
A Comprehensive Experimental Investigation of

Hydraulically Supported Robot Assisted Incremental

Sheet Forming of Al6061 Sheets

Ravi Prakash Singh1,2, Santosh Kumar3, Edward J Brambley1,2, Pankaj Kumar Singh3,
and GM Karthik3

1Mathematics Institute, University of Warwick, Coventry, CV4 7AL, UK
2WMG, University of Warwick, Coventry CV4 7AL, UK

3Department of Mechanical Engineering, IIT (BHU), Varanasi U.P.-221005, India

1st October 2024

Abstract

In the current study, robot assisted incremental
sheet forming (RAISF) was performed on sheets
of aluminum alloy 6061, which was supported from
underneath by fluid; this process is named robot as-
sisted incremental sheet hydroforming (RAISHF).
A variable wall angle conical frustum was fabricated
both with and without the fluid support. The cone
formed by RAISHF was 6.67% steeper and 28.47%
deeper than with RAISF alone. Spring back was
also reduced by 77.14%, suggesting better accur-
acy of the formed part. For cones of identical wall
angle formed with RAISF and RAISHF, the thick-
ness distribution, tensile properties, microhardness,
major and minor strains in the plane of the sheet,
microstructures, and residual stresses are charac-
terized, with RAISHF showing greater and more
even thickness distribution, more even strain distri-
bution, and less hardening. X-Ray diffraction ana-
lysis revealed the residual stress in both processes
to be tensile, with RAISHF showing lower resid-
ual stress. Microstructures of the samples taken
from formed cones revealed that, due to dynamic
recrystallization, more strain can be obtained by
RAISHF.

Keywords: Incremental forming; Hydroforming;
Straight groove test; Nakajima test; Forming limit,
XRD, Microhardness

1 Introduction

Incremental sheet forming (ISF) does not involve
use of dedicated dies for sheet forming and is
used for small batch production of complex three-
dimension shapes [1]. ISF has been an area of in-
terest amongst researchers and industry alike be-
cause of its various advantages over the conven-

tional stamping process, discussed below. Due to
the die less nature of the process, it is cost effective
for small batches.ISF offers a high degree of shape
flexibility, especially for small batch production
of complex 3D shapes, and high energy efficiency
[2, 3].Emmens and van den Boogaard [3], Gatea
et al. [4] explained how strains in ISF can be at-
tained well above the forming limit curve (FLC) for
conventional processes like deep drawing, stretch-
ing, and stamping. The enhancement of formability
is due to localized deformation, resulting in a high
level of localized compressive stress between the
tool and the workpiece, which squeezes voids and
slows down the process of damage, thereby, sup-
pressing/ delaying necking.They further explained
the enhanced formability as as a consequence of
complex stresses arising during ISF. Factors such as
contact stress, bending under tension, shear, cyclic
straining, the geometrical inability of the neck to
grow, and hydrostatic stress, have been reported
responsible for improved formability. Several work
has been reported on studying formability in ISF
process by means of Straight groove test and Vari-
able Wall Angle Conical Frustum (VWACF) [5–8].

During the initial development of ISF, the pro-
cess was carried out on a 5/6-axis CNC machine.
However, more recently, industrial robotic arms
have been used to perform ISF, and the process
is called Robot-Assisted Incremental Sheet Form-
ing (RAISF) or Roboforming [9]. Robotic arms of-
fers verious advantages over CNC machines such as
better speed control, higher accuracy, and a larger
workspace which can be beneficial while forming
large and complicated shapes [10–12].However, in
recent times, some other changes have also been
made in ISF to enhance the capabilities of the pro-
cess. Some of these are hot/warm forming us-
ing induction heating [13–16] Laser-Assisted In-
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cremental sheet forming [17, 18], and ISF with
ultrasonic vibrations [19, 20]. One of the major
drawbacks of ISF is geometrical inaccuracy of the
formed product [21–23]. Hirt et al. [24] presen-
ted a comprehensive review of the geometrical inac-
curacies occurring during ISF. It was suggested that
the geometrical inaccuracies arising in the products
formed by ISF is due to plastic deformation outside
the contact zone, elastic part deflection in the pro-
cess, spring back due to release of the regular elastic
part of the local deformation and induced residual
stresses. As the underside of the sheet is free due to
absence of any die and elasticity in the sheet there
is a problem of spring back which attenuates the
surface finish of the formed product [25–27].Use of
a partial die from the back of the sheet has been
reported to overcome this issue [28]. Researchers
have also reported use of a flexible medium from
the back of the sheet. The active medium from the
back of the sheet not only provides back support
during fabrication of the sheet, but also acts as a
flexible die for forming which can lead to enhanced
shape accuracy of the formed product. Addition-
ally, the process involving use of flexible medium
from the back side of the sheet brings in a pres-
sure which can be beneficial to ISF. It can increase
overall formability of sheet due to pressure-induced
ductility and changes in stress triaxiality which fi-
nally results in uniform strain distribution through-
out the deformed sheet.The The reported flexible
mediums are pressurized air metallic foam, rubber
and static fluid [29, 30]. McLoughlin et al. [31]
applied pressurized air from the back of the sheet
at 0.0035 bar and observed no significant change in
the geometrical accuracy of the formed parts. Khal-
ifa and Thiery [32] used gas as an active medium
from back side of the sheet, which acted as a sup-
plementary tool, and under controlled pressure, a
concave-convex shape was formed. They also used
multistage ISF with preform of height with act-
ive medium for forming concave-convex shape [33].
It was reported that preform with 75% of the fi-
nal height gives significant reduction in undesired
bending due to decrease in vertical forces. Sim-
ilar trends in vertical forces were observed by Zi-
meng et al. [34] while performing FEA analysis
of ISF with isostatic pressing from back. Shang
et al. [35, 36] used FEA modelling for ISF with
hydraulic support and validated with experiments
and found that uniformity in thickness distribution
of the formed product was significantly improved.
The maximum achievable wall angle was also im-
proved while using hydraulic support. Kumar and
Kumar [37] developed Incremental Sheet Hydro-
forming (ISHF) by introducing hydraulic fluid from
the backside of the sheet in ISF, for deforming alu-
minium sheets. Using FEA modeling with Deform
3D, they observed that ISHF required lower form-

