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Many components for aerospace and automotive industries are currently manufactured using
superplastic forming, being the fine-grained aluminum alloy AA5083 widely used for this proposes.
However, the development of cavitation voids is inherent in this process and reduces the ductility
of the alloy. Back pressure can be used to diminish the growth of cavitation void. The experimental
conditions used in this work are in the best condition for nucleation and grow of cavitation, because of
the coarse grain size (81 pm), large second phase particles (9 pm) and elevated test temperature (570°C)
in a AA 5083. Domes were formed at 570°C and at a strain rate of 5x10° s”! by blow forming with and
without back-pressure. They were compared in terms of their final shape, thickness distribution, and
quantity of cavitation voids. The effectiveness of the usage of back pressure to reducing the quantity

of cavitation void was analyzed.
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1. Introduction

The superplasticity can be defined as: “...the deformation
process that produces essentially neck-free elongations of
many hundreds of percent in metallic materials deformed
in tension™. Elongations of 200-500 % are quite common,
but an extraordinary 5500 % elongation can be found in
aluminum bronze alloys®. The superplasticity has been
employed for more than fifty years by industry®, complex
shaped pieces produced by superplastic blow forming are
used by aerospace and automotive industry**.

The tensile stress, in the superplastic materials, is sensitive
to change in the strain rate. It diminishes the necking because
the strain rate and consequently the tensile stress in the neck
region are higher than at surround regions'”’. The parameter
that expresses the capability of the superplastic materials in
resisting the necking formation is the strain rate sensitivity
parameter, m, defined by the equation In(Ac)/In(A€)", in with
the Ao is the tensile stress variation caused by a change in
the strain rate, A€.

There is no onset temperature for superplasticity, so
there is a gradual change from plastic (wherein the m is
equal to zero) to superplastic deformation (wherein the m is
typical above 0.4)'.The dominant mechanism of superplastic
deformation is grain boundary sliding (GBS) rather than
dislocation slip (DS), which are conditioned on the grain
size. The grain size can be classified as: Coarse Grain (CG)
if the average grain diameter, d, is above 10 pm; Fine Grain
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(FG) if dis between 1 and 10 um; and Ultrafine-grain (UFG)
if d is between 100 nm and 1 um®*'°. The superplasticity
usually requires FG materials.

Superplastic blow forming is a manufacturing technique
that consists in applying gas pressure in one or more sheets
against a female die, resulting in a formed part similar to
the die geometry. The possibility of manufacturing complex
geometry, lightweight, and strong thin-shell parts makes
this process a desirable technique to be applied in industries
such as aeronautical, automobile, medical and many others,
being possible to reduce or even avoid the need for heavy
machining and assembly processes, such as riveting and
welding, which is expensive and time-consuming’. Simplified
analytical analysis such as Dutta and Mukherjee!! could be
used to obtain pressure-time relationship for domes required
to keep the material in the optimal range of strain rate for
superplasticity.

Cavitation is a phenomenon that generates voids during
superplastic deformation. It happens due to loss of cohesion
of the grains caused principally by the presence of hard
second phase particles'. The excess of cavitation void can
promote premature fracture by growth and interlinkage of
cavitation void. It results in a relatively low ductility even if
the material presents good resistance to necking. The back
pressure is applied in the opposite direction of sheet forming.
The triaxial stress generated by the back pressure acts by
moving the grains into the nucleated cavitation voids, this
hinders cavitation growth'?.
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The aluminum alloy AA 5083 has high mechanical
properties, good corrosion resistance, and weldability. It
is applied in the automotive and aerospace industry for
structural applications. In that context, the AA 5083 SPF
alloy was specially developed for industrial application
in the manufacturing of components by superplastic blow
forming, which presents the superplastic characteristics:
ductility of 340 % at a temperature of 550°C and strain rate
of 1x107 s with a grain size of 5.6 pm".

