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Abstract

Incremental sheet forming (ISF) is an innovative cold forming operation and has enticed great interests owing to its flexibility and 

capability to manufacture various complex 3D shapes with low costs and minimum requirements. Single point incremental forming 

(SPIF) is the most popular type of ISF process and has high quality and less occurrence of defects for the formed products if the 

operating parameters are achieved and evaluated with high precision. In this study, the impact of tool diameter and forming angle on 

the forming force, thickness distribution, thinning ratio, effective plastic strain, forming depth and fracture behaviour was explored. 

AA1050 aluminium alloy and DC04 carbon steel were employed to produce a truncated cone in accordance with the SPIF process. 

A 3D finite element model was required to achieve a well-established investigation. The SPIF of a truncated cone numerical model was 

adopted to build a model with the same conditions as of the experimental work with aid of ANSYS software version 18 through using 

the workbench LS-DYNA model. The sheet metal modelling was carried out in accordance the Cowper Symonds power law hardening 

by taking the behaviour of the material as elastic–plastic, and the anisotropic properties were assumed to simulate the plasticity 

behaviour for two sheet metals. Results indicate that the DC04 carbon steel has a higher forming force, minimum thickness and lower 

thinning ratio compared with AA1050 aluminium alloy under the same operating conditions.
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1 Introduction
The incremental sheet forming (ISF) process is distin-
guished with small mass production, low cost and high 
customisation [1, 2], and it is accomplished with the accu-
mulation of the plastic deformation for the sheet material, 
in which a spherical forming tool is controlled through a 
computer programme to produce various complex shapes 
of the sheet metals  [3,  4]. The single point incremental 
forming (SPIF) process is receiving greater research atten-
tion amongst the various modes of ISF due to its minimum 
experimental requirements to produce the desired shape [5].

In contrast with the conventional sheet metal forming 
operations, such as deep drawing and stamping, which 
need to have dedicated forming tools and dies, this uncon-
ventional ISF process reduces the cost by avoiding the 
using special dies and forming tools [6]. When the sheet 
metal is squeezed and deformed locally by the tool, the 

forming force becomes a crucial factor concerning the fail-
ure mechanism and accuracy of the manufactured parts. 
Forming leads to strain and stress in the blank material 
relying upon the formed component shape, which further 
decided the structural integrity of the final product [7].

Various numerical and experimental studies have 
emphasized the investigation of forming loads generated 
during the SPIF operation, the thickness distribution of 
the wall profile and the influence of different operating 
parameters. Aerens et al. [8] investigated the impact of tool 
diameter and wall angle on the forming force of AA3003. 
The results exhibited that the axial forming force was 
higher than the tangential forming force, and the increase 
in profile angle and tool diameter resulted in an increase 
in the forming force. Duflou  et  al.  [9,  10] noted similar 
observations of forming force trends for AA3103-O with 
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different forming tool diameters. Bagudanch  et  al.  [7] 
analysed the influence of tool diameter on the forming 
force of AISI304 stainless steel through SPIF operation. 
The findings revealed that the forming force raised with 
the increase in the tool diameter. Filice et al. [11] carried 
out a group of tests on AA1050-O. The results showed that 
maximum tangential force increased due to the increase 
in the wall angle, and three types of forming force trends 
were observed. Kumar  et  al.  [12] studied the effect of 
forming angle and tool diameter on AA2024-O through 
the ISF operation. The results indicated that the resultant 
forming force intensified with the increase in wall angle 
and tool diameter. Kumar and Gulati [13] also noticed that 
the maximum axial force remarkably increased with the 
increase in the wall angle and tool diameter of AA6063 
and AA2024-O sheet metals through the ISF operation. 