ing forces due to increased material ductility com-
pared to ISF. They further employed multi-stage
ISHF to achieve wall angles up to 90◦ while form-
ing conical frustums [38]. Singh et al. [39] further
applied multi-stage ISHF with a six-axis industrial
robot, noting improved surface finish and reduced
spring back in comparison to single-stage processes.
Thus, ISHF can be a more capable process of
sheet forming as compared to the conventional ISF.
Though, several studies have been carried out on in-
cremental sheet forming and hydromechanical deep
drawing, related to wall angle, very limited work
has been done characterization of several essen-
tial aspects of ISHF. The aim of the current work
is to broadly compare the processes of ISF and
ISHF performed on six axes of industrial robot.In
the present work, RAISF and RAISHF processes
have been used to form cones from sheets of alu-
minium alloy 6061. In the present work, RAISF
and RAISHF processes have been used to form
cones from sheets of aluminium alloy 6061. Tensile
and Erichsen ductility test were conducted to de-
termine mechanical properties of the sheet before
forming.3 Experiments were conducted to make
conical frustums by RAISF and RAISHF using
parameters optimized by straight grove test. The
respective outputs of both the processes were com-
pared in terms of formability acheived and strain-
strain space, ?? thickness distribution, Accuracy of
formed product, 4.2, strength and microhardness of
the formed products4.3, residual stresses 4.4, and
microstructures 4.5.

2 Experimental setup and ro-
botic tool path planning

The experimental setup of robot-assisted incre-
mental sheet forming (RAISF) and robot-assisted
incremental sheet hydroforming (RAISHF) as
shown in figure 1 was established from scratch in
the Production lab facility at IIT (BHU) and was
patented with Title of Invention “Robot Assisted
High Speed Incremental Sheet Hydroforming Ma-
chine” [40]. The setup used in the current work
and its working has been described comprehens-
ively in the previous works undertaken by the au-
thors [15, 41, 42]. The experimental set up consists
of the main parts which are: a six-axis industrial ro-
bot with a payload of 180 kN with a controller and
teach pendant, provided by M/s Yaskawa, clamp-
ing arrangement, forming tool, tool dynamometer
for force measurement fluid chamber (only used for
RAISHF),Piston and cylinder assembly to maintain
hydraulic pressure, Control Valves (V1, V2, V3) and
Pressure sensors and gauge for pressure monitor-
ing. The various parts of the setup has been shown
in 1. To avoid any air and fluid leakage from the
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Figure 1: Robot assisted incremental sheet hydroforming setup: (a) CAD model, (b) labelled diagram
of existing setup, (c) fluid reservoir, (d) piston and valve arrangement.

fluid chamber, silica gel and epoxy rubber was used
between the flange and the fluid chamber. The
working methodology of the RAISHF can be un-
derstood from figure 2 (a). The fluid chamber was
made oil full before thw start of forming. The sheet
was clamped between the flanges and was sealed
with silica gel and epoxy rubber to make it leak free
and airtight. Valves V1 and V2 were closed and V3
was open. Fluid pressure from the back of the sheet
is maintained by using piston-cylinder arrangement
with a counter weight. It was found that a high
pressure (> 1.3 bar), caused bulge in the sheet in
the upward direction, and subsequent forming by
the tool in the downward direction caused folds in
the sheet and crack in the region as shown in the fig-
ure 2 (c). Hence a pressure in the range of 1.0−1.3
bar was chosen. This pressure was maintained eas-
ily by piston-cylinder arrangement, and naturally is
not sufficient for causing any significant plastic de-
formation, but to act as a support from the back of
the sheet to ensure better geometrical accuracy of
the formed product and also ensure uniform strain
distribution. Similar recommendations have been
given by Shang et al. [35, 36]. The cone formed
and the pressure generated during the formation of
the cone has been shown in figure 2 (b) and (c) re-
spectively. Once the forming was complete Valve
V1 was opened to put fluid back to the reservoir.
For tool path planning, couple of methods were ad-
opted.

