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Abstract: In this study, the microstructural variations, mechanical properties and forming limit diagrams (FLD) of Al
2024 aluminum alloy sheet with the thickness of 0.81mm are investigated during natural ageing (T4) treatment. The
most formability in Al 2024 can be achieved just after solution treatment, and it is better to perform the forming process,
on this aluminum alloy sheet, in this condition. However, in industrial applications, there is usually a postponement
for some hours after solution treatment to begin the forming process that it means the forming process should be done
at the natural ageing condition. This condition decreases the formability of Al 2024 sheets. To monitor the properties
variations in natural ageing condition, FLDs were determined after specific times (e.g., 0.5, 1.5, 4 and 24 hours). The
variations in micro-hardness, yield strength, ultimate tensile strength and elongation at break were observed with
changing the ageing time. The scanning electron microscope (SEM) investigations illustrated that density and size of
precipitates were changed with ageing time. Moreover, the Nakazima test was utilized to study the forming limits considering the natural ageing condition. Results showed by increasing the ageing time, up to 4h, the majority of properties
variations could be seen, and from 4h to 24h, the variations were changed slower.
Keywords: Aluminum alloys, Natural ageing, Solution, Forming limit diagrams.

1. INTRODUCTION
Aluminum alloys properties can be enhanced
by controlling solution and ageing treatment
parameters. With ageing at room temperature
(natural ageing), the mechanical properties could be
stable after some days, especially for 2000 series.
Al2024 is one of the practical alloys of aluminum
alloys that are used most in the aerospace industry
because of its high strength to weight ratio and good
fatigue resistance [1]. The mechanical strength
and formability are two important factors in sheet
metal industries. The ageing heat treatment can
improve the mechanical properties of the processed
specimen, but it causes decreased on formability
properties. So it is essential to investigate the
mechanical and formability properties of Al 2024
aluminum alloy sheet during ageing heat treatment.
The strain-based forming limit curve (FLC) that
is shown with critical major and minor principal
strains is a valuable tool for specifying sheet metal
formability [2,3]. Nakazima test is usually used
to obtain FLC of sheet metals experimentally [4]
according to the ASTM E 2218-02 [5] and the ISO
12004-2 standards [6].
Bagaryatsky [7] studied the phase evolution in

Al–Cu–Mg alloys and he introduced four-stage
precipitation for ageing, as below:
SSS → GPB zone → S”/GPB2 → S’ → S
By passing of time, the phase supersaturated
solid solution (SSS), and GPB transformed into
the metastable Al2CuMg (S’), or Al2Cu (θ’)
precipitates that they are kind of preform to the
S and θ equilibrium particles [8-14]. Different
works were performed to examine the role of these
precipitates and phases on mechanical properties of
the aged Al–Cu–Mg alloys [15–17].
Dilmec et al. [18] investigated the effect of
anisotropy and sheet thickness on the formability
of AA2024 in T4 condition, experimentally. They
used a new method (the interpolation method) for
measuring strains by using a grid analysis method.
Also, for studying the forming limit curves with more
accuracy, they added some new specimens to the
regular test specimens, at the plane strain mode, that it
improved the accuracy of the FLCs at the plain strain
mode. Moy et al. [19] investigated the effect of heat
treatment on texture, microstructure, and formability
of AA2024 sheets. They aged the sheets with two
different thicknesses for different times at a constant
temperature 150◦C. They performed the ageing
at three times- for 2.5hr, two days and one week.
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After formability analysis, it concluded that at 2days
condition, the formability in plain strain mode was
better than other conditions. Afzal et al. [20] studied
the mechanical properties and microstructural features
of alloy AA2024 in artificially condition. They studied
the hardness, tensile test, XRD and microstructural
pictures and fractographs analysis at an aged
temperature between 105 to 195◦C for different times.
For the microscopic study, they employed scanning
electron microscopy (SEM) and X-ray diffraction
(XRD). They illustrated that by variation of the ageing
time or temperature, the yield strength, ultimate tensile
strength, hardness, plastic elongation and the elastic
modulus were changed anomalously. Dilmec et al.
[21] investigated the effect of solution heat treatment
parameters on formability index and mechanical
properties of the AA2024 sheet. They studied the
effect of solution temperature, soaking time, heating
rate and quenching delay to find the optimal solution
heat treatment parameters. They concluded that the
best temperature for solution treatment was 493◦C
and the mechanical properties were decreased with
lower and higher temperature. The effect of solution
temperature was more than the effect of the quenching
delay and soak time. By increasing the quenching
delay, the mechanical properties and formability were
decreased. Also, the heating rate had a slight effect on
these properties.
In this paper, forming limit diagram, mechanical
properties and microstructure variations of Al-Cu-Mg
alloy sheets at room temperature after solution and
during ageing at different times- 0.5, 1.5, 4 and 24 hours
are investigated. This is a new result, and this paper adds
it to the existing literature that refers mostly to hardness
and the evolution of the microstructure during ageing.
2. MATERIALS AND EXPERIMENTAL PROCEDURE
2.1. Material

In the present study, an Al–Cu–Mg alloy sheet
with gauge thickness of 0.81mm were utilized.
The material chemical composition (in wt. %) was
specified by quantometery analysis and is reported
in Table 1.

