believed that a different initial dislocation density would modify
the shape of the work-hardening rate curve.

Secondly, it is well known, and it has been observed in aluminium alloys

[38,39], that the

hardening rate is very dependent upon the fine microstructure of the alloys. Indeed, the study of
the influence of the size and shape of the precipitates on the hardening response indicates that
smaller and more shareable precipitates are generally ascribed to a lower hardening rate than
larger ones, which are bypassed during deformation through the Orowan process. A change of the
strain-stress curve has already been observed for overaged Al-Cu-Li alloys [8,38,39]. In an Al-CuLi alloy, the authors observed a low hardening rate with the presence of small T 1 precipitates while
a high-hardening rate for thicker T1 precipitates. The difference between the two behaviours has
been linked to the dislocations/precipitate interaction nature: shearing or bypassing, respectively
[38,39].
It is then important to realize that the evolution of the shape of the strain-stress curves clearly
indicates a modification of the microstructural mechanisms activated during the deformation in the
2050 alloy between the as-received state and the thermally aged state, while for the 2219 alloy,
only a few, if any, microstructural changes should be expected.

Microstructure description

Alloys have been first observed at a medium scale using Optical and Scanning Electron
Microscopes (SEM), with the main objectives to measure the grains sizes and to identify the
relevant microstructural features.
The grain sizes were measured using the intercept method on optical micrographs. Straight lines
were drawn on the three characteristic directions, Rolling Direction (RD), Transversal Direction
(TD) and Short Direction (SD), relative to the hot-rolling directions of the plates, to determine the
mean intercept value and then the mean grains length and width. Average grain size and related
form factors are reported in Table 3. In the following, only the dimension of grains observed on the
TD-SD plane, that is perpendicular to the rolling direction, are reported. Notice that due to the
frequent observations of sub-grain boundaries in the 2050 alloy and in order to confirm the
presence of sub-grains boundaries in this alloy, EBSD SEM technique has been used. Since this
technique was only employed to discriminate the grain boundary nature, the results are not
presented here.

For the 2219 alloy (Figure 2) in the as-received state, the mean grain dimension is approximately
290 µm with a form factor of 1.84 (Table 3). Similar values have already been reported in the
literature [13]. On the as-received 2050 alloy, the grain dimensions are smaller. The mean grain
dimension is approximately 120 µm with a form factor of 1.5. The etching initially performed to
allow a better observation of the grain boundaries also revealed a precipitate free zone (PFZ) near
the grain boundaries in the 2050 alloy (Figure 3a.). This precipitate free zone can be evidenced
using SEM-CBS. On the Figure 3a. and in the proximity of a grain boundary, noted A for example,
it is possible to observe less white signal compared with the grain centre. As the Keller reactant is
sensitive to the hardening precipitates present in the aluminium matrix, this would tend to indicate
that, in the 2050 alloy, diffusion is accelerated in the vicinity of grain boundaries, preventing
precipitation from occurring or promoting the dissolution of close precipitates. Such PFZ has also
been observed elsewhere [32].
In order to confirm the nature of the coarse precipitates present in both 2219 and 2050 alloy
microstructures, SEM-EDX analysis and image analysis have been conducted. On the 2219 alloy,
results confirmed the large presence of coarse precipitates of Al-Cu within the microstructure. In
order to discriminate the nature of the analysed precipitates, surface density measurements have
been made. The quantification made with ImageJ software indicates the presence of Al-Cu
precipitates larger than 7,5 µm2. Other smaller precipitates, less than 7,5 µm 2, are present and are
mostly composed by Al-Cu-Mn-Fe. For the 2050 alloy, fewer precipitates can be observed. The
larger ones, bigger than 7,5 µm2, are Al-Cu-Mn-Fe precipitates while the smaller ones, less than
7,5 µm2 are Al-Ti-Mg-Mn precipitates. The analysis of the precipitate surface measured by image

analysis emphasize the difference between the two alloys, where in the 2219 alloy, the
precipitates have a measured surface density of 2,39%, compared to the 0.99% measured in the
2050 alloy.
For both alloys, the ageing treatment does not induce drastic changes in the mean grain size
(Table 3). With the SEM observations and for the 2050 alloy, the ageing treatment results in an
increased precipitation in grains and sub-grain boundaries. In addition, the precipitate free zone
along the grain boundaries is still present (Figure 3). On the microstructure of the 2219 alloy, no
significant change can be identified at this scale of observation.
The modification induced by the ageing treatment on the tensile properties observed previously in
both alloys might have been related to the Hall-Petch effect via a grain size modification. In this
case, this effect cannot be addressed:
-

The microstructure of the 2050 alloy is not stable throughout the ageing treatment,

-

The introduction of deformation during the elaboration processes of the two alloys,

-

The absence of significant change on the 2219 alloy microstructure explaining the tensile
property variations.

