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Influence of heated forming tools on corrosion
behavior of high strength aluminum alloys

Einfluss beheizter Umformwerkzeuge auf das
Korrosionsverhalten hochfester Aluminiumlegierungen

B. Heider', E. Scharifi?, T. Engler', M. Oechsner’, K. Steinhoff?

In this study forming tools temperated at 24 °C and 350 °C were used to system-
atically investigate the influence of different cooling rates on the mechanical and
corrosion properties of a high strength aluminum alloy AA7075 within a novel ther-
mo-mechanical process that combines forming and quenching simultaneously.
The samples formed within heated tools reveal higher ductility and lower material
strength compared to the parts processed in cold tools. In addition, the corrosion
behavior changed between samples formed with 24 °C forming tools and 350 °C
forming tools, respectively. Through cyclic polarization in chloride containing aque-
ous media a change in the hysteresis and shift of open circuit potential was ob-
served. Metallographic investigation revealed that there was also a very different
corrosion morphology for the samples formed within the heated tools. No change
in average grain size could be detected but changes of the microstructure in sub-
grain scale that occur during the forming within the heated tools are responsible
for this effect. In further research, the effect of various cooling rates on mechanical
and corrosion behavior and the microstructure will be investigated by variation of
the forming tool temperature.

Keywords: Aluminum alloys / press forming / ultimate stress / total strain / corrosion
behavior

Die Einflisse der Temperatur von Umformwerkzeugen bei 24 °C bzw. 350 °C zur
Kontrolle der Abkihlgeschwindigkeit bei einem innovativen Ansatz der Warmum-
formung der Aluminiumlegierung AA7075 auf mechanische Eigenschaften und
das Korrosionsverhalten wurden systematisch untersucht. Durch erwdrmte Um-
formwerkzeuge konnte erhéhte Duktilitdt bei verringerter Zugfestigkeit dieser Pro-
ben im Vergleich zu in kalten Werkzeugen umgeformten Proben erzielt werden.
Zusatzlich konnte eine Verdnderung des Korrosionsverhaltens zwischen den bei
unterschiedlichen Werkzeugtemperaturen umgeformten Proben festgestellt wer-
den. Mittels zyklischen potenziodynamischen Polarisationsmessungen in chlorid-
haltigem Medium wurden unterschiedliche Verlaufe der Hystereseschleifen und
Verschiebungen des freien Korrosionspotenzials ermittelt. Gestlitzt durch metallo-
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grafische Untersuchungen wurden danach unterschiedliche Korrosionsmorpholo-
gien bei sonst gleichen mittleren KorngréBen dokumentiert. Diese Beobachtungen
sind durch Anderungen im Gefiige auf Subkornebene durch die verzégerte Abkiih-
lung wahrend der Umformung bei 350 °C zu erkléren. Der Einfluss verschiedener
Abkuhlraten auf das Geflige, die mechanischen Eigenschaften und das Korrosi-

onsverhalten sind Gegenstand weiterer Forschung.

Schlisselwérter: Aluminiumlegierungen / Pressformen / Zugfestigkeit /

Bruchdehnung / Korrosionsverhalten

1 Introduction

The demand for lightweight structures for reasons
of efficiency and sustainability has been increasing
throughout the past decades. For this reason, many
research efforts aimed towards either increasing the
strength of parts, which allows using less of that
material or materials with higher strength to weight
ratio [1]. An approach to optimize the efficiency of
the production process of lightweight structures lies
within optimizing the shape of parts while reducing
the manufacturing steps. Sheet metal forming is a
technique commonly used in e.g. the automotive
industry to produce various chassis parts. Since the
cold formability of high strength steels on the one
hand and aluminum alloys on the other hand is lim-
ited, hot forming has been extensively researched
and has found its application in industry [2]. High
strength aluminum alloys have shown a high poten-
tial of being a suitable material and candidate for
vehicle structures. For example, the aluminum alloy
AA7075 of composition Al-Zn—Mg—Cu is promis-
ing for lightweight application due to its high
strength to weight ratio and high maximum strength
in T6 condition.

