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Abstract. Low-temperature forming technology offers a new potential for forming operations
of aluminium wrought alloys which show a limited formability at ambient temperatures. This
paper indicates the mechanical behaviour of the commercial aluminium alloys EN AW-5182
and EN AW-6016 at low temperatures. Stress-strain relationships at different temperatures
were investigated through tensile testing experiments. Flow curves were extrapolated using an
adapted mathematical constitutive relationship of flow stress and strain. A device which
allows cupping tests at sub-zero temperatures was specially designed and a limiting dome
height was determined.

1. Introduction

Statutory provisions of CO, emissions require constructive measures regarding the weight reduction of
a car body. An option to reduce the nominal weight of automotive structures is to use light-weight
materials, such as aluminium alloys, instead of steel [1, 2]. Commonly used aluminium alloys in the
sheet metal processing industry are EN AW-5182 for interior panels and EN AW-6016 for outer skin
applications. It is known that the forming behaviour for certain aluminium alloys is limited when
formed at ambient temperatures [3, 4].

An option to enhance the forming behaviour of currently used aluminium alloys would be a
thermal heat treatment application [5], but thermally induced forming operations may influence the
mechanical behaviour of such alloys. Thus, forming aluminium alloys below room temperature would
be an approach, where strain hardening losses and precipitation processes are not an issue. In this
regard there is no danger of a reduction in strength through the mechanism of recovery,
recrystallization and aging which is in most cases induced by forming at higher temperatures.

Based on limited published data [6-8] where the idea of improving the formability of aluminium
and its alloys by a low temperature treatment is mentioned, the potential and the feasibility of such a
technique is still questionable, however, in the current research, stretch forming investigations have
been performed to show the applicability of the low temperature treatment for multi-axial stress states.

2. Experimental

2.1. Materials

For this study aluminium alloy sheets with the designation EN AW-5182 H111 and EN AW-6016 T4,
showing a thickness of t = 1.15 mm, were used. Table 1 illustrates the composition specification of
tested aluminium alloys.
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Table 1. Chemical composition of tested aluminium alloys (wt.-%)

Si Fe Cu Mn Mg Cr Zn Ti
AA5182 0.20 0.35 0.15 0.35 4.40 0.10 0.25 0.10
AA6016 1.20 0.40 0.15 0.15 0.40 0.10 0.15 0.15

2.2. Laboratory

The experiments were performed using a tensile testing machine from Zwick with a 100 KN loading
cell. For data processing the software package testXpert V 11.0 was used. The set-up shown was
implemented into the tensile testing machine where forces and displacements could be monitored.

Tensile tests:

Flat sheet specimens were CNC machined showing a test section width of 12.5 mm in accordance with
DIN EN ISO 6892-1 (Asg) [9]. Attention was given towards the rolling direction of the sheet metal
which was perpendicular to the applied load. The length of the 50mm wide clamp sections of the
specimens were designed to fit with the requirements of the cryogenic set-up. A specially designed
cryogenic dewar, Figure 1, was used to obtain and maintain the sub-zero temperatures required in
these tests. A variation of testing temperatures was reached by way of a medium-pipe, which was used
as a vessel carrying isothermal media, and was cooled by liquid nitrogen (LLN;). The final temperature
was reached in the cryogenic dewar, where the specimen remained for around 5 minutes, before the
test started. Furthermore, homogeneity of the temperature within the medium-pipe was accomplished
by injecting inert gas. In case of a sudden temperature drop the chamber included an inlet for
compressed air, which ensured a replacement of the cold environment between medium-pipe and
cryogenic dewar. The tensile tests were conducted at five different temperatures of 25, -50, -100, -
150, and -196 °C with a forming velocity of v,= 200 mm/min (maximum velocity of the tensile testing
machine) resulting in a strain rate of sf' (vf) = 6.60 % 1072 s,
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Figure 1. a) Tensile test equipment; b) cross-sectional view of tensile test set-up.

Limiting dome height (LDH):
A stretch forming apparatus capable of operating at very low temperatures was designed for evaluating
the LDH (Fig. 2). LN, was used for cooling the apparatus to sub-zero temperatures. The temperature
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was monitored via thermocouples placed at the punch, blank holder, die, and blank. A cross-sectional
view of the geometry used in the tests is shown in Fig. 2b which is based on [10]. Pre-investigations
showed that by using graphite based anti-friction agents a moderate lubrication of the system is still
achieved at low temperatures. Thus, both sides of the quadratic blank (100 x 100 mm) were wetted
using graphite suspension before forming. Afterwards, the blanks were cooled to the desired forming
temperature inside the testing apparatus via conductivity. Constraining the flow of the blank material
into the die was achieved by tightening six carriage bolts positioned in a circle, Figure 2a. As a stop
criterion for the test a punch load-drop of 50 N was taken as an indication of necking in the specimen.
The punch velocity was set to be v, = 50 mm/min. For statistics five experiments were carried out at
each temperature level.
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Figure 2. a) Low temperature stretch forming apparatus; b) Cross-sectional view of LDH set-up.