Pohlak et al. [14] investigated the forming force through 
the SPIF operation using numerical and experimental 
investigation. They found that the numerical resultant force 
was consistent with the experimental ones. Li et al.  [15] 
developed a finite element model employing LS-Dyna 
software of AA7075-O. The results revealed that the 
experimental forming force were slightly smaller than the 
predicated horizontal and vertical forces. Li et al. [16, 17] 
predicated the tangential forming force by employing 
LS-DYNA software in the SPIF operation. Fiorentino [18] 
suggested a failure criterion relying upon the observation 
of forming forces trend throughout the forming operation. 
This approach was built by comparing the ultimate tensile 
strength of the sheet material and stresses value that acting 
on the sheet material. Lu et al. [19] noticed that the friction 
force during the SPIF process was reduced by replacing 
the traditional rigid forming tool with a roller ball type 
tool. Neto  et  al.  [20] evaluated the generated strain and 
wall thickness of AA7075-O aluminium alloy through 
the SPIF operation. They concluded that the final formed 
part thickness is decreased with increasing wall angle. 
Furthermore, the plastic strain was symmetrically distrib-
uted for the cone formed part, and the generated plastic 
strain on the inner surface was more on the outer side. 
Emmens et al. [21] proposed that the predominant defor-
mation mechanisms in the SPIF process are hydrostatic 
pressure, bending, cyclic straining and shear.

Jackson and Allwood [22] observed deformation mech-
anism experimentally during the SPIF process composed 
mainly of stretching deformation perpendicular to the tool 
path and through the thickness shear along and perpen-
dicular to the movement of the tool path. They noticed 

the shear raised when the deformation depth increased. 
Ambrogio et al. [23] carried out an experimental study on 
AA1050-O and noticed that the forming force gradually 
raised up to a maximum value as a result of the bending 
mechanism of the sheet material; then, it commenced to 
reduce up to a certain value. Oraon and Sharma [24] esti-
mated the surface quality of formed products during the 
SPIF process by developing the artificial neural network 
model. They stated a result of 94.744% for the neural net-
work model performance with an average error of 1.068%. 
Petek  et  al.  [25] reported that the combination between 
higher wall angle and larger tool diameter showed a higher 
forming force. Blaga et al. [26] and Filice et al. [11] noted 
that the interaction between the larger step size and form-
ing tool diameter increased the resultant forming force. 
Abdelkader et al. [27] adopted numerical and experimen-
tal investigation to analyse the impact of wall angle on the 
thickness distribution of a truncated cone throughout the 
SPIF technique. They reported that the minimum thick-
ness decreased with the increase in the forming angle. 
The thinning ratio was noticed at the 65° wall angle twice 
times greater compared with 45°.

Arfa  et  al.  [28] inferred that the thickness greatly 
decreased with the increase in the wall angle of the trun-
cated cone. The results showed that the final thickness in 
the wall profile significantly decreased from 1.2 mm (ini-
tial thickness) to 0.649, 0.524 and 0.440 mm for the 55°, 
60° and 65° wall angle, respectively. Mezher  et  al.  [29] 
investigated the impact of the nanoparticle additives of 
AA2024-T4 through the SPIF process. They pointed out 
that the quality of the formed parts significantly improved 
when nanoparticle additives were used. Namer et al. [30] 
showed that the SPIF process parameters of the polymer 
sheets remarkably enhanced when the lubricant viscosity 
increased. Li  et  al.  [31] experimentally and numerically 
analysed the influence of tool diameter on the forming 
depth, minimum thickness and plastic strain of the formed 
components during the SPIF operation. They found that 
the increase in tool diameter results in the increase in 
forming depth and minimum thickness, whilst the plas-
tic strain was decreased when a larger tool diameter was 
used. Golabi et al. [32] observed the same finding regard-
ing the formability. Mezher  et  al.  [33] studied the effect 
of pre-cut holes, minimum thickness, thinning ratio, plas-
tic strain and forming force by using a hole flanging pro-
cess with the aid of SPIF. They found that the forming 
force and plastic strain were higher when a smaller initial 
diameter and plastic strain were used, and the thickness 
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distribution curve was enhanced with larger pre-cut 
holes. Other researchers studied the SPIF process using 
aluminium foils with a 0.22 initial thickness to investi-
gate the impact of hemispherical and flat forming tools. 
They observed that the formability and formed component 
accuracy were significantly enhanced when a flat-end tool 
was used [34, 35]. Najm et al. [36, 37] analysed the influ-
ence of tool diameter, feed rate, tool speed and lubricant 
type on the resultant hardness of the formed components 
of AA1100. The findings indicate that a higher feed rate 
and tool speed enhanced the hardness whilst increasing 
the tool diameter, resulting in the reduction of hardness. 
The hardness was increased when coolant oil was used, 
and the effect on hardness was opposite when grease was 
used as a lubricant. Two papers have analysed the impact 
of tool characteristics on the quality of formed parts by 
using an Artificial Neural Network and Support Vector 
Regression. The authors developed regression equations 
to numerically predict the surface roughness [38, 39].

