P L 4

i Wes Science
ELSEVIER Press

Available online at www.sciencedirect.com

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 27(2017) 2156-2162

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

AW-7075-T6 sheet for shock heat treatment forming process

M. KUMAR'*?

1. LKR Leichtmetallkompetenzzentrum Ranshofen GmbH, Austrian Institute of Technology,
Lamprechtshausnerstrasse 61, postfach 26,5282, Ranshofen, Austria;
2. EBNER Industrieofenbau GmbH, Ebner-Platz 1,4060, Leonding, Austria

Received 30 September 2016; accepted 1 March 2017

Abstract: The forming behaviour of AW-7075-T6 sheet was studied across a range of shock heat treatment (SHT) temperatures of
200—480 °C. After SHT, formability of the samples was investigated by tension and deep drawing tests at room temperature.
Differential scanning calorimetry (DSC) was used to study the precipitation states of the AW-7075 sheet in the as-received and shock
heat treated conditions. Formability was started to improve with increasing shock heat treatment temperature from 300 °C onwards.
Strain hardening resulted from the dissolution of ' precipitates and the coarsening of remaining precipitates were found to contribute
to the increase in formability at room temperature. Re-precipitation and coarsening of the precipitates were responsible for the

post-paint baking strength of SHT samples.
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1 Introduction

Nowadays, many investigations are carried out to
include 7xxx-series alloys for automotive structural parts
as these alloys exhibit a higher level of specific strength
to satisfy the roof crush and side impact standards.
AW-7xxx-series alloys are age hardenable alloys with
strengthening arising from the formation of fine
dispersed coherent/semi-coherent meta-stable
precipitates including Guinier—Preston (GP) zone and #’
phase. Both are found as the strengthening phase in
AW-7xxx alloys in the T6 temper. Formability of
AW-7xxx alloys in T6-temper is the lowest as compared
to the other industrially relevant tempers including W
and O [1-3]. Both W and O-tempers provide higher
formability but lower strength compared to conventional
T6-temper due to the absence of hardening GP zone and
n' precipitates.

ARGANDONA et al [2] studied the feasibility of
forming a car B-pillar at room temperature from
AW-7075 sheet in W-temper. In another investigation,
CERETTI et al [3] formed a motorbike suspension arm
from an extruded tube of AW-7003 in O-temper at room
temperature. Both investigations have successfully
manufactured the parts due to increased formability of

AW-7xxx sheet in the W and O-tempers. But, the
strength level of the formed part is significantly lower
than that of T6-temper. Therefore, both require additional
heat treatment steps to re-gain the T6-temper strength
level. Additional heat treatment cost is higher in case of
O-temper because it needs higher temperature and longer
time with added complexity of distortion in the part as
compared to W-temper.

By comparison with above forming approaches, the
shock heat treatment (SHT) forming process requires
only a short-time heating of the blank and can form parts
using cold tools. In this forming process, the aluminium
achieves significantly higher ductility than at room
temperature. This motivates the application of SHT
forming to form structural parts. The process steps in the
SHT forming process chain are shown in Fig. 1. The
origin of SHT forming came from retrogression and
reageing heat treatment (RRA).

BARUCH and RAMAT [4] invented a heat
treatment for AW-7075-T6 known as retrogression and
re-ageing (RRA). RRA was claimed to substantially
reduce the susceptibility of the alloy to stress-corrosion
cracking (SCC) while retaining its original strength.
The material is retrogressed for a short period of
time for 7-120 s at 200-260 °C, and subsequently
re-aged at 121 °C for 16—48 h. As discussed above, the
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Fig. 1 SHT forming process chain

retrogression was performed in an oil bath where up to
10 K/s of heating rate can be realised. MARLAUD
et al [5] have evaluated the mechanisms that prevail in
the different stages of the RRA treatment of an AW-7xxx
alloy using atom probe tomography (APT) and small-
angle X-ray scattering (SAXS) experimental techniques.
They showed that the retrogression step causes a strong
decrease of the precipitate volume fraction due to rapid
dissolution of precipitates with a limited increase in
precipitate size. Dissolution of precipitates provides the
extra solute to the Al matrix. During retrogression,
strength falls very rapidly to reach a minimum before
increasing again to a secondary peak and then decreasing
again at long times as the material over-ages as shown by
PARK and ARDELL [6] for AW-7075-T651 bar. Few
seconds of retrogression time was not enough to produce
the optimum SCC resistance for thicker sections as
shown by RAJAN et al [7]. They have shown that 5 min
of retrogression time requires at retrogression
temperature of 220 °C producing best SCC resistance in
AW-7075-T651 thick plate.

