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Creep age forming of 2124 aluminum alloy with single/double curvature
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Abstract: In order to investigate the springback rules, the variation characteristics of physical property and microstructure in bending
creep age forming process, a series of creep forming tests of 2124 aluminum alloy were conducted based on three kinds of single and
double curvature forming tools. The results show that the spingback rate would be the minimum under the optimal coupling
conditions among the temperature, aging time and internal stress state of material. Difference exists in the two directions of the
formed sample with double curvature, but the curvature variation keeps the same. Yield strength, ultimate tensile strength and
fracture toughness of the double curvature formed sample appear to be higher than those of the single curvature formed sample under
the same aging condition, but the elongation and the anisotropy are opposite.
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1 Introduction

Creep age forming (CAF), a novel process which
combines age-hardening and stress-induced deformation,
has been developed rapidly due to the increasing
demands in aerospace industry for manufacturing large
integrally stiffened lightweight panels [1—4]. Compared
with the other conventional plastic forming methods,
CAF has the main advantages of the material safety and
the repeatable process, as well as the ability to produce
components with complicated curved surface. In the
CAF process, after the solution treated component is
loaded onto the tool surface, it is kept at certain aging
condition, then the part is released and partially
springbacks to a shape somewhere between its original
shape and the tool shape [5,6]. This phenomenon occurs
due to the stress relaxation and the microstructure
variation during the coupled thermo-mechanical process
[7-9]. Therefore, a large number of studies on spingback
law, mechanical properties and microstructure of alloys
are necessary to establish a balance among them. Several
relevant investigations have been reported so far. DENG
et al [10] investigated the characteristics of
microstructure and property in creep aging process of
2124 aluminum alloy. CHEN et al [11] investigated the
effects of temperature on the creep behavior of 2024

aluminum alloy. ARABI et al [12] investigated the
effects of time and temperature on the creep forming of
7075 aluminum alloy. To predict the springback, many
creep constitutive models [13—15] have been established
for different kinds of aluminum alloys, and the
constitutive relations have been considered along with
the mechanical properties. However, these are merely
based on uniaxial tensile tests and single curvature tools.
As for the CAF process with more complex tool shape,
such as double curvature, the corresponding basic
researches are limited in the literatures yet.

In this work, CAF experiments of 2124 aluminum
alloy were designed with self-made single/double
curvature forming tools, and corresponding tests were
conducted on spingback, mechanical properties and
microstructure of the formed samples.

2 Experimental

2.1 Tools and specimens

Hot rolled sheets of 2124 Al alloy with the
dimensions of 230 mmx130 mmx5 mm were used in this
study, and the chemical composition is presented in
Table 1. The structure and components of the prepared
forming tools are shown in Fig. 1. The sheet specimens
used in the CAF experiments could be classified into
three types according to the tool surface: the first kind
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Fig. 1 Schematic illustration of creep forming tools: (a) Assembly diagram of tool parts; (b) Fixing plate and clamping bolts;

(c) Upper die; (d) Al sheet on tool surface

Table 1 Chemical composition of 2124 alloy (mass fraction, %)

Cu Mg Mn Ti Zn
4.18 1.46 0.52 0.028 0.03
Cr Fe Si Al
0.003 0.22 0.11 Bal.

of sheet was used in the single curvature tool with a
curvature radius along the length direction R;=1000 mm
(denoted as SCAF); the second kind was used in the
double curvature tool with a curvature radius along the
long direction R;=1000 mm and along the width
direction R,=2000 mm (denoted as DCAF); the third
kind was used in the double curvature tool with R;=3000
mm and R,=6000 mm (denoted as RDCAF).

2.2 Heat treatments

After being solution treated at 495 °C for 45 min
and water quenched, the hardness values of the 2124
aluminum alloy samples when exposed at different
temperatures for different intervals of time are shown in
Fig. 2. A dominant trend can be observed for all of the
samples and all of the aging conditions: the hardness
goes up as the aging time and temperature increase, and
further increase in the aging time results in a maximum
after which the hardness decreases. It can also be known
that the first time to reach the maximum hardness at
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Fig. 2 Hardness of 2124 Al alloy following change of aging
time at different temperatures

temperature of 125, 165, 185 and 200 °C are 24, 16, 12
and 6 h respectively. For this reason, the four peak aging
conditions were chosen to the CAF experiments of 2124
aluminum alloy sheets based on the aforementioned
forming tools.