The AA 5083 has manganese-iron-based primary
precipitates particles. These second phase particles have
the function of pinning the grain boundary restricting the
grain grow during superplastic forming. However, the
alloy presents an excessive quantity of cavitation voids
nucleated principally in these particles. The larger the size
of hard second phase particles, the greater the number of
cavitation voids. The particles size is usually around 1.3
um, to minimize the cavitation void formation'. Besides
that, the nucleation of cavities increases with grain size'*.
However, back pressure can be applied in the superplastic
blow forming process to minimize the void formation. It is
possible to increase the ductility from 480 to 671 % applying
a back pressure of 5.5 bar'>.

The experimental conditions, used in the present study,
are adequate for nucleation and grow of cavitation, because
the material analyzed presents coarse grain size (81 pm),
large second phase particles (9 pm) and was tested at elevated
temperature (570°C). The objectives of this paper are to
show the deleterious effect of the cavitation in the ductility
and the effectiveness of the application of back pressure to
solve this problem.

2. Experimental Procedure

The as-received sheet was an AA 5083-O aluminum
alloy with 6.35 mm of thickness. The chemical composition
was measured by Spark Optical Emission Spectroscopy
(S-OES). Samples were mechanically polished using
standard metallographic procedure and chemically etched
with HF and H,O (2:100) for few seconds, chemical etching
and polishing (with colloidal silica) was performed several
times until grain boundary revelation. The microstructure
was examined by Optical Microscopy (OM) and Scanning
Electron Microscopy (SEM) and large second-phase particles
were analyzed by energy-dispersive X-ray spectroscopy
(EDX). The second-phase particles were quantified using the
software ImageJ. The grain size was measured by the line
intercept method, five OM images with six lines per image
were used - three at longitudinal and three at transversal.

The strain rate sensitivity parameter “m” was determined
using change in strain-rate method usually named as step test.
The tensile test until fracture was conducted at increasing
speed to maintain a constant strain rate. A universal testing
machine (INSTRON 5500R) with the furnace at temperature
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equals to 570°C was used. Machined dog-bone specimens
(gauge length of 25 mm) were used. The surface fracture
and the longitudinal section of the tensile tested specimens
were analyzed in the SEM above mentioned. The SEM
images from longitudinal section were processed, using
digital image processing software ImageJ, to determine
the area fraction of cavitation void, sample surface was left
unetched to facilitate the threshold processing between the
voids and the specimen surface.

The machine used in the experimental procedures,
presented in Figure 1, works with a system range of 15
to 150 Ton of hydraulic clamp force and has a work area
of approximately 760 x 860 mm. The gas pressure, which
presses the blank against the die, has a range of 1 to 40 bar
and can work with gas injection in both sides of the blank (a
necessary condition for any work using back pressure). The
control system allows different values of pressure, ramp gas
rate, dwell time and clamp force during the forming process,
what should be specified according to final part geometry and
material. The Dutta and Mukherjee quantitative analysis!!
was used to obtain pressure-time relationship required to
keep the material at constant strain rate. A dome-shaped
die with 180 mm in diameter was used. Two blow formed
domes were produced at 570°C and strain rate of 5.0x10*
s, the back pressure of 10 bar was applied in one of them.

A coordinate system with two dimensions was used to
describe the position of the sample on the dome surface: one
is the angle from the pole, ¢ (0-90°); and other is the angle

Figure 1. Superplastic forming Accudyne machine used in the work.
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from the rolling direction (RD), 8 (0-90°), as illustrated in
Figure 2. A rotational symmetry of order 4 was assumed.

3. Results and Discussions

The composition of the as-received sheet of AA5083-O
aluminum alloy is listed in Table 1. The results show that
the chemical composition is in accordance with ASTM
B209M-14'¢,

Figure 3 shows the OM image of the as-received sheet
of AA5083-0O, chemically etched. The grain size of 81.1£2.6
um was measured by the line intercept method, thus, it can be
classified as Coarse-Grained (CG). It is well known that the
average grain size influences the superplastic properties when
the grain size is small - Fine Grained (FG) - the superplastic
forming can be performed faster and at lower temperatures'-.
However, in the case of CG materials, the superplastic
forming had to be performed at elevated temperatures - near
to melting pointing - and at lower strain rate.