Since the short retrogression time (less than 60 s) is
favourable for thin sheet, retrogression heat treatment
can be applied to improve the cold formability of the
sheet by softening. Based on this, Aleris Aluminium
Duffel has published a European patent (EP 2581218 B1)
in 2014 titled “Production of formed automotive
structural parts from AA7xxx-series aluminium
alloys” [8]. In their investigation, an AW-7021-T4 sheet
is retrogressed at 180 °C for 6 s that leads to about 30%
increase in drawing depth and about 60% decrease in
yield strength of the sheet. The preferred heating rate
was 20—60 K/s. JABUREK and MERKLEIN [9] have
investigated the retrogression effect on the formability of
AW-7020-T6 sheet as well. In their work, retrogression
heat treatment at 320 °C for 60 s increased the total
elongation and dome height by about 90% and about
15%, respectively. They reasoned that the partial
dissolution of the hardening GP zone and #' precipitates
present in AW-7020-T6 sheet was responsible for the
improvement in formability.

In this work, an AW-7075-T6 alloy sheet is used to
investigate the SHT forming behaviour. SHT
temperatures at 200—480 °C have been chosen for this
work. To shorten process time, faster heating rate was
applied; that’s why the associated forming process was

Cold forming
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called “SHT forming”. Tensile samples were machined
from the sheet and were exposed to different SHT using
Béhr deformation dilatometer. Afterwards, the samples
were tensile tested as well as deep drawn at room
temperature. Differential scanning calorimetry was also
carried out to study the changes in the precipitation state
of the sheet caused by the SHT.

2 Experimental
A commercial AW-7075 sheet in T6 condition with
a thickness of 2 mm has been used in this work, having

the following chemical composition given in Table 1.

Table 1 Chemical composition of commercial AQ-7075 sheet
(mass fraction, %)

Si Fe Cu Mn Mg Zn
0.19 0.11 1.5 0.04 2.64 6.06
Ni Cr Ti Zr Al
0.005 0.18 0.04 0.024 Bal.

2.1 Tension test

Tensile samples were machined from the 2 mm-
thick AW-7075-T6 sheet in the direction of rolling. The
samples were retrogressed and tensile tested using the
Béhr deformation dilatometer, as shown in Fig. 2(a). The
details about the tensile sample geometry and
deformation dilatometer were given in Ref. [10]. Each
tensile sample was heated with heating rate of 100 K/s
by induction coil to the SHT temperature of 200—480 °C
for 30 s and subsequently quenched to room temperature
using He gas. Then, tension tests were performed
without any delay at room temperature and a strain rate
of 0.1 s”'. Two horizontal fused silica push rods were
attached to the sample within the gauge section and used
to measure the change in length during deformation.
Tests were repeated at least three times to ensure
reproducibility. A detailed view of the test procedure is
shown in Fig. 2(a). Table 2 gives the information about
important parameters determined from the measured
flow curves.

2.2 Swift cupping test
Swift cupping tests were performed on an Erichsen
Model 142—40—Basic universal sheet metal testing
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Fig. 2 Schematic of SHT and tension test procedure (a), contact heating tool for blanks (b) and temperature—time curve during

heating to a SHT temperature of 400 °C (c)

Table 2 Important parameters from flow curve measured
during tension test

Parameter Description

Stress at 0.2%
offset true strain

Yield strength (YS), oys

Ultimate tensile strength

True stress at maximum load
(UTS), ours

True strain at point of tensile

True uniform strain, ¢, . ..
> instability, where do/de=c

Elongation at fracture, e; Read from flow curve

Instantaneous strain
hardening rate,

do/de,, where o and ¢, are true
stress and true plastic strain

Strain hardening exponent, n DIn o/dln ¢,

machine. The test procedure and an inside view of the
machine showing the axially symmetrical punch was
shown in Ref. [10]. This test involves different
deformation modes such as plane strain tension (cup
wall), bending (punch and die corners), biaxial stretching
(cup bottom) and pure shear (flange). Formability was
determined from Swift cupping test by measuring the
punch displacement at maximum force.