2.3 Overall experimental procedure

The experimental procedure, as shown in Fig. 3, can
be described as follows. After being solution treated and
water quenched, the specimens were kept at a
refrigerated condition to reduce natural aging.
Subsequently, the sheet specimen was mounted on the
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tool and was then clamped using bolts (Fig.1 (b)). Then,
the whole assembly was placed in the furnace and the
creep aging process started. After aging for a certain time,
the heating was switched off, the furnace was opened and
the load was removed. The CAF process could also be
divided into three steps: in the first stage, the specimen
was elastically loaded onto the tool surface; then the
specimen kept its shape during the aging process, and the
combined effect of stress relaxation due to creep and age
hardening due to precipitation acted until the end of the
second stage; in the last stage, the specimen was
retrieved and could not return to its initial shape for the
effect from the previous stage, as shown in Fig. 4.
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Fig. 3 Schematic drawing of experimental process

Sample tests

/

v

(a)

Midline [nitial specimen

/ /

Formed shape

_____

Forming tool
(b)
Fig. 4 Schematic drawing of double curvature bending (a) and
springback (b)
2.4 Test methods

The definition of the springback is quantified by a
factor according to

17 =(dpax ' dy)*100% (1)
where d,is the maximum vertical distance between the

initial specimen and the forming tool surface, and dy is
the maximum vertical distance between the formed shape

and the forming tool surface, as shown in Fig. 4.

Tensile tests in the rolling direction were carried out
at room temperature using the CSS—44100 machine
operating at a constant crosshead speed of 2 mm/min.
Transmission electron microscopy (TEM) was used to
characterize the precipitates under different forming
conditions. Samples for TEM observation were
mechanically thinned down to 80 um and electropolished
using a twin-jet polisher with a 30% nitric acid solution
in methanol maintained at —30 °C and 20 V. The foils
were observed by using TECNAIG220 transmission
electron microscope and images were taken on several
places of the specimen. In accordance with ASTM
B871-01, fracture toughness was measured by the Kahn
tear test, using the MTS810 dynamic fatigue testing
machine with a stretching speed of 1 mm/min. Then the
fracture toughness could be characterized by the unit
initiation energy (UIE) [16]. The different fracture
morphology of the tore specimens were examined by
image analysis of SEM micrographs.

3 Results and discussion

3.1 Springback

Figure 5 shows the measured springback results of
the CAF experiments. Figure 5(a) illustrates the
springback of the DCAF sample along the length and
width directions under four different aging conditions. It
was observed that the maximum hardness increased as a
result of increasing temperature, as shown in Fig. 2.
However, the springback of the samples did not change
monotonically, but instead in a decrease-to-increase
manner. Both the length and width directions had the
minimum springback at the aging condition of (185 °C,
12 h), which are 18.5% and 15% lower than the
maximum under each direction respectively. This
indicates that the amount of springback is obviously
influenced by the aging conditions.

The springback of the RDCAF sample along the
length and width directions at four different aging
conditions are illustrated in Fig. 5(b). Combining with
Fig. 5(a), some common characters exist in the CAF
samples formed by tools with different curvatures. First,
at the same aging condition, the maximum difference of
springback value between the length direction (R;=1000
mm) and the width direction (R;=2000 mm) could reach
20% for the DCAF samples, and 8% for the RDCAF
samples. The springback values of the RDCAF samples
are generally less than those of the DCAF samples. It is
thus clear that the springback can be obviously
influenced by the internal stress state of material, which
depends on the curvatures of different forming dies or
different directions in the same die. Second, as the aging
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Fig. 5 Relationship between springback and aging regime with

different double curvature dies: (a) R;=1000 mm, R,=2000 mm;
(b) R;=3000 mm, R,=6000 mm

condition changes, the springback variations of the
samples with different curvatures have the same trend,
that is, decreasing first and then increasing as the aging
interactive
coordination exists in the two directions of DCAF and
RDCAF samples for different springback values. This
can be proved by the nearly parallel curves of springback
in the two directions, as shown in Figs. 5(a) and (b).
Comparing Fig. 5(a) with 5(b), it can be seen that
the springback value reaches the minimum at the aging
condition of (185 °C, 12 h) for the DCAF samples, but
(165 °C, 16 h) for the RDCAF samples. This difference
denotes that the plastic strain in CAF process is related to
not only the aging conditions, but also the internal stress
state of material, which means interior bending stress
here. And the springback value of the sheet specimens
would be the minimum if the two factors reach the
optimal coupling state. In other words, if the die surface
has been determined, there must be an aging condition to

temperature increases. Moreover,

make a minimum springback.

The springback values of the SCAF and DCAF
samples along the length direction under four different
aging conditions are compared in Fig. 6. It is observed
that the springback variations of the two samples have
the same trend and reach the minimum under the same
aging condition of (185 °C, 12 h). The springback of the
DCAF sample is obviously lower than that of the SCAF
sample. For example, the springback along the length
direction of the DCAF sample is 51.7% at the aging
condition of (185 °C, 12 h), which is 7% lower than that
of the SCAF sample. Combining the results shown in Fig.
5(a), it can be inferred that both the two directions of the
DCAF sample restrict and coordinate each other, which
render the springback lower than the corresponding
SCAF samples. Just because of this, although the
springback along the width direction is higher than that
along the length direction, the springback along the
length direction of the DCAF sample is still reduced.
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Fig. 6 Relationship between springback and aging condition
with single or double curvature die