Unfortunately, forming of high strength AA7075
alloy is limited due to its low formability and high
springback, especially at room temperature, which
confines its broad application field. In order to
overcome this barrier, different approaches have
been developed in the past to improve the form-
ability and drawability at higher temperatures [3—
6]. One promising technique that comprises simul-
taneous forming and quenching reveals high capa-
bility for forming of complex-shaped aluminum
parts with a considerable reduction in springback
after the forming operation without losing the ad-
justed properties, e.g. tailored yield strength and
ductility [7-10].
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There is a selection within the studies on hot
forming of various aluminum alloy parts which in-
vestigate the influence of cooling rates by applying
cold tools compared to forming within heated tools
[11-14]. On the one hand, the formability increases
greatly with significant reduction in springback af-
ter forming. On the other hand, there is a great po-
tential to influence the resulting mechanical proper-
ties by controlling the forming tool temperature
[11].

Usually, these studies do not consider the influ-
ence of hot forming in heated tools on the corrosion
behavior of the precipitation hardenable aluminum
alloys. While it is clear that both size and dis-
tribution of precipitates determine the mechanical
properties, they affect the corrosion behavior as
well [15]. Especially the aluminum alloys of the
7000 series can suffer - depending on their micro-
structure - from intergranular corrosion and stress
corrosion cracking in their highest strength T6 con-
dition. The chemistry of intermetallic precipitates
that form during ageing determines their electro-
chemical corrosion potential and therefore if they
are electrochemically anodic or cathodic to the Al-
matrix [16]. The initiation of corrosion is a poten-
tial difference between the aluminum matrix and
the intermetallic phases, e.g. in 7075 alloys
Al,Cu,Fe, Al;Fe and Al,CuMg being cathodic and
MgZn, and Mg,Si being anodic compared to the
aluminum matrix, respectively [17]. The suscepti-
bility to corrosion, especially the intergranular type,
increases through ageing up to T6 condition, which
has the maximum strength and hardness. On the
one hand, the precipitation and growth of inter-
metallic phases enhances these mechanical proper-
ties, but on the other hand, the corrosion properties
and stress corrosion susceptibility are deteriorated
by the same mechanism [18, 19]. To significantly
reduce the susceptibility to stress corrosion crack-
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Table 1. Chemical composition of the investigated alloy AA7075.
Tabelle 1. Chemische Zusammensetzung der untersuchten Legierung AA7075.

Chemical Si Fe Cu Mn Mg Cr Zn Ti Al
elements
AA7075 [wt. %] 0.05 0.11 1.7 0.02 2.7 0.19 5.8 0.05 Balance

ing, heat treatment to the T73 condition, also
known as over-ageing is usually applied [18]. How-
ever, by extended ageing after peak-ageing con-
dition T6, precipitates grow further which leads to
reduced maximum strength.

It is known that cold forming prior to heat treat-
ment induces dislocations and vacancies in the lat-
tice, which can lead to accelerated ageing towards
the maximum strength T6 condition. Another way
is a short term heat treatment before ageing through
which a number of precipitates can be gained that
grow during the ageing and accelerate the ageing
process as well [20].

Therefore, the question arises, if hot forming af-
ter solutionizing followed by ageing to T6 con-
dition leads to beneficial precipitate morphology
and eventually enhanced corrosion properties with-
out major drawbacks in mechanical properties.

2 Materials and experimental details

The experimental investigations in this study were
carried out on 1.5 mm thick flat rolled product of
precipitation hardenable aluminum alloy AA7075
(Al-Zn—Mg—Cu), Table 1. The as-received con-
dition was T6 (solution heat-treated, quenched and
artificially aged) with a hardness level of 189 HVS,
a yield strength (YS) of 523 MPa and an ultimate
tensile strength (UTS) of 577 MPa.