In this test, blank of 100 mm in diameter was tested
until cracks appeared in the drawn cup. Tests were
carried out at room temperature. The blanks were
processed firstly with SHT at 300—450 °C for 30 s using
contacts heating (Fig. 2(b)) and subsequently water
quenched to room temperature before deep drawing. A
typical heating curve for SHT temperature of 400 °C is
shown in Fig. 2(c). The test parameters for deep drawing
are listed in Table 3.

2.3 Differential scanning calorimetry (DSC)

DSC samples were prepared from different SHT
AW-7075 sheet material. These DSC tests were carried
out using a Netzsch—DSC 204 F1 in which samples were
continuously heated up to 480 °C with a heating rate of
10 K/min. The endothermic and exothermic peaks in the

Table 3 Test parameters for swift cupping test

Parameter Value or description
Lubricant Multidraw KTL N16
Blank diameter/mm 100
Punch diameter/mm 50
Punch rounding radius/mm 7
Drawing ring radius/mm 5
Punch speed/(mm-min ") 300
Blank holder pressure/kN 8

resulting temperature versus heat flow plots correspond
to the dissolution and formation of precipitates,
respectively. These results provide information about the
precipitation state of the SHT sheet.

3 Results

3.1 Flow curves

Figure 3(a) shows the true stress—true strain curves
for the SHT AW-7075 sheet tested at room temperature
and at strain rate of 0.1 s_'. A substantial decrease in true
stress and increase in true strain can be observed with
increasing SHT temperature from 200 to 480 °C.

Figure 3(b) shows the dependence of the
instantaneous strain hardening rate 6 on SHT state. Two
distinct types of strain hardening behaviour can be
observed, where 6§ decreases linearly with the true plastic
strain, ¢,. The elastic/plastic transition regime starts with
a higher value of @ which decreases rapidly. On the other
hand in the plastic regime, the starting value of 8 is lower
but decreases slowly. It is clear that with increasing SHT
temperature up to 400 °C, the elastic/plastic regime
decreases while plastic regime increases. No significant
difference in strain hardening behaviour is seen between
SHT samples at 450 and 480 °C.

The strain hardening behaviour of SHT samples is
also reflected on strain hardening exponent n (see
Fig. 3(c)). Value of n continuously increases with
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Fig. 3 True stress—true strain curves of SHT AW-7075-T6 sheet at strain rate of 0.1 s ' (a), plot between strain hardening rate 6 and

true plastic strain ¢, (b), strain hardening exponent (c) and oys, oyrs, &, and e; (d)

increasing SHT temperature up to 400 °C, thereafter
slightly decreases.

Oys, Outs, € and e have been extracted from the
flow curves and plotted in Fig. 3(d). The oys and oyrs
both decrease with increasing SHT temperature up to
400 °C, thereafter increase again. &, decreases while er
increases slightly with increasing SHT temperature up to
300 °C as compared to the as-received AW-7075-T6
sheet. At SHT temperature above 300 °C, both ¢, and e;
continuously increase.

3.2 DSC curves

The DSC results were analysed based on the
findings of HADJADJ et al [11] and JIANG et al [12] on
AA7xxx alloys. They investigated the precipitation
kinetics during non-isothermal heating of various heat
treated AlI-Zn—Mg alloy samples using the DSC, TEM
and dilatometry techniques. They found that the interval
temperatures 20—120 °C, 120-250 °C and 150-300 °C
correspond, respectively, to the formation of GP zones, '
and 7 phases. The interval temperatures 50-150 °C,
200—250 °C and 300—-350 °C, respectively correspond to
their dissolution. However, formation and dissolution
interval temperatures depend on alloy composition,

heating rate and initial temper of the material. Figure 4
shows DSC curves of the AW-7075-T6 sheets after their
SHT conditions.
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Fig. 4 DSC curves of AW-7075-T6 sheet

100

A total of 5 different peaks appear in the DSC
curves, as shown in Fig. 4. While heating the
AW-7075-T6 sample, an endothermic peak (2a) appears
at approximately 186 °C related to the dissolution of #’
precipitates. This means that #' precipitates were already
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present in the sample prior to the test. At 232 °C, these %’
precipitates grow and transform into # precipitates as
indicated by peak 3a. On further heating, the #
precipitates grow as indicated by exothermic bulge 4a at
approximately 258 °C. And finally, remaining phases
dissolve as shown by the broad endothermic peak 5 at
416 °C.