3.2 Mechanical properties

Figure 7 illustrates the mechanical properties of the
SCAF and DCAF specimens at the directions of 0°, 45°
and 90° from the rolling direction. It can be observed
that both the SCAF and DCAF specimens have a similar
variation characteristic and reach the maximum yield
strength and ultimate tensile strength at the same aging
condition of (185 °C, 12 h). However, the yield strength
and ultimate tensile strength of the DCAF specimens
appear to be higher than those of the SCAF specimens,
as shown in Figs. 7(a) and (b). As shown in Fig. 7(c), the
maximum elongation exists at the aging condition of
(125 °C, 24 h), and the elongation of the DCAF
specimens is slightly lower than that of the SCAF
specimens. Obvious anisotropy can be seen in the
mechanical properties along the three directions, and
both the yield strength and the ultimate tensile strength
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follow the rule of oy>099>04s0, but the elongation is

reversed.

3.3 Microstructures
The microstructures of the 2124 alloy after artificial
aging, SCAF and DCAF at the same heat treatment of
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Fig. 7 Mechanical properties of creep formed 2124 Al sheet

specimens with single/double curvature: (a) Yield strength;
(b) Ultimate tensile strength; (c) Elongation

(185 °C, 12 h) were examined using TEM, as illustrated
in Fig. 8. In the order of artificial aging, SCAF and
DCAPF, it can be seen that the precipitate size gradually
becomes finer and the distribution becomes denser.
These changes could strengthen the age hardening effect
of the alloy [17], so the yield strength of the DCAF
specimen is higher than that of the SCAF specimen,
which is consistent with Fig. 7(a).

7 2 ’ N W SN s

Fig. 8 TEM images of 2124 Al specimens: (a) Artificial aged,;
(b) SCAF under aging condition of (185 °C, 12 h); (c) DCAF
under aging condition of (185 °C, 12 h)
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3.4 Fracture toughness

Figure 9 shows the unit initiation energy (UIE)
values of the SCAF and DCAF specimens at the
directions of 0°, 45° and 90° from the rolling direction. It
can be known that the UIE decreases with the increasing
of heat treatment temperature, and the UIE values at the
heat treatment of (185 °C, 12 h) and (200 °C, 6 h) are
very close. Obvious anisotropy can be seen in the UIE
along the three directions, following the rule of UIE s>
UIEqy>UIEy. And it also can be known that the fracture
toughness of the DCAF specimens appears to be higher
than that of the SCAF specimens.

SEM fractographs of the SCAF specimens under
different aging conditions are shown in Fig. 10. It can be
observed that these fracture surfaces
composed of ductile transgranular fracture and ductile

are mainly

intergranular fracture. As the heat treatment temperature
increases, the dominating fracture type changes from the
ductile transgranular fracture to the ductile intergranular
fracture. It means that the toughness of the alloy would
reduce [16], which is consistent with the variation of UIE,
as shown in Fig. 9. The same characteristics also exist in
the DCAF specimens, as shown in Fig. 11.
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Fig. 9 UIE of SCAF and DCAF specimens at directions of 0°,
45° and 90° from rolling direction

3.5 Anisotropy
The degree of anisotropy is here referred to as “in-
plane anisotropy” (IPA) [18], which is defined as

2X pax — Xmed =X

IPA = max med min x100% (2)

Fig. 10 SEM fractographs of SCAF specimens under different aging conditions: (a) 125 °C, 24 h; (b) 165 °C, 16 h; (c) 185 °C, 12 h;

(d) 200 °C, 6 h
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Fig. 11 SEM fractographs of DCAF specimens under different a;
(d) 200 °C, 6 h
where X,

max»

Xnea and X, represent the maximum,
median and minimum of a factor at the directions of 0°,
45° and 90° from the rolling direction. According to
Eq. (2), the IPA of ultimate strength, elongation and UIE
of SCAF and DCAF specimens under the four aging
conditions were calculated, as shown in Fig. 12. It can be
observed that the IPA of the ultimate tensile strength is
the highest, UIE the lowest, and the elongation in the
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Fig. 12 IPA of ultimate tensile strength, elongation and UIE of
SCAF and DCAF specimens under different aging conditions

middle. More importantly, all three kinds of IPA of the
DCAF specimens are consistently lower than those of the
SCAF specimens.

4 Conclusions

1) Springback is obviously influenced by the aging
condition, and also related to the internal stress state of
material. The springback value of the sheet specimens
would be the minimum if the two factors reach the
optimal coupling state.

2) Obvious difference exists in the two directions of
double curvature shaped tools, but their interactive
coordination could cause the nearly parallel curves of
springback in the two directions and certain restrictions
on the springback.

3) Yield strength and ultimate tensile strength of the
DCAF specimens appear to be higher than those of the
SCAF specimens at the same aging condition, but the
elongation is reversed.

4) The degree of anisotropy of ultimate tensile
strength is the highest, UIE the lowest, and elongation in
the middle. And all three kinds of IPA of the DCAF
specimens are consistently lower than those of the SCAF
specimens.
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