Figure 4 shows the SEM image of the rolling direction of
the as-received sheet. It was possible to identify bright and
dark second phase particle. The EDS results show that the
bright particles have iron and manganese in their chemical
composition and the dark particles have magnesium and
silicon. Booth these particles are aligned along the rolling
direction (RD). The quantitative analysis of five SEM images
shown that the area fraction of magnesium and silicon-based
particles was 0.06+0.02 % and the average diameter was
2.1540.04 um. The area fraction of iron and manganese-based
particles was 1.83+0.17 % and the average diameter was
9.52+0.18 pm. The iron and manganese-based particles have
the function of pinning the grain boundaries - Zener pinning.
It influences the final grain size after recrystallization and
the grain growth during superplastic forming. As smaller

Figure 3. MO image in the rolling direction of the AA5083-O
chemical etched, the rolling plane is parallel to the page and the
rolling direction is horizontal to the page.

the size of these particles higher pinning action of these
particles on the grain boundary’®. On the other hand, second
phase particles act as nucleation sites for cavitation void.
The size of these particles should be as small as possible
to minimize their effects on cavitation phenomenon. The
average particle diameter - presented by the analyzed alloy
- is very large compared with results in the literature in
which a diameter of 1.3 um is recommended to reduce the
amount of cavitation void'.

Figure 5 shows step test at 570°C of the coarse-grained
AAS5083-0. The strain rate sensitivity parameter “m” and
the parameters for it calculation - obtained from step test -
are summarized in Table 2. The m value is very dependent
on strain rate, the minimum value was 0.29 at 1.0x10* s°!
and the maximum was 0.38 at 1.0x10” s°!, in the analyzed
range. The m value of 0.65 was observed in the literature
for strain rate of 5.0x10* s! at 565°C and with a grain size

Figure 2. The coordinate system with two dimensions adopted in this work.

Tabela 1. Chemical composition of the as-received sheet AA5083-O aluminum alloy obtained by S-OES.

Al/wt % Mg/ wt% Mn / wt %

Cr/wt%

Si/wt % Fe /wt % Cu/wt%

94.200+0.049 4.670+0.047 0.467+0.002

0.066+0.001

0.081+0.001 0.390+0.004 0.080+0.001




4 Carunchio et al.

Figure 4. SEM image in the rolling direction of the AA5083-O
without chemical etching, the rolling plane is parallel to the page
and the rolling direction is horizontal to the page.

570°C

True stress / MPa

0,0 0,15 0,20 0,25

True strain
Figure 5. Step test at 570°C of the coarse-grained AA5083-O,

conditions and results about the steps from 1 to 5 are presented
on the Table 2.

Tabela 2. Data from step test of the AA5083-0 at test temperature
of 570°C

Step ol o2 a_l 8_2 m
(MPa)  (MPa) (s1) (s1)

1 2.26 2.05 1.0x10-5  7.8x10-6 0.38

2 3.40 3.13 2.5x10-5  2.0x10-5 0.36

3 4.46 4.12 5.0x10-5  4.0x10-5 0.36

4 5.11 4.74 7.6x10-5  5.9x10-5 0.30

5 5.52 5.15 1.0x10-4  7.9x10-5 0.29
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of 9 pm®. The low m value showed is certainly due to the
elevated grain size of 81.142.6 um.

The rate of 5.0x107° s! was chosen for the blow forming,
as it presents the best combination of m value and strain
rate. However, the m and the strain rate are lower, and the
temperature is higher than the commonly used in superplastic
blow forming.

Figure 6 shows the true stress vs. strain rate at 570°C of
the coarse-grained AA5083-0, the data were extracted from
the step test shown in Figure 5. The true stress vs. strain
rate could be fitted in a sigmoidal curve. The shape of the
curve indicates that, at 5.0x10” !, the alloy is in the region
I of deformation at the strain rate chosen. In the region II,
the main deformation mechanism is the grain boundary
sliding'#. The m can be obtained by the slope of the curve,
at this temperature, the alloy presented the value of m near
to 0.4 in the region II, as represented in Figure 6.
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Figure 6. True stress vs. strain rate at 570°C of the AA5083-0, the
data were extracted from Table 2.