3. Results and Discussion

3.1. Effect of temperature on strength and ductility

Figure 3 shows the true stress-strain relationship of AA5182 and AA6016 at different temperatures. It
can be seen that a reduction in temperature has a positive effect on the total strain values. The strain
values from AA5182, Figure 4a, rise from initially 0.24 at 25°C to 0.43 at -196°C, which is an overall
increase of 75 %. A similar behaviour can be noticed for AA6016 (Fig. 3b), where the initial strain of
0.24 at 25°C could be enhanced by 42% at -196°C and reached a total strain value of 0.34.
Furthermore, the true stress rises noticeably when temperature is lowered. The phenomenon of
optimizing the stress-strain behaviour at low temperatures is based on the suppression of the thermal
nature of cross-slip, which results in a higher strain hardening rate and therefore strain values can be
increased [11-13].

3.2. Mathematical formulation of the flow stress
Ludwik, Hollomon, and Backofen identified that the flow stress g, can be elevated by raising the

strain £ as well as lifting the strain rate £ [14]. The general relationship between the physical values is
given by the equation:

o = 0p(e, ) )
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A relationship which was empirically developed by Ludwik modified by Hollomon and extended by
Backofen [15] has the form:

or = Cor - €™ (2)

Where C, is a material dependent constant (strength coefficient), » being the strain-hardening
coefficient and m represents the strain rate sensitivity parameter. At temperatures where a
metallurgical softening takes place to a limited extent (7 < 0.4T,,; T,, = melting point [K]), an increase
of the strain rate will not affect the true stress. Therefore, the m value can be assumed to be much
smaller than 1. If m is set to be 0 then:

oF = Co X €™ (3)
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Figure 3. True stress —true strain diagram of a) AA5182 H111 and
b) AA6016 T4 at different temperatures,



Advanced Materials for Demanding Applications IOP Publishing
IOP Conf. Series: Materials Science and Engineering 74 (2015) 012014  doi:10.1088/1757-899X/74/1/012014

Using this relationship most stress-strain curves can be described accurately in the region of uniform
elongation at T < 0.47,,. As exemplified in Heiser [16] the strain hardening coefficient n can be
written as true uniform strain g, or related to the uniform elongation e,.

n=¢g,=In(1+e,) 4)

The strain hardening coefficient # describes to what extent a material can be deformed before localised
necking will start, i.e. the flow curve. Figure 4 shows correlations between experimental evaluated
strain hardening coefficients using Equation (4) and uniform elongation e, in relation to temperature of
EN AW-5182 H111 and EN AW-6016 T4 specimens. In addition, the Ludwik curve is included
which represents » calculated using Equation (4).
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Figure 4. Strain hardening exponent » and uniform elongation e, for a) AA5182 H111
and b) AA6016 T4. Additionally included is the dependence of strain hardening coefficient and
uniform elongation after Ludwik if only strain hardening is considered.

Both aluminium alloys show an increase of the strain hardening coefficient and uniform elongation as
temperature is reduced, Figures 4a and 4b. Furthermore, a parallel offset from the initial Ludwik
curve can be noticed. Thus, Equation (3) seems not to be precisely enough for tested aluminium
alloys. A modification to this equation is indicated by Equation (5), where constant p is added, which
provides a shift of the Ludwik curve shown in Figures 4a and 4b.

n=mn(l+e,)+p (%)
If Equation (5) is put into Equation (3) it follows that:
gy = Up 8 (6)

Figure 5 shows the correlation of experimental obtained flow curves (EN AW-5182 and EN AW-
6016) and the respective flow curve approximations using the extended formulation, Equation (6).
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The constant p is determined by using a target value search algorithm, where the error total of the flow
curve approximation is minimised.
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Figure 5. Correlation of measured and calculated flow curves at various temperatures
for a) AA5182 H111 and b) AA6016 T4.

3.3, Limiting dome height (LDH) D,

Figure 6 shows the relationship between limiting dome height and temperature for tested aluminium
alloys. Similar to the tensile tests the EN AW-5182 shows an increase in formability if temperature is
decreased. From 298 K to 173 K there is no significant change of the dome height. The Dj, value rises
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notably between 173 K and 77 K. The initial dome height at room temperature can be increased by
20% when the EN AW-5182 material is exposed to 77 K. A different behaviour, concerning LDH,
shows the EN AW-6016 material when temperature is lowered. It can be seen that the formability
behaviour declines between 298 K and 123 K. Only at 77 K the initial D), value could be surpassed by
around 2%, therefore, EN AW-6016 shows limitations in the formability at hydrostatic stress
conditions when temperature is decreased.
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Figure 6. Limiting dome height of EN AW-5182 and EN AW-6016 at different temperatures.

4. Conclusion

Tensile testing at low temperatures showed an increase of elongation values for both tested aluminium
alloys EN AW-5182 H111 and EN AW-6016 T4. Corresponding stress values rise as temperature is
decreased. The flow curves obtained at sub-zero temperatures can be approximated quite accurately
by an adapted stress-strain relationship based on the model proposed by Ludwik and Hollomon. LDH
tests showed that the stretch formability of EN AW-5182 can be enhanced at temperatures below
298K which is comparable to the conducted tensile tests. A different behaviour than that found in
uniaxial tensile testing can be noticed for EN AW-6016 for biaxial stress conditions as temperature
was lowered, which limits the low temperature potential for this alloy.
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