The analysis of the above literature reviews showed that 
the effect of wall angle and tool diameter on the forming 
force, thickness distribution and thinning ratio is complex. 
Investigating the maximum forming force, final minimum 
thickness and thinning consider a big issue of a truncated 
cone during the SPIF process. Good interaction amongst 
these parameters might have a direct impact on producing 
high-quality formed components. On this basis, this work 
attempted to address these issues. A truncated cone was 
manufactured from two sheet metals, namely, AA1050 
aluminium alloy and DC04 carbon steel employing the 
SPIF operation, to analyse the effect of wall angles and 
tool diameters on the forming force evolution, thickness 
distribution, thinning ratio, effective plastic strain and 
fracture behaviour. Five different tool diameters (8, 10, 12, 
14, and 16 mm) and forming angles (45°, 55°, 65°, 70°, 72° 
and 75°) were used. The generated friction between the 
forming tool contact and the sheet surface was decreased 
by employing hybrid nano-lubricant additives based on 
the observations reported by Namer et al. [40].

2 Methodology and experimental procedures
2.1 SPIF process
Square blanks of AA1050 aluminium alloy and DC04 
carbon steel with dimensions of (200 × 200 × 1 mm) were 
employed to perform the experiments during the SPIF 
process. A series of SPIF tests was experienced on a three-
axis milling CNC machine TX32, as shown in Fig.  1. 

The SPIF setup consists of a backing plate with 100 mm 
as a diameter hole, and a blank holder, and they are fixed 
to the table of the CNC milling machine by a rigid rig. 
The forming tool was fixed to the CNC machine's vertical 
part. The sheet metals were mounted and fixed over the 
backing plate and incrementally deformed by using the 
spherical forming tool according to a specified forming 
path. The  tool path was computerised by using G-code 
language to control the tool movement in the Z direc-
tion following a spiral conical path with changing slope 
in each experiment to obtain a different angle. The heli-
cal path is determined by successive linear interpolations 
as permitted by the precision of the CNC milling con-
trol, and a  step-down equal to 0.05  mm per revolution 
was selected in all helical path steps. The other working 
conditions, such as feed rate and spindle speed were set to 
equal 600 mm/min and 450 rev/min, respectively. Fig. 2 
depicts some formed components.

Fig. 1 SPIF tools on the CNC milling machine

Fig. 2 Specimens of truncated cones
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2.2 Material properties
The investigated sheet metals in this research are DC04 
carbon steel and AA1050 aluminium alloy with 1  mm 
thickness. The mechanical properties are determined by 
employing a set of tensile tests using a hydraulic press 
with a peak loading power equal to 30 tons. The dimen-
sions of the tensile specimen were taken according to 
ASTM-E8/E8M-21 standard  [41], and the mechanical 
properties are summarised in Table 1.

3 Simulation of the SPIF process
According to the literature review, the numerical modelling 
of the SPIF process is a powerful tool to predict the results 
before commencing the experimental work. The advan-
tages of utilising modelling and simulation programmes 
prior to trying new experiments are minimising the total 
time required for the experimental procedures, increasing 
the performance and reducing the errors. Moreover, simu-
lation software, such as ANSYS, is a vital method for the 
optimisation of the SPIF process parameters.