The endothermic peak related to the dissolution of
n' precipitates does not appear in the curve of the SHT
sample at 300 °C. An earlier exothermic peak 3b appears
at 213 °C. This means that #' precipitates dissolve during
SHT and re-precipitate as ' and # precipitates during the
measurements.

Exothermic peaks lc and 1d (see Fig. 4) appear at
95 and 98 °C, respectively, for SHT samples at 400 and
480 °C. This is related to the precipitation of GP zones
due to the presence of excess solutes in solid solution
caused by SHT. On further heating, the re-precipitation
of ' and 7 precipitates occurred as indicated by peaks 4c
and 4d at 237 and 238 °C, respectively. It becomes clear
that dissolution of the #' precipitate occurred at all SHT
temperatures; the extent of this dissolution is controlled
by the SHT temperature.

3.3 Deep drawing

Punch stroke at maximum punch force is considered
in this work as a measure of formability. SHT sheet was
deep drawn in a cup shape at room temperature and its
punch stroke at maximum punch force is taken as the
standard value to compare with the formability of the
SHT sheets. Figure 5(a) shows a typical deep drawn cup
with a crack from the SHT sheet at 400 °C. Figures
5(b)—(d) show the punch force punch
displacement curves of different SHT samples of
100 mm in diameter. There was an increase of 8.8 mm in
the punch stroke at maximum punch force after SHT at
400 °C compared to the room temperature value, as
shown in Fig. 5(b).

versus

3.4 Yield Strength

It can be expected that process steps such as SHT,
quenching, forming and storage, and finally the paint
baking treatment would alter the mechanical properties
of the sheet. Since it was not possible to machine out
samples from the deep drawn cup, the process steps were
applied on tension samples taken from the as-received
AW-7075-T6 sheet. To simulate the forming steps, the
tension samples were stretched by 5% in the deformation
dilatometer after the SHT and quenching. Figure 6 shows
the influence of the process steps on the yield strength of
the sheet.

As expected, the SHT considerably decreases the
yield strength of the as-received sheet by 274, 368, 387
and 353 MPa at SHT temperatures of 300, 350, 400 and

(2)

100

(b) 300 °C, 100 mm

Punch force/kN

350 °C, 100 mm
400 °C, 100 mm

10 15 20
Punch stroke/mm

Fig. 5 Cracked deep drawn cup (a) and punch force and stroke
diagrams (b) of SHT AW-7075-T6 blanks of 100 mm in
diameter (Punch force and stroke diagram of as-received
material sheet (No-SHT) also included for comparison)
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Fig. 6 Effect of process steps on yield strength of AW-7075-T6
sheet in SHT forming process chain (Legend shows initial

temper condition of sheet; All measurements made at RT)

450 °C, respectively (Fig. 6). Yield strength of SHT
samples increases after stretching by 5%. Paint baking
was applied at the same day within 1-2 h on the
stretched samples. So, storage time would have only
minor influence on the yield strength. However, the
author does believe that there may be significant
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influence on the yield strength if longer storage time will
be considered. It can be seen that yield strength of paint
baked samples decreases for SHT temperatures of 300
and 350 °C, and increases for SHT temperatures of 400
and 450 °C. The highest yield strength of 337 MPa was
achieved for SHT sample at 450 °C. However, this value
is far more less (about 192 MPa) than that of the
as-received sheet. Therefore, it is shown that the yield
strength of the sample is very much sensitive on the SHT
temperature.