With these points, the observed increase of this mechanical property cannot be ascribed to grain
size variation. It is believed that the origin of these modifications requires a study at a finer scale,
with TEM observations.

Evolution of the Fine Scale Microstructure

Conventional TEM observations clearly show that the microstructure of both as-received alloys is
already filled with numerous hardening (nano)precipitates (Figure 4). These fine precipitates are
known to impede the motion of dislocations upon stress, thus giving rise to a substantial increase
in yield stress compared to pure aluminium [6].
In both alloys, these hardening precipitates are plate-like shaped. In the 2050-T84 alloy (Figure
4a.), the precipitates can be indexed using Selected Area Electron Diffraction (SAED, Figure 5a.)
pattern as T1 – Al2CuLi precipitates. Figure 6 has been used for the SAED indexation, as it
presents the diffraction pattern of the precipitates found in 2219 and 2050 alloys when orientated
in a <001>Al direction. These precipitates have been previously reported in this alloy [26] as well as
in other Al-Cu-Li alloys, such as in 2198 [39] or 2055 alloy [8]. They have been widely studied in
the literature of Al-Cu-Li alloys, and, as observed here, are known to form platelets lying in the
{111}Al planes of the aluminium matrix: this is why they appear edge-on in the <110>Al observation
directions (Figure 4a.). During deformation, these 3 atomic layers wide precipitates [29,38] are
usually sheared by gliding dislocations. It is worth emphasizing that while these precipitates have
a small thickness, their density here is inversely very high. This has a direct consequence on the
mechanical properties of the 2050 alloy: as the efficiency of the precipitates to block the
dislocations is a function of the distance between precipitates, a high density of precipitates well
explains the high level of yield stress observed for this alloy. The overlapping of stress fields
surrounding the precipitates has an experimental drawback: the difficulty to observe well resolved
contrasts in conventional TEM.
Compared to the microstructure of the as-received 2050 alloy observed by TEM, the as-received
2219 one (Figure 4b.) contains different larger precipitates. The plate-like precipitates observed in
this alloy microstructure are

–

precipitates lying in the {100}Al planes. This is why they

appear edge-on with a 90° symmetry when observed along a <001>Al direction (Figure 4b.) Even
though the exact structure is still being discussed, the observed SAED pattern (Figure 5b.)
matches with the precipitate structure proposed by [22]. Due to their larger size, these precipitates
are more difficult to shear and then mostly bypassed by the Orowan mechanism [15]. Between
these thicker precipitates, smaller precipitates can also be observed, areas are pointed with the C
arrow (Figure 4b.). To confirm the nature of these precipitates, the selection of a small area to
have a representative SAED pattern is experimentally very difficult. Nevertheless, considering the
precipitate orientation and the alloy chemistry, it is possible to assume that these are

or

precipitates as the GP zones are nearly impossible to observe with conventional TEM. These
smaller precipitates play an important role in the as-received alloy, as they decrease the mean
spacing value between precipitates and thus contribute to the enhanced mechanical properties.

After the 1000h ageing treatment at 200°C, the fine microstructure of both alloys has changed
(Figure 7). In the 2050 microstructure (Figure 7a.), T1 – Al2CuLi precipitates can still be observed
but they appear thicker compared to the as-received alloy, precipitates pointed by B arrows
(Figure 7a.). Also, a new precipitate family can be observed, the precipitates are indicating with A
arrows on Figure 7a. Using SAED, this new precipitate family can also be indexed as

–

precipitates. Figure 7a. presents the SAED pattern orientated in a <001> Al direction show strikes
with thicker parts where the diffraction of the

phase occur [40]. Due to the crystal orientation

<110>Al, they are not being seen edge-on as they are lying in the {100}Al planes. Thus, they appear
thicker than the T1 precipitates in the Figure 7a. Notice that it is not possible to know if these
precipitates, as well as some precursors such as GPI zones or GPII zones/

precipitates, appear

during the ageing treatment or if they were too small to be seen by conventional TEM. In fact,
streaking along the <100>Al directions which can be observed on the SAED pattern of the asreceived 2050-T84 (Figure 5b.) is known to be due to the presence of Cu-rich GP zones in the
{100}Al planes [41]. With further ageing, the streaking presents brighter points near the diffraction
of the

phase.