Finite element simulation through the SPIF operation 
considers a time-consuming and complex process due 
a number of nonlinearities and larger tool trajectories [42]. 
These very long trajectories can be solved by employ-
ing time scaling and mass scaling methods in the explicit 
solver, reducing the computing time required to solve the 
SPIF process.

To assess the influence of the wall angles and tool diame-
ters on the quality of the manufactured parts of AA1050 alu-
minium alloy and DC04 carbon steel throughout the SPIF 
process, a 3D finite element model was established by using 
a commercial finite element software ANSYS version 18 
(workbench LS-DYNA model) to build the 3D model. 
Meanwhile, the evaluation of the outcomes was achieved 
by using LS-PREPOST software. The SPIF FE model was 
parameterised to create a truncated cone, such as the experi-
mental work with different forming angles. The results such 
as forming force, thickness distribution, thinning ratio, 
effective plastic strain and fracture behaviour, were anal-
ysed during the numerical investigation.

An elastic–plastic behaviour was assumed to model 
the sheet metal, and the elastic properties were modelled 
based on Poisson's ratio and Young modulus, as depicted 
in Table  1. The tools (backing and clamping plates) 
were modelled as rigid fixed bodies. The forming tool 
was simulated as a rigid translating body, whereas the 
workpiece material was defined as a deformable body. 
Based on the findings for creating the simulation of 
forming operations in  [43,  44], a Cowper–Symonds 
anisotropic yielding criterion was implemented to model 
the plasticity behaviour of the sheet material with the 
same mechanical properties that are shown in Table  1. 
A fully integrated shell element formulation was used 
to mesh and discretise the sheet material with seven 
integration points throughout the sheet thickness, and the 
element size was set to 0.002 mm.

A surface to surface forming formulation was employed 
to simulate the contact interface between the SPIF parts 
(forming tool–sheet material, sheet material–backing 
plate and clamping plate–sheet material) with soft con-
straint formulation. In terms of the contact conditions, 
Coulomb's friction law with a coefficient of friction set to 
0.0331 was employed for the hybrid nanoparticles ( CuO 
and MoS2 ) that were added to sunflower oil based on the 
findings by Namer et al. [40]. Meanwhile, the simulation 
running time was reduced by using a proper mass scal-
ing factor of 1000, in which the ratio of the kinetic energy 
to the internal energy remained below 1%. Furthermore, 
Flanagan–Belytschko stiffness form was used to apply the 
hourglass control to decrease the integration. Fig. 3 shows 
the SPIF meshed model.

Table 1 Mechanical properties of blank materials

Properties AA1050 DC04

Tensile strength (MPa) 152 335

Yield strength (MPa) 33 215

Strength coefficient (K) (MPa) 218 510

Hardening exponent (n) 0.23 0.21

Poisson's ratio (n) 0.33 0.3

Young modulus (GPa) 69 210 Fig. 3 SPIF numerical model
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4 Results and discussions
4.1 Effect of tool diameter
Sorting and determining the optimal tool diameter are 
necessary. Consequently, preliminary tests were con-
ducted to identify the influence of forming tool diame-
ters on the resultant force, minimum thickness, maximum 
thinning ratio, forming depth (formability) and effective 
plastic strain. Five different incremental forming tools 
with varying diameters (8, 10, 12, 14, and 16 mm) were 
used to form a truncated cone from the AA1050 alumin-
ium alloy as a preliminary experiment. When the sheet 
metal is locally deformed by the forming tool, the resul-
tant forming force has an influence on the fracture mode 
and formed component quality because the forming forces 
create strains and stresses that determine the structural 
integrity of the formed components. The amplitude of 
the predicated forming force through the SPIF numerical 
model gradually increases from the start of the operation 
to the maximum value with the increase in tool diameter 
as a result of the greater contact region between the tool 
and the blank interface, and more metal is formed during 
this stage, which are consistent with results in  [7–10] 
and  [12]. Meanwhile, the running time for a larger tool 
diameter decreases compared with utilising a smaller tool 
diameter due to the use of a larger step size.