4 Discussion

From the DSC curves (Fig. 4), it was clearly shown
that #' precipitates were present in the as-received
AW-7075-T6 sheet. In general, the peak height/area and
peak width in DSC curves are correlated to volume
fraction and size distribution of the existing precipitates
[13]. It can be seen that the peak height/area of the
endothermic peak 2a of T6 sample is drastically reduced
in the DSC curves of the SHT samples (Fig. 4). This
occurs due to the dissolution of the smaller (unstable)
and the coarsening of the larger (stable) precipitates.

With increasing SHT temperatures, a minimum
yield strength value is obtained when the dissolution
process ends and coarsening process may continue for
remaining precipitates if present [5,14]. This condition is
achieved for AW-7075-T6 sheet at 350 °C, as shown in
Fig. 3(d). Dissolution is also facilitated by higher heating
rate during shock heat treatment as it promotes faster
dissolution of #' precipitates rather than 75—y
transformation in an Al-Zn—Mg—Cu alloy [15].

Strain hardening behaviour is of significant
relevance to industrial sheet metal forming. It is seen
from the flow curves of SHT samples that the strain
hardening rate is extended to large plastic strain with
increasing SHT temperatures. As discussed above, the
dissolution and coarsening of #' precipitate occurred
during SHT. They increase the solute concentration in
the matrix and subsequently the size of the un-dissolved
precipitates. It is assumed that transition from shearable
to non-shearable precipitates takes place in T6 condition
[16,17]. As dissolution and coarsening progress, the
existing precipitates become more non-shearable. This is
particularly important because a higher dislocation
storage rate is possible at the non-shearable precipitates.
With increasing SHT temperatures, the strain-hardening
rate increases due to the precipitation hardening from
shearable and/or non-shearable precipitates as well as
solid solution hardening from solutes. Therefore,
increased ¢&,, ef and n were obtained. Improvement in
strain hardening was also responsible for 100%
increase in the punch stroke at maximum punch force of
SHT AW-7075 sheet at 400 °C compared to as-received

sheet.

The decrease in yield strength from the as-received
condition to the SHT strength was found to be the
greatest for the SHT of 350 °C (Fig. 6). After stretching
(forming) and short storage (less than 2 h), yield strength
was found to be increased in all SHT conditions. After a
subsequent paint baking at 185 °C for 20 min, the yield
strength of SHT300 and SHT350 samples was found to
be decreased while yield strength of SHT400 and
SHT450 was found to be increased. This is related to the
extent of dissolution of ' precipitates in SHT condition.
The increased solute concentration and reduced volume
fraction of coarse precipitates enhance re-precipitation of
fine ' precipitates in case of SHT400 and SHT450. The
highest yield strength of 337 MPa was achieved for SHT
sample at 450 °C after the paint baking treatment, but
this is still only 64% of the initial T6-temper yield
strength. Therefore, there is a need for further
optimisation of the paint bake treatment to achieve the
peak-aged strength in the completed part. Alternatively, a
heat treatment may be given after forming to stabilize the
GP zone precipitates that may form during storage in
order to prevent them from dissolving, allowing them to
act as nucleation sites for #' precipitates.

5 Conclusions

1) Increasing SHT temperature of the sheet up to
400 °C decreases the yield strength, oys and ultimate
tensile strength, oyrs. While the &, e and n increase
significantly at SHT temperature of 300—480 °C.

2) Tensile test results show that the strain hardening
behaviour of SHT AW-7075-T6 alloy is sensitive to SHT
temperature. The strain hardening rate was found to be
extended to large plastic deformation with increasing
SHT temperature.

3) The punch stroke at maximum punch force was
found to be increased with increasing SHT temperature
at 300—450 °C. SHT AW-7075-T6 sheet at 400 °C has
increased the punch stroke value by 100% as compared
to the as-received sheet.

4) Dissolution of #' precipitates and the coarsening
of remaining precipitates were responsible for the
decrease of the yield and ultimate tensile strength during
SHT.

5) During SHT, dissolution of #' precipitates
increases the solute concentration in the matrix
responsible for solid solution hardening as well as
re-precipitation during pain baking.

6) The highest yield strength of 337 MPa was
achieved for SHT sample at 450 °C after the paint baking
treatment, but this is still only 64% of the yield strength
of the as-received AW-7075-T6 sheet.
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