1. Teach pendant based tool path planning:
In this method, in situ tool path planning
was carried out with a teach pendant. This
planning was adopted for both axis-symmetric
and non-axis-symmetric shapes with fixed wall
angles. The process is explained further
through a sample program that generates an
axis-symmetric cone, as shown in figure 3(a).
The process is fast and works efficiently par-
ticularly for simple geometries with fixed wall
angles.

2. Software based tool path planning: How-
ever, in scenarios involving more intricate
shapes, such as those with varying wall angles,
the use of the teach pendant for tool path
planning becomes less practical as number of
points to be specified becomes impractically
high. In such instances, a software-based tool
path planning strategy is implemented. In
this strategy shapes and corresponding tool
paths, once generated on 3D modelling soft-
ware (CATIAV5 in current study) is conver-
ted into.stl file to get the information of every
layer separated by vertical step depth (). NC
file is obtained from .stl file which can be dir-
ectly fed into the RobotDK software which
serves as an intermediary, establishing a seam-
less interface between the robotic system and
computer-based planning. The process for
software strategy is shown in Figure 2 (d).

Once the tool path was developed successfully us-
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Figure 2: (a)Schematic diagram for working of RAISHF (b) Crack and fold in the sample when formed
with a high back pressure (c) successfully foemd cone and (d) Pressure from back during successful
formation of cone

Figure 3: (a) Sample tool path program on teach pendant (c) software-based tool path strategy for
VWACF
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ing any of the above mentioned two methods, it
was tested conducting a dry run of the tool. If the
tool motion was accurate, as per the programmed
path, the tool was allowed to playback the pro-
grammed tool path to fabricate the sheet. The
fixed ball tool was used in the current study, as it
gives rise to a kinetic friction condition, leading to
more localized heating which can induce softening
effect to the sheet and hence more deformation can
be achieved. The experimental parameters of tool
speed, tool diameter, and step depth were selected
using straight groove test due to its simplicity and
rapid execution. The outputs of depth of groove,
spring back and forming time were used for regres-
sion analysis to determine the optimal combination
of input parameters using the central composite re-
sponse surface design (CCRSD) on Minitab soft-
ware. Tool speed and step depth were taken as
continuous variables, while tool diameter was cat-
egorical. A total of 39 experiments were conduc-
ted, and the results optimized for minimizing form-
ing time and spring back while maximizing theor-
etical depth. The optimum parameter values were
tool speed at 85 mm/s, step size at 0.4 mm, and
tool diameter at 12.5 mm, achieving a composite
desirability of 0.7652 [43]. These optimized para-
meters effectively balanced the trade-offs between
the output responses and were selected for further
experiments.

3 Base Material

For this work, sheets of aluminium alloy AA6061 of
1.48 mm thickness were used,; this grade of alum-
unium is widely used in sheet metal industries. The
alloy AA6061 was solution heat-treated for 2 hours
at 415◦C to acheive the homogenized phases and
then furnace-cooled to 260◦C and held for one hour,
and finally air cooled [44]. The composition of the
AA6061 was determined by optical emission spec-
trometer and is presented in Table 1. To asses the
mechanical properties of the sheet material before
forming, tensile test, Erichsen ductility test and Na-
kajima test was performed.The uniaxial tensile test
was performed on a 100 kN INSTRON (MODEL
8801) using samples as per the ASTM/E8 standard.
For studying the formability of the AA6061 sheet
after heat treatment, Erichsen ductility test was
conducted. The specimens were prepared as per
the ASTM/E643/15 standard. The diameter of
indenter was 20mm with main scale division 1 mm,
and the circular scale division of 50/5MSD. Three
domes were formed by the indenter utill the onset of
fracture of the dome, and the depth of the indenta-
tion was measured as (HD). The tensile properties
and the details of the depth of indentation (HD) of
all the domes on the samples of AA6061 preform is
presented in Table 2.

The formability of preform material after heat
treatment, was evaluated comprehensively in terms
of the forming limit curve (FLC). The FLC was
measured according to the ISO 12004-2: 2008
standard [45] using the Nakajima test. During the
test, a hemispherical punch with a diameter of 100
mm was used to perform out-of-plane stretching on
a series of sample geometries, to generate different
strain paths, as shown in figure 4 on an ITC In-
terlaken 1000 kN hydraulic press, equipped with a
Nakajima punch and smooth clamp ring set [46].