In Fig. 4, the numerical findings of the forming force 
of the diameters (8 and 10 mm) reveal an instability in the 
curve of the forming force. This up and down trend demon-
strates severe thinning in some regions of the formed com-
ponents, resulting in zones of risk of cracks in compari-
son with diameters (12, 14 and 16 mm). This phenomenon 
occurs because the curved surface contact area, which is 
in direct contact with the surface of the sheet metal, will 
be small when a small tool diameter is used, resulting in 
more penetration in the sheet metal. Furthermore, the large 
curved surface area of the bigger tool diameter results in 

more smoothing of the sheet surface compared with the 
small curved surface area as shown Fig. 5, which depicts 
the key of formability for the different tool diameters.

Fig. 6 exhibits the impact of forming tool diameter on 
the minimum thickness and thinning ratio. The results 
indicate that the minimum thickness and thinning ratio 
have an inverse relationship with forming tool diameter. 
This notion means that the larger tool diameter gives big-
ger minimum thickness and lower thinning ratio due to 
the same aforementioned reasons for the influence of tool 
diameter on the forming force, which are consistent with 
the results in [31].

Fig.  7 shows another interesting observation of the 
influence of tool diameter on the final forming depth. 
The findings show that the forming depth increased from 
nearly 25.35  mm at 8  mm tool diameter to 29.39  mm 
at 16 mm tool diameter. These findings indicate the form-
ability of truncated cone enhanced by 13.69% when using 

Fig. 4 Impact of tool diameter on the forming force
Fig. 5 Predicted formability limit with varying tool diameters 

((a) 8 mm, and (b) 16 mm)



188|Mezher and Kovacs
Period. Polytech. Mech. Eng., 66(3), pp. 183–196, 2022

a larger incremental forming tool diameter, which are in 
good agreement with [31, 32].

The predicated effective plastic strain with varying tool 
diameters shows that the effective plastic strain decreased 
with the increase in tool diameter. This phenomenon might 
be attributed to the increasing contact area and deformation 
zone (Fig. 8), which is consistent with the finding in [29].

According to the above observations, a larger tool 
diameter (16 mm) reveals better results compared with a 
smaller tool diameter (8  mm). Therefore, the larger tool 
diameter was used to conduct the later experiments of the 
SPIF process of the AA1050 aluminium alloy and DC04 
carbon steel.

4.2 Forming force
Various wall angles were used to form the sheet metals to 
identify the maximum forming angle that the sheet metal 
reaches without failure. The results indicate that AA1050 
aluminium alloy can be formed up to 72° without failure. 
By contrast, the maximum forming angle of DC04 carbon 
steel without fracture was recorded at 75°. Fig.  9 shows 
the findings of the FEM experiments on the influence of 
different forming angles (45°, 55°, 65°, 70°, 72°, 75° and 
80°) on the resultant forming force of AA1050 aluminium 
alloy and DC04 carbon steel. The forming force obser-
vations indicate that the forming force was raised with 
the increase in the wall angle because the sheet metal is 
deformed and strained more for each pass, requiring more 

Fig. 6 Variation in the minimum thickness and thinning ratio with 
respect to tool diameter

Fig. 7 Correlation between tool diameter and forming depth

Fig. 8 Influence of forming tool diameter on the effective plastic strain

Fig. 9 Resultant forming force with varying wall angles
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energy input to form the blank sheet, more surface area 
of spherical tool tip will be in contact with the specimen. 
Therefore, the contact region between the sheet and the 
tool interface is more for local deformation due to the rise 
in the required forming forces, which is consistent with 
the results in [11–13].