2.1 Thermo-mechanical forming route

The process investigated in the present work used a
roller hearth furnace for solution heat treatment
(SHT) of the material, a manual transfer to the hat-
shaped forming tools, a hydraulic press and a fur-
nace for the subsequent artificial ageing treatment.
This study is focused on the effect of different
cooling strategies on the mechanical and corrosion
behavior of AA7075. For this aim, the material is
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solution heat treated at a temperature of 480 °C for
20 min to dissolve the alloying elements inside the
Al-matrix, Table 2. The heated blanks were formed
and quenched for 30 s in forming tools that have
been temperated either at 24 °C or at 350 °C. Sub-
sequently, in order to achieve maximum strength
all formed parts were aged at 120 °C for 20 h.

2.2 Mechanical testing

The mechanical properties of the formed parts were
determined using a Hegewald & Peschke tensile
testing machine (100 kN). For this purpose, tensile
samples were cut by electrical discharge machining
to a length of 50 mm and to a width of 12.5 mm in
rolling direction (according to ASTM/ES8-13a).

2.3 Corrosion testing

Cyclic potentiodynamic polarization measurements
can provide a considerable amount of information
on the corrosion kinetics e. g. open corrosion poten-
tial (OCP), passivation potential, passive current
density and repassivation behavior. A silver/silver-
chloride (Ag/AgCl) electrode is used as a reference
and the potentials are given with respect to the
standard hydrogen electrode (SHE). A platinum
mesh serves as counter electrode while the samples

Table 2. Process parameters of the focused thermo-me-
chanical route for AA7075.

Tabelle 2. Parameter des thermomechanischen Pro-
zessverlaufes fir AA7075.

SHT SHT time Tool Ageing
temperature temperature treatment

1 480°C
2 480°C

20 min
20 min

24 °C
350 °C

120 °C-20 h.
120 °C-20 h.
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(18 mmx 18 mmx 1.5 mm) are built into a sample
holder made of polyether ether ketone (PEEK). A
sodium chloride (NaCl) solution with 0.1 % by
weight concentration, pH value of approx. 5.6 and
conductivity of 2.0 mS/cm is used as test medium.
The potentiostat Reference 600 (Gamry Instru-
ments, Warminster, PA, USA) controls the experi-
ment with a sample rate of 1s: After 15 min of
open circuit potential measurement, the potential is
increased from —0.2 Vp with a scan rate of 1 V/h
and after reaching a maximum current density of
0.3 mA/cm® with the same scan rate the potential is
decrease to —0.3 Vep. Three tests are conducted
on samples that were ground to 4000 grit finish.

3 Results
3.1 Mechanical properties

The solution heat treated, subsequently in forming
tools temperated at 24 °C hot formed and at 120 °C
for 20 h artificially aged material shows a slight in-
crease in yield (540 MPa) and ultimate tensile
strength (591 MPa) compared to the as-received
T6-condition (523 MPa yield strength, 577 MPa ul-
timate tensile strength) and the stress-strain curves
from tensile test have a similar shape for both ma-
terials, Figure 1. After forming at higher tool tem-
perature, 350 °C, the yield strength and ultimate
tensile strength decrease dramatically to 156 MPa
and 332 MPa, respectively. Thus, hot stamping of
AA7075 at lower tool temperature reveals higher
material strength, comparable to those of the as-re-
ceived T6-condition. In case of elongation to fail-
ure, an increase of the total strain level with in-
creasing the tool temperature was observed. This
behavior and the considerable drop in material
strength can be explained by the nucleation and
growth of precipitates generated already during the
hot forming process. The lower amount of solutes
in the matrix after hot forming leads to reduced ar-
tificial age hardening effect of this material.

3.2 Corrosion behavior
After the cyclic potentiodynamic polarization test,

the surface of the samples that was exposed to the
electrolyte looks darker compared to the pristine
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Figure 1. Tensile properties of the investigated material
AA7075 after forming at different tool temperatures compa-
red to the as-received condition.

Bild 1. Spannungs-Dehnungsdiagramm der untersuchten
Legierung AA7075 nach Umformung in unterschiedlich tem-
perierten Werkzeugen im Vergleich zum Anlieferungszu-
stand.

surface, Figure 2. The discoloration is homoge-
neous and the borderline is sharp. Visually, there is
no clear difference between the test surfaces of the
samples that were formed without or with heated
forming tools, respectively.