The sample in Figure 1(a) generates an equi-
biaxial strain path, while the sample in Fig-
ure 1(g) generates a uniaxial strain path. The
samples in between produce other strain paths,
ranging between these two extremes, including bi-
axial and plane strain paths. Figure 1(h) shows
the orientation of the specimen geometries dur-
ing the tests. The tests were conducted at
a constant punch speed of 1 mm/s. A min-
imum of three repeats were carried out for each
sample geometry. Friction was minimized on
the punch by applying a lubrication stack (tal-
low/Teflon/tallow/PVC/tallow/Teflon/tallow lay-
ers) between the specimen and the punch. The fail-
ure strain was measured with a GOM 5M digital
image correlation (DIC) system using a position-
dependent method. The DIC system consisted of
two 5MP cameras fitted with 50 mm lenses to cap-
ture images of the sample surface at a frame rate of
20 frames per second. A speckled paint pattern was
applied to the sample surface before the test, and
GOM ARAMIS version 6.1 software was used to ac-
quire and process the captured images to calculate
strain [47] [48]. The calculated failure strain values
were plotted on the forming limit diagram (FLD)
to represent the FLC of the material, as shown in
figure5.

4 Results and discussions

Various shapes were made on the existing setup by
RAISF and RAISHF, as shown in Figure 6. Once,
different shapes had been fabricated successfully,
several tests were conducted to compare the two
processes.

4.1 Maximum formable angle and
Forming limit of RAISF and
RAISHF

In RAISF and RAISHF, the formability limit is de-
cided by the maximum wall angle which can be
formed before fracture.To find the maximum form-
able angle, a variable wall angle conical frustum
(VWACF) as suggested by Hussain et al. [49] was
fabricated. The genetrix of VWACF is shown in
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Elements Al Ti Si Mg Fe Mn Zn Cr Cu

Composition (wt.%) 97.35 0.05 0.510 0.95 0.41 0.02 0.06 0.15 0.490

Table 1: Composition of the aluminium alloy AA6061

Tensile Properties Erichisen ductile properties

Properties Values Dome 1 Dome 2 Dome 3

Yield Strength(MPa) 249 ± 0.5 IE 9.34 9.12 8.92

UTS (MPa) 265 ± 0.5 Dome height (HD) 9.02 8.82 8.61

Elongation(%) 14.50 + 0.1 Average HD 9.13

Table 2: Tensile and Erichsen ductility property of AA6061

Figure 4: (a-g) Specimens geometries for the generation of FLC and (h) preferred orientation of specimens
used in FLC testing.
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Figure 5: Forming limit curve (FLC) of the base
material AA6061

figure 7 (a). The samples made by RAISF and
RAISHF are shown in figure 7(b) and figure 7
(c) respectively. The details of the VWACF ob-
tained by RAISF and RAISHF are given in Table 3.
It can be seen from Table 3, that larger form-
ing angle and smaller spring back can be achieved
by RAISHF compared with RAISF. In case of
RAISHF, the forming angle and forming depth in-
creased by 6.67% and 28.47% respectively. As
there is a presence of fluid in the back surface of
the sheet, this fluid exerts pressure on walls of
the cone being formed reducing the stress in the
thickness direction (σt) which can further decrease
the level of mean stress. The stress triaxiality
can be impacted, which is given by ratio of the
mean stress (σm) and equivalent stress (σe) [50–
52]. Due to this, stress triaxiality decreases pre-
venting voids to grow, postponing the final fracture
and causing an apparent enhancement formability
[53–55].Additionally the fluid from back can also
lead to enhanced ductility due to delay in onset of
void growth [56–58]. Once the maximum wall angle
was predicted using VWACF test, fixed angle con-
ical frustums were successfully fabricated by RAISF
and RAISHF under the experimental condition, as
optimized after straight groove testing. The initial
radius of the cone circle has been taken as 100 mm.
The maximum wall angles of the cones formed from
sheets were found to be 60◦ with RAISF and 64◦

with RAISHF.The improved formability was fur-
ther demonstrated by comparing strain in the plane
of the formed cones of fixed wall angle of 60◦ fabric-
ated by both RAISF and RAISHF. The undeformed
sheets were engraved with circular grid pattern, and
these became elliptical when fabricated into conical
shapes. Both the cones have been engraved with
circular grid patterns. The grid making method
recommended by Keeler [59] has been used for en-
graving different regions of the sheet using a 50 W
Fibre laser. Various grid patterns and methodology
of grid marking has been discussed by Ozturk et al.
[60].The diameter of the engraved circular pattern

is 10mm. After deformation, the circular pattern
became elliptical. The major and minor axes have
been measured, the true major strains and minor
strains are calculated using equations 1 and 2.

Major strain =
Major axis length

Circle diameter
(1)

Minor strain =
Minor axis length

Circle diameter
(2)

The scatter plot of major strain vs. minor strain
for RAISF and RAISHF is shown in figure 8 which
represents forming limit for the two processes. It
can be seen from figure 8 (b), that more safe strain
can be obtained in case of RAISHF than in RAISF.
As discussed above the state of stress triaxiality can
lead to void suppression leading to delay in onset
of necking. Additionally, of fluid from the back
side of sheet acting as a hydraulic support can give
rise to some hydrostatic pressure which contributes
towards pressure induced ductility to sheets [56, 57,
61, 62]. Hence, the sheet with fluid underneath
can be more ductile and larger formability can be
achieved by RAISHF than by RAISF.