Figure 7 shows the tensile test curve of the AA5083-O
performed at a constant strain rate of 5.0x10° s! and
temperature of 570°C. The ultimate true strain was about
0.46 (tensile elongation of 58 %), this value is very low when
compared to the literature that frequently shown an average
tensile elongation of 400 %!'>'"""°, The specimens, before
and after the tensile test, are presented in Figure 8. Despite
the low elongation presented by the specimen, the necking
was not the main cause of the failure, as can be observed
in Figure 8 b). It is suggested that the main reason for this
low elongation is by a high amount of cavitation void, as
will be discussed below.

Figure 9 shows a SEM image of the fractured tensile
specimen shown in Figure 8b). The void, which was near from
the fracture area, was formed by interlinkage of neighboring
cavitation voids, as indicates by the number of grains inside
it. Second phase particles, represented by bright particles,
like that shown in Figure 4, on the grains surfaces indicate
that the cavitation voids were nucleated at the interfaces
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Figure 7. True stress vs. true strain curve of the AA5083-O performed
at a constant strain rate of 5.0x10 s and temperature of 570°C

Figure 8. Photography of tensile specimens: a) before and b) after
test, the rolling plane is parallel to the page and the rolling direction
is horizontal to the page.

between these particles and the grain boundary of the matrix.
These observations suggest the fracture happened due to
the growth and interlinkage of cavitation voids nucleated
at second phase particles.

SEM HV: 15.0 kV
WD: 12.00 mm
Det: BSE

VEGA3 TESCAN

SEM MAG: 1.00 kx 1| |

View field: 208 pm
Bl: 10.00

50 pm

ITASMART

Figure 9. SEM image of the fractured specimen shown in Figure
8 b), the rolling plane is parallel to the page.

Figure 10a) and b) show the SEM of the longitudinal
section of the fractured specimen shown in Figure 8b), the
rolling plane is parallel to the page and the rolling direction is
horizontal to the page. Interlinkage of cavitation voids occurs
preferentially in a direction perpendicular to the tensile axis
and the rolling direction, as confirmed by the shape of the
cavitation voids in Figure 10a). The cavitation voids at § mm
from the tip are equiaxed. These observations are typical of
superplastic deformation®. The area fraction of cavitation

Figure 10. SEM image of the fractured specimen shown in Figure 8 b): a) near to fractured tip; b) at 8 mm from the fractured tip, the
rolling plane is parallel to the page and the rolling direction is horizontal to the page.
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voids along the fractured specimen are presented in Figure
11. The cavitation voids increase with the decreases of the
displacement from the tip, it is expected since the quantity of
cavitation voids is dependent on the quantity of deformation'.
The high concentration of cavitation voids in the fracture
tip suggests that the fracture occurs due to the interlinkage
of cavitation voids. The quantity of cavitation near the
fracture tip was about 9 %, at 0.45 of true strain, this value
is greater than that found in the literature at compatible true
strain, as can be seen in Table 3. This is certainly due to the
coarse-grained microstructure, large second phase particles
and elevated test temperature utilized.

Figure 12 shows the SEM image of the surface fracture
of the AA5083-0. It is observed that there are few fibrous
ridges and several individual grains, this surface is typical
of materials deformed near the region II, as proposed by
SHEN?. Several second phase particles can be observed
on the surfaces of the grains. This observation suggests
that the fracture occurs due to the growth and interlinkage
of cavitation voids.

Two domes of AA5083 aluminum alloy were manufactured
by SPF in two different conditions: with and without back
pressure. In the first procedure, without back pressure, the
blank was ruptured during the expansion. The result was a
dome with a lower height and fractures at its top, as shown
in figure 13 a). The fractures happened inside and outside of

0,081
0,06 5
0,04

0,024 . B

Area fraction of cavitation void

0,00 T T T T T

Displacement / mm

Figure 11. Area fraction of cavitation void as a function of the
displacement from the fractured tip of the fractured specimen
shown in Figure 8 b).

Tabela 3. The area of cavitation and test condition for AA 5083.
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VEGA3 TESCAN

W View field: 208 pm | 50 pm
| petisE | BE1000 |
Figure 12. SEM image of the surface fracture of the AA5083-O
fractured in the tensile test with a strain rate of 5.10s! at a
temperature of 570°C.