The current density-potential diagrams resulting
from cyclic potentiodynamic polarization measure-
ments give information about the corrosion kinetics,
i.e. active corrosion or passive behavior, the type of
hysteresis at the point of polarization reversing and a
shift of the open corrosion potential, Figures 3, 4.
The data is only displayed until the open circuit po-

a) T6 refgrence b) 24 °C FTT c) 350 °C.ETT

Figure 2. Photographs of test surfaces after cyclic potent-
iodynamic polarization test: a) T6 reference sample and
samples formed with b) 24 °C and c¢) 350 °C forming tool
temperature.

Bild 2. Dokumentation der Testflachen nach zyklischer po-
tenziodynamischer Polarisation: a) T6é Referenzprobe und
die in auf b) 24 °C und c) 350 °C temperierten Werkzeugen
umgeformten Proben.
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Figure 3. Current density-polarization curves of samples
formed at 24 °C forming tool temperature (FTT) and T6 refe-
rence sample in 0.1 % NaCl solution.

Bild 3. Stromdichte-Potenzialkurven der in auf 24 °C tem-
perierten Werkzeugen umgeformten Proben in 0,1 % NaCl-
Lésung.
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Figure 4. Current density-polarization curves of samples
formed at 350 °C forming tool temperature (FTT) and T6 re-
ference sample in 0.1 % NaCl solution.

Bild 4. Stromdichte-Potenzialkurven der in auf 350 °C tem-
perierten Werkzeugen umgeformten Proben in 0,1 % NaCl-
Loésung.

tential is passed on the backward sweep for better dif-
ferentiation between forward sweep and backward
sweep. Average values from each three measurements
were extracted from the current density-potential
curves, Table 3. Initially, the open circuit potential of
the T6 reference sample during the forward sweep
was the most positive, i.e. the noblest. During the
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Table 3. Overview of electrochemical parameters (ave-
rage values of each three measurements) gained from
cyclic potentiodynamic polarization measurement in

0.1 % NaCl solution.

Tabelle 3. Ubersicht der aus den zyklischen potenzi-
odyamischen Polarisationsmessungen in 0,1 % NaCl-L6-
sung ermittelten elektrochemischen Parameter (Mittel-
wert aus jeweils drei Messungen).

Sample OCP  Hysteresis type OCP AOCP
forward backward
[mV,] [mV,] [mV]
T6 reference —384  negative —420 —36
24°CFTT  —405 negative —401 +4
350°C FTT —444 positive -518 —74

backward sweep the open circuit potential changed to
more negative values for both the T6 reference sam-
ple and the sample formed with 350 °C forming tool
temperature. For the sample formed with 24 °C form-
ing tool temperature, an average shift towards slightly
more positive values during the backward sweep was
recorded. There were also differences in the hyste-
resis type at the point of polarization reversing. On
the one hand, the hysteresis type was negative for T6
reference samples (purple) and the samples formed
with 24 °C forming tool temperature (2 of 3 tests:
blue and yellow curves; red curve backward-sweep is
similar to forward-sweep), while on the other hand
the hysteresis type was positive for the samples
formed with 350 °C forming tool temperature (all
curves). The meaning of this positive hysteresis type
in this case is most likely that the corrosion continued
after the point of polarization reversing, which is un-
derlined by the shift of the open circuit potential to-
wards more negative values, i.e. a deterioration of the
surface. The deterioration is documented by the mi-
crographs prepared perpendicular to the original roll-
ing direction, Figure 5.

Intergranular and pitting corrosion attacks are
found at the surface of the T6 reference sample. At
the surface of the sample formed with 24 °C forming
tool temperature, light intergranular corrosion attack
was documented. The corrosion attack at the surface
of the sample formed with 350 °C forming tool tem-
perature was more intense and the largest investigated
pit had an extension of approx. 80 um width and
20 pym depth.
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a) T6 reference

Figure 5. Cross-sections of test surfaces after cyclic potent-
iodynamic polarization test in 0.1 % NaCl solution: a) T6 re-
ference sample and samples formed at b) 24 °C and c)

350 °C forming tool temperature.