4.2 Thickness distribution and Ac-
curacy of formed product

As RAISHF is incorporated by presence of hy-
draulic support from back of the sheet, this support
helps in increasing the accuracy of the formed part.
The cones fabricated by RAISF and RAISHF have
been used for comparison of mechanical properties
of the cones formed by RAISF and RAISHF. For
evaluating the thickness distribution and the accur-
acy of the formed product, the cone was cut pre-
cisely into two halves with wire electro-discharge
machining (W-EDM) and the conical region was
divided into 7 sub-regions (0-6), as shown in figure
9(a). The thickness in the different regions has been
measured by micrometre with conical tips and least
count of 0.001 mm. Region-0 is the undeformed
region where thickness is 1.48 mm. The measure-
ment was taken 4 times and average of all four read-
ings has been reported. The thickness plots for the
RAISF and RAISHF processes are shown in 9(b).

It was found that there was a certain amount of
thinning of the sheet associated with the process
of RAISF as well as RAISHF. The sheet is found
to be thinnest in the region 1-2 which is nearly at
the start of the conical frustum. The sheet is found
to be thinnest in this region because of combined
bending and stretching taking place in this region.
The thickness of the cone is found to be nearly uni-
form in the regions 2-5. In these regions, the thick-
ness of the sheet can be approximated by sine law.
This trend has been frequently reported by previ-
ous researchers Ambrogio et al. [63] and Young and

7



Figure 6: Various shapes fabricated using RAISF and RAISHF: (a) straight groove, (b) conical shape,
(c) stepped conical shape, (d) square pyramid, and (e) multi-feature shape

Figure 7: (a) Genetrix of VWACF with initial and final wall angle, (b) VWACF fabricated by RAISF,
and (c) VWACF fabricated by RAISHF

Process Initial Wall angle (◦) Final Wall Angle (◦) Theoretical depth of cone (mm) Achieved depth of cone (mm)

RAISF 30 60 36.60 32.42

RAISHF 30 64 42.76 41.65

Table 3: Details of VWACF fabricated by RAISF and RAISHF
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Figure 8: Comparison of forming limit obtained in
RAISF and RAISF on Major strain-Minor strain
Plot of AA6061

Jeswiet [64], who showed that in middle region of
the formed cone, thickness prediction by sine law is
most accurate. The blue line in Figure 9(b) shows
the thickness, as predicted by the sine law for spin-
ning, t = t◦sin(π/2 − θ (where θ is the wall angle)
[65]. In region 6, which is near the undeformed cone
, the thickness again increases. The average sheet
thickness tavg in the regions 1-5, is given in Table
4. For RAISHF, thickness in the region 1-5 is more
than that in RAISF, hence sheet thinning can be
avoided to a significant extent. The average sheet
thickness of the cone formed by RAISHF is found
to be 12.09% more than that formed by RAISF. As
it could be seen in the previous sections that, more
in-plane strain can be obtained in case of RAISHF.
From volume constancy it can be said that

ϵthickness + ϵmajor + ϵminor = 0 (3)

Hence, lesser thickness strain can be seen in
RAISHF than RAISF. It can be understood that
relatively more uniform strain distribution can be
observed in RAISHF also reported by FEA analysis
Shang et al. [35, 36]. It has been further observed
that in region 1 to region 6 in which extent of de-
formation is maximum, the range of deviation of
thickness values from average value varied from -
15.34% to 17.27% in case of RAISF whereas in case
of RAISHF the variation lied in the range of -8.84%
to 5%. A more uniform thickness distribution can
directly make the part more accurate which can be
further confirmed by knowing the extent of spring
back.

Spring back is basically deviation of wall angle
from theoretical wall angle due to presence of elasti-
city in the sheet material. After the tool leaves the
local contact with the sheet, there is an elastic re-
lease of deformation due to which spring back oc-
curs. The theoretical wall angle (ϕt) can be simply

calculated as ratio of increments in vertical and ra-
dial direction as shown in figure 10 (a) and (b) and
equation 4.

ϕt = tan−1(
∆Z

∆r
) (4)

Due to natural elasticity present in the sheet, actual
wall angle (ϕa) is lower than the theoretical wall
angle(ϕa). The (ϕa) was obtained by equation 5

ϕa = tan−1(
H

Ru −RL
) (5)

Spring back was calculated as percentage differ-
ence between theoretical and actual wall angle il-
lustrated by equation 6

Spring back(%) =
(ϕt − ϕa)

ϕt
× 100 (6)

The details of cone formed along with springback
details have been given in table 5. It can be seen
from Table 5 that, the spring back in RAISHF re-
duced appreciably in comparison with RAISF. A
reduction of 73.09% in spring back was recorded
while forming cone of 60◦ wall angle. It can be con-
cluded that strain distribution is much uniform in
RAISHF leading to more accurate part with highly
reduced spring back due supporting nature of fluid
during RAISHF.

