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Abstract

This study set out to look at the influence of nickel additions on a commercially available AA7020 to understand the impact
of the resultant intermetallics on recrystallization, formability and material strength. Elevated temperature tensile testing
across a range of strain rates (5 x 107*s~! x 107! s™!) and three temperatures (450— 500 °C) to compare material ductility
followed by gas bulge testing at 475 °C and two gas pressures to investigate formability in a test closer to industrial forming
conditions. Material strength was established using standard tensile testing, and EBSD used to understand the microstructural
evolution of the materials. It was seen that the nickel additions increased ductility of the material across all test conditions,
coupled with increasing the material strength. This was achieved due to the formation of nickel rich intermetallics which
refine the microstructure during pre-heating through particle stimulated nucleation and subsequently improve strength through

precipitation hardening in aging treatments.
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1 Introduction

Due to ever more stringent regulations to meet carbon
emission reduction goals there is a need to make current
internal combustion engine vehicles more efficient. This is
being approached from two sides, improving the engine effi-
ciency where we see the use of smaller displacement engines
combined with turbochargers, and secondly by reducing the
overall mass of the vehicle by moving to lightweight alloys
and materials [1, 2]. There is also a significant rise in the
development and uptake of electric vehicles, driven by regu-
lations to ban the sale of new internal combustion engine
vehicles from 2030 where there is the need for advanced
lightweight materials to counteract the battery and motor
mass which reduces vehicle efficiency and range [3-5].
The 7000 series alloys are high strength heat treatable
alloys that offer a solution to the question of mass reduction
in a wide range of industrial applications owing to their high
strength the weight ratio [6, 7]. The ability to be warm or hot
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formed when combined with advanced forming processes
such as superplastic forming (SPF), quick plastic forming
(QPF) and hot form quench (HFQ), allows for complex
geometries to be produced leading to a reduction in parts
and joining processes [8]. The high strength of the mate-
rials allows for substitution of more dense materials such
as steels or for downgauging of lower strength aluminium
alloys, leading to a mass reduction in the produced parts [9].

The suitability of various 7000 series alloys in advanced
forming operations to produce complex automotive parts has
been widely demonstrated. The suitability of AA7050 to be
hot or warm formed has been investigated, with processing
maps identifying has been shown to offer optimal ductility
around 420 °C and up to 0.18 s~! indicating the potential
for use in a QPF process [10]. Rong et al. demonstrated that
within a Nakajima test to develop a thermal forming limit
diagram AA7075 offered significantly improved ductility
at 400 °C compared to 300 °C coupled with the ability to
be formed at higher strain rates at higher temperature [11].
An alternative method to develop a similar thermal form-
ing limit curve of AA7050 under HFQ forming conditions
showed further improvements in formability at 450 °C [12].
AA7020 has been investigated in a variety of hot and warm
forming applications and has been shown to demonstrate
improved formability when combined with these processes
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in the 150-250 °C range [[13]. Further details of the use of
7000 series alloys in elevated temperature processes can be
found in reviews by Hirsch, Zheng and [7, 8 and 16]. Alter-
native methods of improving the formability of AA7075
have shown that it is possible to form an automotive b-pillar
using w temper forming, where the material is solutionized
and then later formed cold [17].

Previous investigations have reported that additions of
nickel can lead to improvements in the formability of alu-
minium alloys with elongations of up to 800% reported in a
7000 series alloy [18]. The addition of nickel is reported to
produce coarse intermetallic particles within the alloy, these
particles have been shown to produce a finer grain structure
during solutionization treatments prior to forming by means
of particle stimulated nucleation (PSN) due to the high levels
of local lattice misorientations around the particle following
cold rolling [19, 20].

Superplastic forming processes are typified by forming
at low strain rates 10™* s7!, 1072 s~! and at elevated tem-
peratures typically greater than 80% of the materials melt-
ing temperature [21]. Superplastic materials typically have
a high strain rate sensitivity coefficient (m value) which
describes a materials ability to resist necking during form-
ing, a typical metal would have an m value 0.2 <whereas a
superplastic material would be > 0.5 [21]. Typically for a
material to be considered superplastic extensions of at least
200%—-400% should be achievable within uniaxial tensile
testing [22]. There is an academic shift championed by par-
ticular academics and universities to define superplasticity
as a minimum of 400% linear elongation and an ‘m’ value
greater than 0.5 [23], whereas industrially parts are typically
designed with a maximum of 150% elongation [9].