Al
Balance

2

Cu
4.39

2.2. Heat Treatment Process

The sheets were solution treated at 493◦C for 30
minutes [22] and after cold water quenching, agehardened at room temperature up to 24 hours.
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(2)

(3)

Where a, b, and c illustrated the ellipse’s major and minor diameters and t
Where a, b, and c illustrated the ellipse’s major and minor diameters and t
Table. 1. Chemical composition (in wt. %) of Al 2024 Alloy
diameter, respectively [24].
diameter,
respectively
[24].
Mg
Mn
Fe
Si
Cr
Zn
V
Ti
Other
0.997

0.453

0.206

0.0904

0.0084

0.0359

0.0134

0.0197

0.098
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Where a, b, and c illustrated the ellipse’s major
and minor diameters and the initial circle diameter,
respectively [24].
a)

b)
Fig. 5. The experimental FLD equipment

3. RESULTS AND DISCUSSION
3. 1. Tensile Behavior

Fig. 2. a) Geometry of tensile test specimen b)Schematic
view of the experimental setup for FLDs determination

Fig. 3. The specimen geometries were used to determine
the FLC1 (all the dimensions are in mm) [24]

The mechanical and material properties were
achieved by standard tests, using specimens by subsize geometry. The tests were performed according
to ASTM-E08/09 standard, at a constant speed of
3 mm/min. Fig. 6 shows the stress-strain diagrams
which were achieved by the uniaxial tensile tests for a
solution and aged samples. It can be illustrated that by
increasing the ageing time, the yield and the ultimate
strength were increased, whereas the elongation to
failure was decreased. Based on the different ageing
times, changes in the yield strength, the ultimate
strength, and the elongation at break, are illustrated in
Fig. 7. As be seen by ageing from solution treatment up
to 24 hours, the ultimate tensile strength was increased
from 313MPa to 411MPa that shows 31% growth and
the elongation at break was decreased from 15.4% to
12.9%, which shows 19% reduction.

Fig. 4. Typical deformed specimens

1. Forming limit curve

Fig. 6. The true stress-strain curve for heat treated samples
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aged initially until getting high resistance to thinning
and then shaped, though, the desired shape cannot be
achieved [25].

Fig. 7. Changes in the ultimate strength, yield strength, and
elongation at break based on the heat treated samples

3. 2. Micro-Hardness Investigation

The hardness contribution is related to some
reasons, such as the distribution and size of particles
or precipitations, coherency of this precipitation to the
alloy matrix and abutment of the particles. The cause
of hardness growth is related to changing the stress
field environs the precipitates. After solution treatment
and quenching, some clusters could be formed,
and they caused local strain that results in hardness
increasing. By continued ageing, by producing of
larger aggregations of Cu atoms on a specific plane
of the alloy matrix (θ”), the hardness increased more.
Then, some of the precipitate platelets of θ’ that has a
coherency with the matrix, created and could produce
a growth strain field and further hardness increasing.
Finally, after continuing ageing the equilibrium phase
that is incoherent with the alloy matrix, is produced
and it is the onset of hardness decreasing [17].
The micro-hardness variation was measured in
heat-treated samples are demonstrated in Fig. 8. It
is evident that in this alloy by ageing up to 4hr, the
hardness, increased to 94% in comparison with the
solution treatment. By ageing process from 4hr to 24hr,
the variation was with mild slope and the hardness
growth just 6.6% in comparison with ageing for 4hr.
According to Fig. 7 the elongation follows an
opposite relation to the ultimate and yield strength.
These results showed two different viewpoints to
the industrialists. The first approach recommends
shaping the material in the beginning before ageing
process. The second approach recommends to age
the sheet ﬁrst and then form it. This decision usually
is made according to the application. For example,
if the application needs high strengthening in some
position of the sheet that means the sheet needs to be

4

Fig. 8. Changes in micro-hardness based on changing the ageing
temperature

3. 3. Forming Limit Diagrams Investigation

After calculating all true limit strains, the FLDs
were drawn for five considered temperatures. Fig.
9 illustrates the forming limit diagram after solution
treatment. The best formability for this alloy was
achieved in this case. The FLDo for this state is about
0.149. Fig. 10 is demonstrating the FLD for ageing at
the time 0.5hr. The FLDo for this case is about 0.139 that
shows 7.2% dropping compared to solution treatment.
Fig. 11 show the FLD after 1.5hr. The FLDo for this
condition is about 0.13 that decrease 6.9% compared
to previous state (0.5hr). In Fig. 12 could be seen FLD
after 4hr. The FLDo for this condition is about 0.108
that decrease 20% compared to the previous state
that it caused experiencing a significant decrease in
FLDo amount, which the cause is: more precipitates
distribution. Fig. 13 display the FLD after 24hr. The
FLDo for this condition is about 0.1 that decreased 8%
compared to the previous state.