4.3 Tensile and microhardness test

To compare tensile properties before and after
forming, uniaxial tensile tests have been conducted
on the samples, on a 100 kN INSTRON (MODEL
8801). The samples have been prepared as per the
standard ASTM/E8 [66]. Since there can be an-
isotropic effect in the formed product, hence the
test samples have been prepared in three orienta-
tions: namely, (a) along the length of the formed
cone (meridional direction) (b) along the direction
of the tool motion (circumferential direction) (c)
along 45◦ direction to meridional direction as shown
in Figures 11 (a), (b) and (c) respectively. Tensile
samples prepared from the various orientations are
shown in Figure 11 (d). The engineering stress
strain curves for the various tests conducted are
shown in Figure 11 and the tensile properties ob-
tained in various directions are presented in Table
6. It is worthwhile to note that tensile test per-
formed on samples taken from deformed cone has
pre-strain leading to low elongation exhibited by
these samples. It can be seen from Table 6, that
tensile properties in different directions are differ-
ent, showing anisotropy due to tool direction and
deformation in the formed cone. The strength of
the cone was maximum in the circumferential dir-
ection which is in accordance with the analytical
model proposed by Silva et al. [67]. Additionally, it
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Figure 9: (a) Various regions along the length of the cone where thickness is measured and (b) variation
of wall thickness of cones formed by RAISF and RAISHF processes, along the meridional plane.

Process Average sheet thickness (tavg) (mm) Minimum thickness (mm)

RAISF 0.736 ±0.001 0.623 ±0.001

RAISHF 0.825 ±0.001 0.752 ±0.001

Table 4: Thickness details of sheet along the length of the cone wall

Figure 10: Schematic representation of actual and theoretical wall angles.

Process θt No. of cycles (N) θa Spring back (%)

RAISF 60 150 53.37 11.04

RAISHF 60 150 58.21 2.97

Table 5: spring back details of formed cone
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Figure 11: (a)-(c)Tensile samples made in different orientations of the cone (d) various tensile samples.
(d)-(f) Stress -strain plot along differnt directions: (d) circumferential direction, (e) meridional direction,
and (f) at 45◦ from the meridional direction.

Tensile properties along circumferential direction

Parameters Heat treated RAISF RAISHF

0.2% offset YS (MPa) 112 142 133

UTS (MPa) 127 162 136

Elongation (%) 12.16 3.81 4.14

Tensile properties along meridional direction

0.2% offset YS(MPa) 112 130 123

UTS (MPa) 127 157 141

Elongation (%) 12.16 4.12 5.04

Tensile properties of the cone along 45 degrees

0.2% offset YS(MPa) 112 145 126

UTS (MPa) 127 146 128

Elongation (%) 12.16 2.54 4.08

Table 6: Tensile properties of the cones formed by RAISF and RAISHF, in different orientations.
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Region RAISF (VHN) RAISHF (VHN)

0 75.0 75

1 81.6 74.8

2 90.5 70.5

3 90.2 81.2

4 104.2 80.2

5 93.5 98.2

6 83.2 76.0

Table 7: Average microhardness values obtained in
different regions of the formed cones.

can also be seen from the Table 6, that strength of
samples taken from the cone formed by RAISHF is
relatively less. However, elongation is more in those
samples. The reason for relatively lower strength
in the case of the hydroformed cone can be stress
delocalization due to the static fluid pressure due
to hydraulic support from the back. The pressure-
induced ductility can account for the rise in ductil-
ity of the cone formed by RAISHF .However fur-
ther studies need to be carried out to find out the
quantitative analysis of these effects.

The hardness of the sheet, following RAISF and
RAISHF, was examined as it is vital for the fabric-
ated parts to be strong and hard. Testing has been
carried out on OMNITECH microhardness testing
machine. The applied load was 100 g and indenta-
tion time was 10 seconds. For each region, 4 micro
measurements have been made at different points
on the samples and average of the four values has
been taken as microhardness of that region. Aver-
age microhardness of undeformed AA6061 sheet is
found to be VHN 64. After the cone had been suc-
cessfully fabricated, samples have been taken from
each region (0-6) and microhardness of the different
regions has been measured. The respective values
of microhardness of the cones of AA6061 formed by
the RAISF and RAISHF are recorded in Table 7.
As can be seen from Table 7, microhardness val-
ues of the samples taken from the RAISF cone
are higher in comparison with the samples taken
from the respective regions of the cone formed by
RAISHF. The microhardness of the samples taken
from the formed cones is found to be higher than
that of the undeformed sheet, due to strain harden-
ing induced during the process of forming. It may
be seen from Figure 12, that microhardness is max-
imum in middle region of the cone; it suggests that
this region has undergone maximum strain harden-
ing due to maximum straining which is also depic-
ted by thickness distribution curve shown in Figure
9. Pressure induced ductility improves the ductil-

Figure 12: comparison of microhardness of the
cones formed by RAISF and RAISHF

ity of the sheet which cause strength-ductility trade
off [68] decreasing the microhardness of the hydro-
formed sample. Hence it should be kept in mind,
strength gets compromised in RAISHF compared
to RAISF.