This study set out to evaluate the formability of AA7020
under SPF and SPF like conditions to establish the optimum
forming paraments for the alloy, and to evaluate whether
it can be formed at higher strain rates to decrease forming
times allowing it to be more widely adopted. Nickel con-
taining variants of the same alloy were supplied by Norsk
Hydro to understand whether the resulting intermetallics can
offer any improvements in formability and strength. Elevated
temperature tensile tests combined with elevated tempera-
ture gas bulge trials were utilized to establish formability
whilst electron microscopy was employed to understand the
microstructural evolution of the material at various stages of
the process to inform industrial forming cycles.

2 Materials and Experimental Procedures
2.1 Materials

Two alloys were investigated in this study, a commercially
available AA7020 alloy, and a nickel containing variant
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based on the original AA7020, named V3C within this
report. Both alloys were supplied as 2 mm sheet in the cold
rolled condition, no further thermomechanical processing
as conducted prior to testing. The chemical composition of
the two alloys is detailed in Table 1. Specimens for all tests
were machined from sheet using a Datron CNC machine
with a 3 mm cutter and optimized parameters to achieve a
good surface finish along cuts.

2.2 Elevated Temperature Testing

Tensile dogbones with a gauge length of 20 mm as shown in
Fig. 1a were machined in accordance with ISO 6892-2:2018
and tested using an Instron 5742 load frame with an inte-
grated furnace [24]. Tests were controlled using Instron
Wave Matrix V.2.35 software operating in strain rate con-
trol to achieve constant strain rates throughout testing. Tests
were conducted across a range of strain rates (5 X 10747,
1x 10777, 5% 1077, 1 x 10757, 5 x 107571, 1
107's1) three temperatures (450 °C, 475°C, 500 °C) and
with varied solutionization pre-heat times prior to deforma-
tion (1, 2 and 5 minutes). The furnace was allowed to sta-
bilize at temperature for several hours prior to testing, sam-
ples were loaded into the grips with a 20N preload for the
desired pre-heat time and then deformed to failure. Testing
was conducted to investigate the influence of reducing pre-
heat times and increasing strain rates to improve industrial
forming processes and to assess influence of nickel contain-
ing intermetallics under the same conditions.

2.3 Gas Bulge Testing

250 mm square sets of material were prepared and lubricated
in the region of the clamp ring with colloidal graphite acting
as a release agent following testing, as the specimens were
not in contact with the tooling during forming no further
lubrication was required. Testing was conducted using an
Interlaken forming press with a free bulge tool using a sin-
gle central gas inlet at 475 °C and at two pressures (35Psi,
45Psi). Gas pressure and temperature was controlled using
Interlaken Unitest software, all testing was conducted at a
constant gas pressure as lack of feedback sensors would
not allow for strain rate control of testing, failures were
detected by a pressure drop in the system during forming.
Dome heights were measured throughout testing using an
integrated laser.

2.4 Tensile Testing

Tensile dogbones conforming to ISO 6892-1:2019 [25] were
machined and then heat treated within a Nabotherm furnace
to replicate the thermal cycles during testing but without any
mechanical deformation. Following these heat treatments,
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they were subjected to post forming aging treatments to
assess the material strength following a typical industrial
forming cycle. Specimens were the tested using an Instron
5567 load frame using Bluehill software with physical
extensometers.

2.5 Microstructural Characterization

Microstructural analysis was conducted using Zeiss Sigma
FEGSEM and an Oxford Instruments Nordlys EBSD camera
with Oxford Aztec software. An aperture size of 240 um and
accelerating voltage of 20 keV was used across all scans,
with a step size of 0.5 um. Samples were prepared using a
mechanical polishing regime modified from standard prepa-
ration techniques, with a final step of 1 h vibromet polishing
wit colloidal silica to ensure a high-quality surface finish.
Post processing of scans was conducted using Oxford Chan-
nel 5 software.

3 Results and Discussion

Flow curves for AA7020 and V3C across three temperatures
are given in Figs. 2 and 3 respectively. Within the AA7020
we can see that the forming temperature did not signifi-
cantly impact the elongation of the material, whilst having
a marked influence on the peak stress being around 35 MPa
at 450 °C and 25 MPa at 500 °C. At all three temperatures
the material only experienced around a 0.1s difference in
failure strain across the full range of strain rates investigated,
with the material having an average ‘m’ value, of around
0.18 as shown in Fig. 2d. The ‘m’ value being the materials
strain rate sensitivity which can be thought of as its resist-
ance to localised necking, with higher resistance to localised
necking being favourable for industrial forming. The ‘m’

value can be determined as the slope of a linear regression
fit of by the log—log flow stress—strain rate plots at a certain
strains, illustrated in Figs. 2 and 3 [26].The low ‘m’ value
and limited ductility indicate the material is not capable of
achieving SPF levels of ductility in an academic sense, and
is less industrially relevant [27], the ability to reach near
peak elongational higher strain rates does however indicate
that the material may be suitable within a hot or warm form-
ing application.