Fig. 9. Forming limit diagram after solution treatment
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Fig. 13. Forming limit diagram after 24hr
Fig. 10. Forming limit diagram after 0.5hr

Finally, in Fig. 14 it can be compared the FLD
in all conditions at a glance.
a)

Fig. 11. Forming limit diagram after 1.5hr
b)

Fig. 14. a) FLDo variations according to time-consuming
b) Forming limit diagram for all heat treatment conditions

Fig. 12. Forming limit diagram after 4hr

Table 2. The forming and the mechanical properties of Al 2024 alloy
Sample

Micro-hardness
(HV)

Ultimate Tensile
Strength, (Mpa)

Yield Strength,
(Mpa)

FLDo

Elongation at
Break, %

Solution

70

313

110

0.149

15.4

Ageing at 0.5hr

97

329

130

0.139

14.8

Ageing at 1.5hr

110

343

160

0.13

14.2

Ageing at 4hr
Ageing at 24hr

136
145

385
411

205
247

0.108
0.1

13.3
12.9
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With the comparison between the FLCs in Fig. 14,
bypassing of time, the curves convexity increased that
the cause is increasing the intensity of brittle fracture
in specimens.
3.4. Microstructural Investigations

For observing the variations in specimens, first,
we polished the surface of the sample by using emery
papers of different grades followed by their polishing
using 3µm Al2O3 particles. The micro-structural pictures
were investigated for four ageing times. In Fig. 15, the

pictures with magnification 1000X are displayed. As
for being seen in this figure by passing of ageing time
the precipitates were changed, and the number and
size of them were increased, so that this increasing
up to 4hr had most of its growth, and from 4 to 24hr
this increasing was fewer, and just the precipitates
distribution increased. It is noteworthy that the ideal
distribution could be achieved when the precipitations
have a medium size because when the particles have a
big size, their number for prevention against dislocations
are not enough and when they are very small, they can’t
stop the dislocations as well [26, 27].

a

b

c

d

Fig. 15. SEM pictures at times a) 0.5h b) 1.5h c) 4h d) 24h with a magnification of 1000X
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It is necessary to mention that for more clarity
of photographs and better determinations of
precipitates and particles, the figures were changed
to more color contrast by software [28-34].
In Fig. 16 it can be seen the SEM pictures by
greater magnifications. In this figures, community
and growing the precipitates are illustrated.
By observing Fig. 15 and Fig. 16 it can be
seen that by ageing the specimens up to 24h,
a lot of white and dark gray precipitates and
particles produced, that each of them represent

a specific phase with different chemical
composition in (Fig. 17). Also at some different
place of the matrix, clustering of the particles or
precipitations can be seen.
In 2024-T4 alloys often the precipitates
Al2CuMg in a sphere shape, (Mn, Fe) SiAl12 with
Irregular shape, Al7Cu2Fe with Dispersed particles
Cu2Mn3Al20, are formed. Kind of precipitates
Al2CuMg which formed in the ageing process
that is many fines which seen just by TEM.
These precipitates called S particle. The study’s
conclusions show that there are two kinds of an

a

b

c

d

Fig. 16. SEM pictures at times a) 0.5h b) 1.5h c) 4h d) 24h with a magnification of 3000X
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intermetallic particle in aluminum alloys Al-CuMg. First one the particles involve Fe and Mn, the
second one the particles involved Cu and Mg. By
The presence of particles Fe and Mn in these alloys,
the Equilibrium phases Al6(Cu, Fe) and Al6Mn are
formed. But in Non-equilibrium conditions, there is
the possibility of making particles Al6(Cu, Fe, Mn).
Because often aluminum production condition, such
as 2024 alloys, are Non-equilibrium, the presence
of mentioned particles were reported. Particles
involved Fe and Mn in aluminum alloys are formed
during the freezing process and are insoluble in
aluminum background phase [28, 29].

4. Conclusions
This paper investigated how natural ageing heat
treatment influences the mechanical properties,
microstructural variations and forming limit
diagrams of Al-Cu-Mg alloy sheets. The achieved
results are as follows:
1.

2.

3.

4.

It is evident that in this alloy by ageing up to 4h,
the hardness was increased to 94% in comparison
to solution treatment and from 4h to 24h the
variation was with a mild slope, and the hardness
growth was just 6.6% in comparison with ageing
for 4h.
It could be illustrated that by increasing the
ageing time, the yield and the ultimate strength
increased, whereas the elongation to failure
decreased. By ageing from solution treatment up
to 24 hours, the ultimate tensile strength increased
from 313MPa to 411MPa that show 31% growth
and the elongation at break decreased from 15.4%
to 12.9%, which show 19% reduction.
According to forming limit diagrams by
comparison between FLDo points from solution
condition to ageing for 24h, it was observed
by passing the time, the forming limits were
decreased and from 1.5h to 4hr it was occurred
a noticeable decrease that the cause was more
precipitation distribution and then a full brittle
fracture which was occurred in this condition.
By investigating the microstructure figures
observed that bypassing of ageing time the
precipitates were changed and the number and size
of them were increased, so that this increasing up
to 4hr had most of its growth, and from 4hr to 24h
this increasing was fewer, and just the precipitates
distribution increased.
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