4.4 Residual Stress

To further access the mechanical properties of the
formed product, the residual stress of the samples
taken from region 4 of the cone has been meas-
ured as this is the region of maximum deformation.
Samples have been prepared and d−sin2Ψ method-
ology has been adopted for calculation of residual
stresses in the samples [69–71]. Three samples have
been taken; (a) undeformed sample (b) sample from
cone made by RAISF (c) sample from cone made
by RAISHF. The definition of specimen frame of
reference (FOR), rotated user FOR and different
rotation and tilt angles are shown in Figure 13. Si
represents the specimen FOR where S3 is perpen-
dicular to specimen plane and S1 and S2 represent
two perpendicular directions in the plane of the spe-
cimen. Li is the user FOR with L3 perpendicular to
the (hkl) plane undergoing diffraction and L1 and
L2 represent two perpendicular directions in (hkl)
plane. In d − sin2Ψ approach, the strain is calcu-
lated by shift in the diffraction peak which gives the
change in interplanar spacing. The strain compon-
ent ϵϕψ can be written for the rotation angle (ϕ)
and tilt angle (ψ) with interplanar spacing determ-
ined from the diffraction peak for a certain plane
as given by equation 7.

ϵϕψ =
dϕψ − d0

d0
(7)

Where dϕψ is the inter planar spacing at (ϕ, ψ)
and d0 is the interplanar spacing for strain free lat-
tice spacing.The X-ray diffraction gives the value of
inter-planar spacing d0 and dϕψ. The plot between
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Figure 13: (a) Sample for XRD and (b) definition of different FORs and different angles for XRD
examination.

dϕψ and sin2ψ is made by linear fit and measuring
the slope and intercept can give the value of stress
components. If there is presence of shear compon-
ents then ψ – splitting occurs. The nature of re-
sidual stress in both the samples, taken from the
cones formed by RAISF and RAISHF is found to
be tensile. Similar results for ISF was obtained us-
ing FEA by Kumar et al. [70] Additionally, because
of ψ – spilt it can be said that shear stress is also
produced during both of the processes. The values
of stresses for the undeformed, RAISF and RAISHF
samples for ϕ = 0◦, 45◦ and 90◦ are given in Table
8. It can be seen from Table 8 that, the nature
of residual stress is tensile in the cones formed by
both the processes, and tensile residual stress is re-
latively larger in the cone formed by RAISF.

4.5 Microstructure evolution by
EBSD

The study of microstructure and texture evolu-
tion has been done by performing Electron Back
Scattered Diffraction (EBSD) on Zeiss Gemini,
equipped by OXFORD fast CCD detector. For
analysis of data obtained from EBSD, the TSL-
OIM software has been used. The EBSD scans
were taken with a step size of 0.15 µm. Three
samples have been tested: (a) undeformed sample
(UD) (b) sample taken from region 4 of cone formed
by RAISF (c) sample taken from region 4 of cone
formed by RAISHF. EBSD data has been used
for getting inverse pole Figure (IPF), image qual-
ity (IQ) maps, and grain average misorientation
(GAM) plot. The IPF plot, IQ map and GAM plot
of undeformed samples are given in Figure 14. It
may be observed from Figure 14 (a) and (b), that

equiaxed fully recrystallized grains are present as
the sheet was in fully annealed condition. The av-
erage grain size is found to be 8.3 µm. The grains
appear to be relaxed due to absence of any strain
as annealing caused recrystallization giving rise to
stress free grains. Figure 15 gives the plot of num-
ber fraction vs. misorientation angle. The misor-
ientation angle greater and less than 15◦, are as-
sociated with high angle grain boundary (HAGB),
and low angle grain boundary (LAGB) respectively.
The misorientation angle analysis data shown in
Figure 15 (a) shows that high density of high angle
grain boundaries (HAGBs) is present in the un-
deformed sample. It has been further calculated
that 26.2% of grains are separated by low angle
boundaries and 73.8% of the grains are separated
by high angle boundaries. As cone is formed, the
sheet gets deformed, due to this deformation, the
grains got elongated along the tool motion. The
IPF of sample deformed by RAISF and RAISHF
are shown in Figure 16 (a) and (c) respectively.
It has been observed that grains became refined
due to cold work imparted to the sheet. The aver-
age size of grains in the samples obtained from the
cones formed by RAISF and RAISHF, are found
to be 5 µm and 7.1 µm respectively. Refined grains
can be seen from the IPFs with different colours for
LAGBs and HAGBs shown in Figure 16 (a) and (c).
Because high plastic deformation occurred in both
the processes, it caused grain fragmentation and led
to fine grain evolution. It can be seen from IQ map
of RAISF sample, that there are cell blocks present
with dense dislocation walls. The cell blocks form
at the start of the deformation which activates dif-
ferent slip systems in a grain [72, 73]. It has been
observed from IPF of the undeformed sample that
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Name of sample ϕ = 0◦ ϕ = )45◦ ϕ = 90◦