From this observation, it results that the density of hardening precipitates has largely felt down
after ageing of the 2050 alloy, resulting in a consequent increase in the mean distance between
precipitates, thus lowering the yield stress by promoting Orowan process instead of shearing of
precipitates. This is fully in accordance with the reduction of the yield stress, and the variation of
the work-hardening rate (Figure 1b.), which is low for as-received, thus connected with shearing of
precipitates, and higher after ageing, thus related to more frequent Orowan mechanism [15]. This
can explain the wide presence of T1 precipitates in the as-received 2050 alloy.
As mentioned before,

precipitates have been reported in the 2050 alloy. However, as noted by

different authors, the SAED pattern of the

and of the T1 phases are too close to be

distinguished. For example, SAED pattern of an Al-Cu-Li without magnesium or silver [42] is very
close to an SAED pattern of an Al-Cu-Mg-Mn-Ag alloy [41]. The

precipitates have not been

found in Al-Cu-Li alloys so far, and in a recent study highlighting the effect of magnesium in these
alloys, it has been concluded that magnesium allows a selective precipitation of the T 1 – Al2CuLi
precipitates [43].
On the 2219 alloy, the

–

precipitates are also thicker after the ageing treatment. This is

also confirmed by the SAED pattern observations. The Figure 7b. which corresponds to the
diffraction of the 2219 aged microstructure, is quite similar to the Figure 5b., the as-received one.
However, and even if it appears that the small-sized precipitates have disappeared or at least
became very small and by consequence hardly visible, the important point is that there is not a
drastic change of the mean distance between

–

precipitates before and after ageing. It

thus results that the yield stress of the 2219 alloy after ageing, while reduced compared to asreceived alloy, has essentially retained its magnitude or only slightly decreased. Regarding the

hardening rate, as the mechanism by which dislocations overcome the precipitates is also
essentially conserved, it is not abnormal to observe equivalent hardening rates before and after
ageing for the 2219 alloy.
It is worth emphasizing that a detailed statistical description of the distances between precipitates,
correlated with the nature of the dislocation/precipitate interaction, would allow estimating the
theoretical yield strengths, to be compared with the measured ones (work in progress).
At this point, the precipitates stability can be discussed. The presented results have shown, for the
ageing behavior of the 2020-T84 alloy, the precipitation of the

phase. This phase appears with

the ageing treatment, sign of the thermal stability at this temperature when compared to the
phase. First, the precipitation temperature can be addressed. These two phases present very
close precipitation temperature: from 280°C to 300°C at 5°C.min-1 [44–46] for the
280°C and 325°C at 50°C.min-1 [39] for the
precipitation temperature of the
is 5°C.min-1. Thus,

phase and

phase. Due to the heating rate variation, the

phase is lower than the presented values when the heating rate

phase exists at lower temperature than

phase. Secondly, the growth

mechanism can be addressed. It is believed that after approximately 80 hours at 190°C, the
growth of the

phase has stopped with a mean thickness of 2 nm [39]. For the

have been measured up to approximatively 14 nm (24

with

phase, platelets

[22]) after 24 hours

placed at 200°C. Due to the close precipitation temperatures and growth possibility of the
phases, the apparition of the
compared to the

phase.

and

during the ageing treatment at 200°C indicates its stability when

Conclusions

In order to consider the use of aluminium alloys at an intermediate temperature for a structural
application, mechanical test followed by the characterization of the microstructural evolution has
been conducted on two 2xxx aluminium alloys, in the as-received T8 state and after a
supplementary ageing treatment of 1000 hours at 200°C. The results have shown a drop of tensile
properties of both alloys but with very different magnitudes. After the ageing treatment, the 2219
yield stress only drops of about 80 MPa while the 2050 yield stress drops of more than 200 MPa
(tests performed in the rolling direction). This work demonstrates that these changes are linked
with the evolution of the microstructure at a fine scale. Indeed, 2219 alloy presents only a slight
change in size and distribution of the hardening nanoprecipitation. For the 2050 alloy, the
disappearance of the smallest precipitates, which were responsible for the superior mechanical
properties in the as-received state, is at the origin of its great strength decay. It is then envisioned
that when the mechanical properties stability with temperature is sought, microstructures with
more stable precipitates, such as the