ITASMART

the dome, as can be seen in Figure 14. While the test with
10 bar of back pressure, the aluminum sheet could reach the
upper die at the end of the pressure cycle, with no visible
cracks, as observed in Figure 13 b).

Figure 15 shows the thickness reduction as a function of
¢ (angle from the pole) at 0 (angle from the rolling direction)
equal to 0° of the produced domes. It can be observed, in
both domes, that the thickness reduction decreases as the
¢ increases, it is due to the frictional force that opposes
the motion of the part in contact with the die. The dome
without back pressure fractured with about 50 % of thickness
reduction at ¢ equal to 4.4°, which is consistent with the
result of low ductility observed in the tensile test. On the
other hand, the blow forming with 10 bar of back pressure
was completely conformed with a thickness reduction of
77.2 % at @ equal to 3.8.

Tensile test

Blow forming

Reference I;;g:s 1 In this paper [*]
Cavitation area / % 9 0.5 2.5 0.3 1.0 0,2
Back pressure / MPa 0 0 0 10 0 2
True Strain 0.45 0.5 0.6 0.41 0.57 0.55
Temperature / °C 570°C 550 450 570 515

Strain rate / 8! 5%x107° 5x107 3x107* 5x107° 5107
Grain size / pm 81 7 81 -

Second phase size / pm 9 - 2,56 9 -
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Figure 13. Domes made via blow forming of the coarse-grained AA 5083 O aluminium alloy with: a) no back pressure; and b) 10 bar

back pressure.

Figure 14. Cross section of the dome performed without back pressure.

Figure 16 shows a void at sample extracted from the
positions of (¢=45°; 6=0°) of the dome processed without
back-pressure. As presented in the SEM image of Figure 9,
the void was formed by interlinkage of neighboring cavitation
voids nucleated second phase particles.

Figure 17 shows the microstructures, obtained via SEM,
of the sample extracted from the position p=45°and 6=0° of
the dome without and with 10 bar of back-pressure, as shown
in Figure 17 a) and b), respectively. The dome without back
pressure presented a high amount of cavitation void area, and
the cavitations alignment is predominantly perpendicular to
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Figure 15. Thickness reduction as a function of ¢ at 6 equal to 0°,

of domes produced with and without back-pressure.

SEM HV: 20.0 kV
View field: 208 pm
SEM MAG: 1.00 kx |Date(m/dly): 01/03/17

WD: 13.44 mm
Det: BSE
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Figure 16. SEM images of domes processed without back-pressure
showing the grains inside a void, samples extracted from the positions
of (¢=45° 6=0°). The rolling plane is parallel to the page and the
rolling direction is horizontal to the page.
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Figure 17. SEM images of domes processed: a) without back-pressure; and b) with 10 bar of back-pressure, samples extracted from the
positions of (¢p=45°; 6=0°), the rolling plane is parallel to the page and the rolling direction is horizontal to the page.

the stress applied, that is the same as rolling direction for this
samples, it corroborates with discussions from Figure 10.

It is clear to see that the area fraction of cavitation voids
diminishes significantly with employment of back-pressure.
The dome processed without the back-pressure presented
area fraction of cavitation voids of about 2.5+0.2 %. The
dome with back-pressure presented just 0.3+0.1 %, it is
compatible with the literature, as can be seen in Table 3.
This result shows that the use of back pressure is efficient
to diminish the quantity of cavitation voids even at very
favorable conditions for cavitation growth.

4. Conclusions

The aluminum alloy 5083 presented a granular fracture
typical in materials deformed by grain boundary sliding. The
ultimate true strain was about 0.46, this low ductility was
certainly due to the high area of cavitation voids, about 9 %.
It was associated with the coarse grain size (81 um) and large
second phase particles (9 um) in the alloy microstructure
and the high test temperature (570°C).

In the domes produced by superplastic blow forming,
the area of cavitation voids decreased significantly and the
thickness reduction increased from 50% to 77.2 % (limited
by the female die) by applying 10 bar of back pressure. It
shows the effectiveness of back pressure in diminish the
quantity of cavitation voids even at very favorable condition
for cavitation growth.

Furthermore, this work can be industrially useful as a
database for setup the superplastic blow forming for coarse-
grained AA 5083 alloy.
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