Undeformed 8.4 ± 0.3MPa 43.8 ± 0.3MPa 78.8 ± 0.3MPa

RAISF 52.3 ± 1.1MPa 64.9 ± 1.1MPa 77.5 ± 1.1MPa

RAISHF 45.9 ± 0.4MPa 44.5 ± 0.4MPa 43.0 ± 0.4MPa

Table 8: Values of residual stresses in different samples, at different orientations

Figure 14: EBSD of undeformed AA6061 in annealed condition (a) IPF plot and (b) IQ map

Figure 15: Distribution of misorientation angle in the undeformed AA6061 sample

14



Figure 16: (a) IPF of sample formed by RAISF, (b) IQ map of sample formed by RAISF, (c) IPF of
sample formed by RAISHF, and (d) IQ map of sample formed by RAISHF

there were LAGBs present in it. As the sheet gets
deformed, these LAGBs act as a site for nucle-
ation of new grains and the formed cellular blocks
are surrounded by dense dislocation walls.In case
of RAISHF, it was observed that apart from cell
blocks with dense dislocation walls, coarse grains
are present which contained fine sub grain boundar-
ies which can be observed by colour gradient within
the coarse grains in figure 16 c.

Although, in case of both RAISF and RAISHF
grain refinement occurred but in case of RAISF
finer grains are found to be present. Presence of
finer grains in RAISF sample can also be confirmed
by the results of tensile test and Hall-Petch accord-
ing to which, sample with finer grains have higher
strength. It has been observed from the tensile
test that the strength of the RAISF sample is more
than that of the RAISHF sample. A similar result
for incremental sheet forming has been observed by
Chang et al. [73] and Kumar et al. [74][63] where
finer grains were observed in the deformed sample.
In case of RAISHF more strain has been obtained,
and the result is supported by Kernel misorienta-
tion map (KAM). The KAM plot of RAISF and
RAISHF samples are shown in Figure 17 (b) and
(e) respectively. It can be seen from KAM plot that
RAISHF sample has undergone more strain during
the process.Further, it can be observed from Fig-
ure 17 (a) and (c) that high density of low angle

or sub-grain boundaries are present in both the
samples. LAGBs are a characteristic of the pro-
cesses involving cold work [75–77]. Further, in case
of RAISF, majority of LAGBs liedlay in the region
of 5◦–15◦ whereas in case of RAISHF they are found
to be in the region of 1◦–5◦. During the RAISF pro-
cess since the material experiences more thinning,
it undergoes more through thickness deformation
, leading to more dislocations and resulting in dy-
namic recrystallization of fine grains. Whereas in
the case of the RAISHF process, since the samples
are thicker than that of the RAISF process, the
process of dynamic recrystallization is incomplete.
It can be seen from the IPF of RAISHF sample in
figure ??c that there are more sub grain boundaries
and higher KAM also reflect higher dislocations in
the samples.

5 Conclusion

In the current work, a comparative study of form-
ing of the AA 6061 sheet by two forming pro-
cesses, RAISF and RAISHF, has been presented.
Tensile test and Erichsen ductility test have been
performed to evaluate tensile properties and form-
ability of the sheet before deformation. Several
shapes have been made using the two processes and
their properties have been compared. Experiments
have been performed on parameters obtained from
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Figure 17: (a) Grain boundary map of RAISF sample, (b) KAM map of RAISF sample, (c) distribution
of misorientation angle in the RAISF sample, (d) grain boundary map of RAISHF sample, (e) KAM
map of RAISHF sample, and (f) distribution of misorientation angle in the RAISHF sample.

straight groove test and the following conclusions
are drawn.

• More forming depth and lesser spring back was
found in the cones fabricated by RAISHF than
by RAISF.

• It has been revealed from FLC of RAISHF and
RAISF that FLD for RAISHF is found to be
raised due to larger formability of the sheet
in that process. More in-plane strain was ob-
tained in case of RAISHF than in RAISF.

• Due to hydrostatic nature of fluid pressure
from back, more uniform thickness distribu-
tion is observed in case of RAISHF than that
of RAISF.

• The micro hardness of the samples has been
measured and is found that the sample in the
middle region is hardest for the AA6061. Mi-
crohardness in case of RAISF is found to be
higher than that in RAISHF.

• EBSD analysis has been carried out for study-
ing the microstructural evolution in the un-
deformed sheet and formed by RAISF &
RAISHF. It has been observed that signific-
ant grain refinement occurred from RAISF and
RAISHF. Finer grains are found to be present
in case of RAISF than in RAISHF.
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