It was observed that the nickel containing variant V3C
achieved greater strain to failure across all conditions, but
with higher stress suggesting a stronger material as shown in
Fig. 3a, b, and c. Unlike the AA7020 V3C showed a prefer-
ence to deformation at higher temperatures with peak strains
in excess of 1.0 s observed at both 475 and 500 °C. The V3C
also exhibited a greater average ‘m’ value of 0.24 indicating
a greater resistance to localized necking within the material.
The greater levels of elongation in the V3C whilst still short
of being strictly academically superplastic suggests more
suitability within a wider range of industrial applications
than AA7020. The presences of nickel rich intermetallics
within the V3C is responsible for this increase in formability
through increased static recrystallization kinetics due to PSN
during pre-heating, and potentially through dynamic recrys-
tallization during deformation. The maximum ‘m’ value of
0.26 is below the region where the stress exponent n=2
which, as discussed by Sherby, indicates that grain bound-
ary sliding is not an active deformation mechanism within
either alloy. The low ‘m’ value and deformation at relatively
higher strain rate would indicate the defor mation is mainly
controlled by dislocation creep [27].

Both alloys showed close correlation of intermediate
strain rates i.e.,1 X 1072 s~ and 5 x 1072 s™! and in the
case V3C of notably improved ductility at higher tem-
peratures. With this being the case, intermediate strain

Table 1 Chemical composition Composition (wt%) Remainder Al

of alloys
Variant 7Zn Mg Ni Mn Zr Cr Ti Si Fe Cu
7020 4.5 1.6 0 0.22 0.1 0.2 0.02 0.05 0.1 0.002
V3C 4.57 1.25 1.61 0.22 0.101 0.2 0.022 0.05 0.098 0.002

Fig. 1 a tensile dogbone prior
to deformation within integrated
load frame furnace, typical

gas bulge specimens following
failure
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Fig.2 Flow curves of AA7020 at a 450 °C, b 475 °C and ¢ 500 °C, and d plot of ‘m’ value determination curve for all temperatures

rates and testing at 450 °C were removed from further
testing to investigate the influence of preheat times on
ductility to establish suitability for cycle time reductions
within industrial forming processes. Typical hot forming
processes utilize a five-minute preheat stage, this can rep-
resent a significant part of the overall forming cycle and
is one of the limiting factors towards greater adoption of
SPF like forming. Results of AA7020 exposed to varied
pre-heat times at 475 and 500 °C are shown in Fig. 4a, b.
respectively and for V3C in Fig. 5a, b. As previously the
V3C was seen to outperform the AA7020 across all con-
ditions, indicating increased formability due to the nickel
additions.

Both alloys exhibited improved ductility when the preheat
time was reduced from 5 minutes indicating that a 5 minute
preheat leads to negative microstructural evolution such as
grain growth. AA7020 achieved a peak linear elongation of
176% at 500 °C and 1 x 1072s~! with a two minute preheat
and V3C achieved a peak elongation of 194% at 475 °C and
1 x 107! s~! with a two minute preheat. The increased ductil-
ity with a reduced preheat indicates a microstructural insta-
bility within the material at this time, indicating that static
recrystallization not having fully completed and suggesting

@ Springer

possible dynamic recrystallization during deformation. As
would be expected for a material with lower strain rate sen-
sitivity the AA7020 shows a “flatter” curve, indicating that
it is less sensitive to the strain rate and more sensitive to the
temperature at which it is formed as noted in other studies
[28].

Previously the V3C had shown a preference to forming
at 500 °C whereas with a reduced preheat time it proved to
be more ductile at 475 °C. This indicates that the preheat
time has a greater influence than the forming temperature,
again linked to the presence of nickel intermetallics which
are responsible for the improved ductility compared to the
AAT020.

Free bulge testing was used to verify tensile results in an
experiment closer to that found within an industrial forming
process. Figure 6 shows the dome heights achieved for both
materials at two different gas pressures to represent a fast and
a slow strain rate. As with tensile results the V3C achieved
a greater dome height than the AA7020 at both pressures,
confirming that the V3C material has greater ductility than
AA7020 across all investigated forming conditions. Again
the V3C showed improved ductility at the higher gas pres-
sure (higher strain rate), indicating its suitability towards
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Fig.3 Flow curves of V3C at a 450 °C, b 475 °C and ¢ 500 °C, and d plot of ‘m’ value determination curve for all temperatures

industrial forming, and showing that the presence of nickel
rich intermetallics positively impacts the ductility by influ-
encing the microstructural evolution of the material both
during preheat and whilst forming.