Another interesting point has been observed for the 
forming angle below 55°. The forming force gradu-
ally increased until it reached the peak force and con-
tinue to slowly increase until the end of the experiment. 
Meanwhile, the forming force of the wall angles greater 
than 55° to 75° progressively increases until it reaches its 
maximum value. Thereafter, the curve slightly decreased 
and later settled at a specific value, remaining at this level 
of force value until the process was completed. The curve 
of the 80° angle increases until it reaches the peak force, 
then descends to a specific point and remains at this point 
until the process is completed. Furthermore, three differ-
ent types of forming force were observed after reaching 
the peak values for both sheet metals used in this work. 
The first one is a steady-state trend, which is observed for 
the wall angles less than 55°, the second one is a poly-
nomial for wall angles 65° to 75°, while the third one is 
a monotonic reduction for wall angles greater than 80°, 
as shown in Fig. 8. This phenomenon occurs because the 
blank sheet experiences a longer bending effect before 
strain hardening when the smaller forming angles are 
below 55°. After the forming force reached the peak value, 
it becomes a  steady-state trend, and the force increased 
after the maximum value is reached due to the genera-
tion of strain hardening in the sheet metal. By contrast, 
the reduction is due to the thinning. Consequently, strain 
hardening is critical for smaller wall angles to compensate 
for the sheet metal thinning, and the force remains steady 
avoiding the occurrence of fracture and the successfully 
formed parts at this stage. 

A polynomial trend was noticed after the peak value 
for angles 65° to 75° is reached, which is attributed to the 
impact of thinning at the beginning of stretching, result-
ing in the slight decline in force. After this point, the 
forming force becomes steady until the operation is com-
pleted. The formed components with this trend have been 
produced without any indication of failure. A monotonic 
decrease has been observed in wall angles greater than 
80°. This notion means that strain hardening will not be 
able to recompense the impact of sheet thinning, result-
ing in the inhomogeneous behaviour of the operation and 
rapid decline in the forming forces, indicating the failure 

of the sheet metal, and some materials have been removed, 
which are match with the results in [13]. The results also 
reveal that the forming forces required to deform the DC04 
carbon steel are more than those of AA1050 aluminium 
alloy resulting from the high values of strain hardening (n) 
and the strength coefficient (K) of DC04. Higher values of 
K and n result in more strengthening in the wall of formed 
parts, which requires more energy input and forming force 
to deform the sheet metal.

4.3 Wall thickness
In this study, the experimental measurement of thickness 
variation and the thinning ratio of the successfully formed 
parts along the inclined wall of the product of both sheet 
metals was performed by cutting the final specimen into 
equal half parts and determining the thickness distribu-
tion with the aid of a micrometre at five different locations 
along the sidewall, as shown in Fig. 10. 

Variation in thickness distribution and thinning ratio of 
AA1050 aluminium alloy and DC04 carbon steel are quite 
prominent and critical due to the increase of the forming 
angle. Therefore, the influence of forming angles was used 
to determine their impact on the thickness variation and 
thinning ratio in the experimental and simulation results, 
as shown in Fig. 11 and Fig. 12. 

These figures demonstrate there are three distinguished 
regions along with the wall profile. The first region near 
the clamping plate exhibits with a bent shape and a slightly 
reduced thickness profile. The middle region is regarded 
as the thinnest area with a cone profile where the max-
imum straining occurs, and it is disturbed by the thin-
ning impact. These results are generated due to the hoop 
strain in this region. Besides the deformation, longitudinal 
strains occur due to the hoop strains despite the value of 
forming angles. Another interesting observation is that the 

Fig. 10 Method of the measurement of thickness distribution
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relationship between the effective plastic strain and the wall 
angle is proportional, which means that the plastic strain 
increases with the rise in the forming angle, as shown in 
Fig. 13. Additionally, the observation of the effective plas-
tic strain was axisymmetric of the formed cone, and the 
effective plastic strain was observed at almost zero in the 
bottom region of the formed components and the flange 
region (the region is in contact with the clamping plate), 
as shown in Fig. 14, which are consistent with the results 
in  [20]. Furthermore, the inner surface of the truncated 
cone experienced a more effective plastic strain compared 
with the outer surface because the internal part of the 
blank has a direct contact with the incremental forming 
tool. The impact of the anisotropic properties of AA1050 
and DC04 sheet metals was pronounced throughout the 
inequality of effective plastic strain between the outer and 
the interior parts of the formed cone.