Bild 5. Querschliffansichten aus dem Bereich der Testfla-
chen der a) T6 Referenzprobe und den in auf b) 24 °C und
¢) 350 °C temperierten Werkzeugen umgeformten Proben
nach zyklischer Polarisation in 0,1 % NaCl-Lésung.

4 Discussion

The full age hardening potential is only obtained
with a tool temperature of 24 °C due to the high
cooling rate which lead to a sufficient super-
saturation in the solid solution after forming and
quenching. The attained high strength is con-
sequently generated by the formation of fine pre-
cipitates during artificial ageing. Forming at higher
tool temperatures leads to a retardation of the cool-
ing which results in lower yield and tensile strength
but significantly increased elongation at failure.
This observation can be explained by the formation
and growth of coarse stable phases, which have a
little strengthening effect [20].
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The material formed at 24 °C forming tool tem-
perature showed different corrosion behavior com-
pared to the samples formed at 350 °C forming tool
temperature. While rapid cooling of the samples in
the forming tool without heating suppresses for-
mation of nuclei for precipitation, lower cooling
rates, higher diffusion rates and longer time for dif-
fusion in the samples in the heated forming tool
lead to formation of nuclei and precipitates. Large
precipitates grow from these nuclei during the sub-
sequent artificial ageing process. While those larger
precipitates contain more alloying elements, the ad-
jacent areas are depleted of those elements. This
chemical gradient is in turn reflected as a gradient
in electrochemical potential, which can cause the
initiation of corrosion pits. Dependent on the
chemistry of the intermetallic precipitates, the sur-
rounding aluminum matrix is either cathodic
(MgZn,, Mg,Si) or anodic (Al,Cu,Fe, Al;Fe,
AlL,CuMg) to the specific precipitate, leading to
preferential corrosion of the matrix (anodic matrix)
or precipitate (cathodic matrix), respectively [16].

While large intermetallic precipitates can initiate
the pitting corrosion in the samples formed within the
heated forming tools, mainly intergranular corrosion
occurred in the samples formed without heating. Ac-
cording to literature, this may be due to the formation
of a large number of small precipitates at the grain
boundaries, leaving a thin precipitate free zone in the
adjacent grains [6]. Similar to the large precipitates,
the chemistry of the precipitates determines the elec-
trochemical behavior, namely if the grain boundaries
or the surrounding matrix corrode.

5 Summary

Sheets of AA7075 aluminum alloy were formed us-
ing a novel thermo-mechanical process. After solutio-
nizing, the sheets were formed and quenched simulta-
neously within tempered forming tools at 24 °C or
350 °C and subsequently aged at 120 °C for 20 h. The
effect of different cooling rates caused by the tool
temperature was investigated on the mechanical and
corrosion behavior in this study.

As forming within heated tools can lead to in-
creased ductility, it has to be considered that the mi-
crostructural changes, which result from this thermo-
mechanical process, also affect the corrosion behav-
ior. After forming at 350 °C tool temperature pitting
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corrosion occurred and damaged the surface heavily
compared to light intergranular corrosion after form-
ing at 24 °C tool temperature.

The above-mentioned forming process reveals a
high potential for forming of high strength aluminum
alloys and allows to adjust desired mechanical proper-
ties, depending on the application field. The final me-
chanical and physical properties can be clearly influ-
enced by the process parameter during forming
process. Moreover, better formability, lower spring-
back and thermal distortion was observed compared
to the traditional cold forming processes. The con-
ducted research is a step towards an understanding of
the mechanical and corrosion behavior of components
with graded properties produced in a single process,
which will be the basis for a clever use of materials in
manufacturing and component design.

For components that are formed with segmented
tools, each adjusted to different temperatures, graded
mechanical and corrosion properties are expected
from the heated to the non-heated segments as well as
intermediate properties that occur from other temper-
atures between the individual segments. Therefore,
the next steps are to investigate the mechanical and
corrosion properties of sheets at other temperature
steps and later, such components manufactured to
have graded properties.
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