As seen in Fig. 7a, d. both materials exhibited a cold
rolled structure in the as received condition, with clear bands
of material running in the rolling direction. Figure 7 b, e.
show AA7020 and V3C after heating to 475 °C but having
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experienced no deformation, both alloys show a structure
with random orientation of grains which are reasonably
equiaxed and with limited evidence of rolling direction,
indicating fully recrystallized structures in both materials.
The main difference in the materials is the significantly
finer grain structure observed within the V3C, this differ-
ence is due to the presence of nickel containing Al;Ni par-
ticles which increase the influence of particle stimulated
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Fig.4 Elongation versus strain rate with varied preheat times of AA7020 at a 475 °C and b 500 °C.
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Fig. 5 Elongation versus strain rate with varied preheat times of V3C at a 475 °C and b 500 °C.

nucleation that leads to a finer recrystallized grain structure
which has been demonstrated in various studies [18, 19,
29, 30]]. EDX analysis was used to confirm the presence of
these particles within the V3C material, as shown in Fig. 7g
these were well distributed throughout the as received cold
rolled sample.

Figure 7c, f show the materials post forming, again there
is a clearly finer grain structure within the V3C material
compared to the AA7020. Within the V3C there is also more
evidence of grain elongation and rotation towards the defor-
mation direction suggesting some differences in deforma-
tion mechanisms within the two alloys owing to the nickel
intermetallics. The main influence of the nickel addition and
the subsequently formed nickel rich intermetallics being the
increased recrystallization dynamics during static recrystal-
lization through PSN and the subsequent finer grain struc-
ture which led to increased ductility of the alloy.

Both alloys were exposed to various aging treatments,
and to a representative paint bake cycle as shown in Fig. 8a
to investigate the influence of the nickel additions on mate-
rial strength. As shown in Fig. 8b as with ductility, the V3C
material was observed to outperform the AA7020 across all
investigated aging treatments. Peak strength in both alloys
was achieved using a combination of 90 °C for 8 hours
and 180 °C for 18 h followed by the illustrated paint bake
cycle. A peak yield strength of 320 MPa was observed in
the AA7020 and 350 MPa in the V3C material. The cause
of this is through increased precipitation hardening due to
the presence of the nickel rich intermetallics which has been
observed in other studies [31].

This study has demonstrated that the addition of Nickel to
AA7020 is very beneficial in terms of mechanical properties,
showing increases in ductility across all test parameters and
improved strength across a range of heat treatments. This is
achieved due to the formation of Al;Ni particles and other
nickel rich intermetallics which refine the microstructure
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during pre-heating through PSN and subsequently through
precipitation hardening in aging treatments. Further work is
needed to identify how these intermetallics will impact the
alloy in terms of joining and whether there is any detrimen-
tal impact on mechanisms such as stress corrosion cracking
which is an issue for the wider uptake of 7000 series alloys.

4 Conclusions

From this study we draw several conclusions, the first being
that a 1.6 wt% addition of nickel to AA7020 improves the
material formability across all forming conditions regard-
less of strain rate or temperature. Under optimal conditions
AA7020 achieved a linear elongation of 176% and V3C
achieved 194%.

Neither alloy exhibits elongation which would be clas-
sically termed superplastic, however the study has dem-
onstrated the ability to improve formability through the
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Fig.7 IPF maps of AA7020 tensile dogbone, a as received, b non
deformed region after deformation, ¢ gauge length following defor-

mation at 1 x 1072571, V3C tensile dogbone, d as received, e non
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Fig. 8 a representative industrial paint bake cycle, b yield strength of AA7020 and V3C following various aging treatments

addition of nickel. This led to industrially relevant levels of
elongation, particularly at higher strain rates with shorter
preheat times, indicating the ability to reduce overall cycle
times.

As with ductility, the addition of nickel had a positive
impact on the strength of the material across all tested heated
treatments. Peak strength in the base AA7020 was 320 MPa,
increasing to 350 MPa for the V3C.

The formation of nickel rich intermetallics due to the
added nickel was responsible for the increases in ductility
and strength due to several mechanisms. Particle stimulated
nucleation during preheating lead to a finer grain structure
leading to improved ductility, and increased precipitation

strengthening during aging treatments increased the mate-

rial strength.
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