–

ones, should be favoured, compared to T 1 –

Al2CuLi precipitates giving rise to better mechanical properties but less stable in time with
temperature.
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Table 1. Nominal composition of the studied 2219 and 2050, as per AMS4262 and AMS4413
respectively.
Alloy

Constituents (wt.%)
Cu

Fe

Mg

2219

5.80–6.80 <0.30 0.02

2050

3.20–3.90 0.1

Mn

Si

0.20–0.40

<0.20 0.02–0.10 0.05–0.15

<0.10 0.10–0.25 -

0.08

0.25

0.20–0.60 0.20–0.50

Ti

-

V

-

Zn

Zr

Li

Ag
-

0.06–0.14 0.70–1.30 0.29

Figure 1. a. Engineering stress-strain tensile tests performed at room temperature and b) the
corresponding work-hardening rates (in a log-log scale).

Table 2. Summary of the tensile tests realized at room temperature for the as-received alloys and
Thermal Aged alloys (noted ‘aged’) (Yield Tensile Strength (YS) and ultimate (US) strength values
and the elongation ( ) at breaking are reported in the Rolling Direction (RD) and the Transverse
Direction (TD) of the plates).
Alloy

2050

2219

Heat treatment

T84

aged

T851

aged

RD

535 ± 2

327 ± 3

457 ± 2

378 ± 5

TD

517 ± 4

330 ± 2

431 ± 7

373 ± 5

RD

502 ± 2

231 ± 3

358 ± 1

252 ± 3

TD

463 ± 3

231 ± 2

350 ± 5

245 ± 3

RD

9.7 ± 0.8

12.4 ± 0.7

11.2 ± 0.4

13.4 ± 0.4

TD

7.4 ± 0.9

10.0 ± 0.6

8.0 ± 0.3

9.8 ± 0.4

Ftu (MPa)

Fty (MPa)

(%)

Table 3. Grains dimensions and aspect ratio of the 2050 and 2219 alloys in as-received states
(T84 and T851) and after the Thermal Ageing (TA1). Results are given for Rolling Direction (RD),
Transverse Direction (TD) and Short Direction (SD).
Alloy

2050

2219

Heat treatment

T84

TA1

T851

TA1

127± 13

132 ± 35

299 ± 32

234 ± 29

RD-TD

1.6

2.3

1.9

1.8

RD-SD

3.2

4.0

4.0

3.4

TD-SD

2.0

1.8

2.2

1.9

Measured
dimension
RD, µm
Aspect ratio

Figure 2. Optical micrographs of the 2219 alloy a. as-received state and b. after ageing. Rolling
direction and short transverse directions are noted on the micrographs RD and ST respectively.
Dark dots are related to the presence of coarse precipitates.

Figure 3. SEM-CBS micrographs of the 2050 alloy a. as-received state and b. after ageing where
A arrows indicate grain boundaries with the presence of a precipitate free zone from either side,
and B arrows are pointing towards possible sub-grains boundaries.

Figure 4. TEM observations on the as-received state alloys. a. The 2050 alloy observed in
<110>Al direction and b. 2219 alloy observed in <001>Al direction. A arrows show precipitates in
(111)Al planes, B arrows the precipitates in (100)Al planes and C arrows show areas with small
precipitates.

Figure 5. SAED patterns of a. the 2050-T84 and b. the 2219-T851 captured with an electron beam
parallel to the <001>Al

Figure 6. Schematic diffraction pattern of the direct (disks) and double diffraction (circles) of the
and

phases based on the literature [42,47,48].

,

Figure 7. TEM observations of the aged alloys. a. The 2050 alloy in <110>Al direction and b. 2219
alloy in <001>Al direction. A arrows show precipitates in (100) Al planes and B arrows precipitates
in (111)Al planes.

Figure 8. SAED patterns of a. the aged 2050-T84 and b. the aged 2219-T851 captured with an
electron beam parallel to the [001]Al.