The results indicate a slight difference in the effective 
plastic strain in the transition region between the bottom 
corner radius and the inclined wall of the formed com-
ponents, making this zone the source of crack initiation 
and failure. A crack opening mode (failure mode 1) was 
observed in the corner radius of the bottom part of the 
truncated cone. This mode occurred when forming a sheet 
metal at a forming angle equal to 80°, as shown in Fig. 15. 
The deformation mechanism related to fracture mode  1 
occurred due to the stretching mechanism caused by 
meridional tensile stresses. This finding is consistent with 
observations in [20, 45], and the experimental results fairly 
correspond with the simulation outcomes. The achieved 
deformation in the SPIF process is more than in the tra-
ditional metal forming operations due to the hydrostatic 
pressure existence, which arises from the elastic deforma-
tion of the region that is adjacent to the contact area.

Fig. 11 Numerical simulation results of the thickness variation of AA1050 at different forming angles ((a) 55°, (b) 60°, (c) 65°, (d) 70° and (e) 72°)
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Fig. 12 Numerical simulation results of the thickness variation of DC04 at different forming angles ((a) 55°, (b) 60°, (c) 65°, (d) 70° and (e) 75°)

Fig. 13 Correlation between the effective plastic strain and  
the wall angle Fig. 14 Resultant of the effective plastic strain of a sample

The bottom and upper contours of the truncated cone 
are still unchanged and unprocessed, indicating that the 
variation in thickness does not influence those regions, 
and the final sheet thickness remains the same value as 

the initial thickness. The forming tool moves along the 
prescribed path to plastically deform the sheet material in 
the SPIF process. Furthermore, when the moving tool is 
active and touches the blank sheet surface, accumulated 
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Fig. 15 Type of observed failure mode of the truncated cone at 80° angle

Fig. 16 FE simulation and experimental results of the thickness distribution of AA1050 aluminium alloy at different forming angles

deformation is produced owing to the contact between the 
tooltip and the blank material. Even though the upper and 
bottom contours have no contact with the moving tool, 
consequently, they show the same initial thickness. 

Fig. 16 and Fig. 17 show the comparison between the 
experimental and the numerical results of the thickness 
distribution of the formed components of the two sheet 
metals at different contact regions with respect to the 
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change of wall angle. The most remarkable point is that 
an irregular distribution of thickness was observed along 
the inclined wall for all various forming angles, and the 
thinning ratio was higher when the degree of wall angle 
increased. The formed part was particularly thin in the 
middle region of deformation. The thinning ratios of the 
samples produced at angles 45° and 55° were safe and equal 
to 30.41% and 58.47%, respectively. Meanwhile, the thin-
ning ratio of the specimens within 65°, 70° and 75° were 
critical and equal to 72.5%, 79.61% and 87.64%, respec-
tively. Two observations were noticed in this section. First, 
the inclination angle of the cone product has a vital influ-
ence on the sheet material behaviour, which is character-
ised by the percentage of thinning, and the obtained find-
ings of this response is roughly at 45° twice times bigger 
compared with the 65° wall angle. The results observed 

in both sheet metals used in this investigation agree with 
findings in [20, 27, 28]. Secondly, the behaviour of thick-
ness distribution is non-homogenous and irregular along 
with the wall profile, which is one of the drawbacks of the 
SPIF process. Therefore, this factor should be taken into 
account when determining the maximum allowable stress 
and pressure that might be applied to the sheet material to 
prevent initiation of cracks and later occurrence of failure.

5 Conclusion
In this study, a truncated cone from AA1050 and DC04 
sheet metals was formed by using the SPIF process, and the 
results were analysed by means of experimental and numer-
ical investigation. The main conclusions are as follows:

•	 The forming force, formability and minimum thickness 
were increased with increasing forming tool diameter. 

Fig. 17 FE simulation and experimental results of the thickness distribution of DC04 carbon steel at different forming angles
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