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Abstract. New methods in metal forming are rapidly developing and several forming processes are used to
optimize manufacturing components and to reduce cost production. Single Point Incremental Forming (SPIF) is
a metal sheet forming process used for rapid prototyping applications and small batch production. This work is
dedicated to the investigation of the profile geometry and thickness evolution of a truncated pyramid. The
influence of process parameters during a SPIF process is also studied. A numerical response surface methodology
with a Design of Experiments (DOE) is used to improve the thickness reduction and the effects of the springback.
A set of 16 tests are performed by varying four parameters: tool diameter, forming angle, sheet thickness, and
tool path. The Gurson-Tvergaard-Needleman (GTN) damage model is used to analyze the damage evolution
during material deformation. It is found that the model can effectively predict the geometrical profile and
thickness with an error of less than 4%. Furthermore, it is noticed that the forming angle is the most influential
parameter on the thickness reduction and springback level. Finally, the damage evolution is demonstrated to be

sensitive to the forming angle.

Keywords: single point incremental forming (SPIF) / FE simulation / springback / sheet thickness /

response surface methodology / damage evolution

1 Introduction

Incremental sheet forming (ISF) is a technology used to
obtain complex components. The principle of the technique
is to form a sheet by using a hemispherical end tool by
localized plastic deformation. The desired geometry is
obtained by sweeping the considered area and inducing a
forming tool path controlled by a CNC milling machine
(Fig. 1). The main advantage of this process is the low cost
of tooling development compared to conventional processes
like deep drawing [1-3].

An ISF operation can be performed in different ways.
A review of these varieties has been presented by Jeswiet
et al. [4], Emmens et al. [5], and Li et al. [6]. Among these
different types of ISF, the Single Point Incremental
Forming (SPIF) is of particular interest and is the focus
of this paper.

* e-mail: mohand.ouldouali@ummto.dz

The final quality of the product depends on several
parameters. They can be classified into two main
categories: part-related parameters (sheet thickness,
product geometry, and material) and tool-related param-
eters (tool diameter, tool path definition). The study of
these parameters influence is crucial for process optimiza-
tion [7,8].

Several works describe the influence of the different
process parameters on the formability in the SPIF process
[9-12]. Ambrogio et al. [13] investigate the influence of the
incremental forming parameters on geometrical accuracy
using experimental and numerical techniques. Ham and
Jeswiet [14] present a Design of Experiments and analyze
data to find the critical factors affecting SPIF, such as
material type, material thickness, formed shape, tool size,
and incremental step size. Jeswiet et al. [15] and Duflou
et al. [16] discuss the influence of sheet forming forces under
SPIF parameters. Guzmén et al. [17] found that the
geometrical inaccuracies in a two-slope pyramid formed by
SPIF are due to the influence of strain rate and local
springback. Ben Hmida et al. [18] show that the forming
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Fig. 1. Single-point incremental sheet forming [4].

force level decrease with material grain size. Shanmuga-
natan and Kumar [19] used the Central Composite Design
(CCD) to investigate the influence of different process
parameters on the average thickness, wall angle, and
surface roughness of aluminum alloy. Gatea et al. [20]
present the influence of process parameters on formability,
deformation and failure mechanics, springback, and
surface roughness. A review on the effect of process
parameters on sheet thickness reduction and mechanical
properties, using the response surface methodology, with a
Box-Behnken design, is done by Li et al. [21]. Pathak [22]
discuss the effects of forming angle, tool diameter, tool
velocity (feed rate), spindle speed, vertical pitch, and
plastic anisotropy of material on ISF.

Recently researchers focus their attention on the
modeling and the numerical simulation in incremental
forming to study the influence of process parameters on the
geometrical precision and mechanical properties [23,24].
It is found that for complex parts, the excessive thinning
produced at larger deformation affects the design require-
ments and impedes the industrial application of ISF [25].
Also, springback is the major source of error that affects
geometrical accuracy. It is used as an evaluation index to
examine the precision and quality of the forming parts
during the incremental forming process before industrial
applications [26]. For these reasons, the definition of the
optimal process parameters set, which can control
geometrical quality and improve thickness distribution,
is a critical issue. Although substantial research works
discuss the profiles geometry and thickness distribution,
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Fig. 2. Stress-Strain curve from a tensile test.

the coupled effect of process parameters on thickness
reduction has little attention. Furthermore, the analysis
and prediction of the springback phenomenon of the sheet
material after the ISF process have not received sufficient
attention yet. Therefore, the present work aims to
investigate the profile geometry and thickness evolution
of a truncated pyramid. The numerical results are assessed
by comparison to the experiments. Also, a sensitivity study
of the effects of the most relevant process parameters (tool
diameter, forming angle, sheet thickness, and tool path) on
thickness reduction and springback of the truncated
pyramid using numerical response surface methodology
is conducted. Finally, a numerical study of damage
evolution during the SPIF process at different forming
angles is carried out.

2 Material and methods
2.1 Material

2mm thick square (140 x 140 mm?) aluminum sheets
A2024-T351 are deformed incrementally by the SPIF
process. A series of uniaxial tensile tests are conducted
according to the ASTM-E8 standard on flat specimens in
three orientations (0°, 45°, and 90°) relative to the rolling
direction at a rate of 2mm/min using a universal testing
machine. The obtained stress-strain curve is presented in
Figure 2. The main mechanical properties and chemical
composition are summarized in Tables 1 and 2.

2.2 Experimental device and forming strategies

An experimental device consists of a fixed base and a blank
holder clamped on a CNC milling machine as shown in
Figure 3a. The device is used to fix the metal sheet
during the movement of the forming tool as shown in
Figure 3b.
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Table 1. Main mechanical properties of Aluminum alloy
A2024-T351.

Density (kg/m?) 2780
Young modulus (GPa) 73.1
Yield stress (MPa) 345
Poisson ratio 0.33
Hardness (HV) 137

Table 2. Chemical composition of Aluminum alloy
A2024-T351.

Element Al Cu Mn Fe Si Mg Other
Composition (%) 92.25 4.4 0.6 0.5 05 1.5 0.25

Fig. 3. (a) Experimental device clamped on a CNC machine;
(b) tooling system.

Tools with hemispherical geometries ends of different
diameters housed in the CNC machine spindle are used for
the forming process. Tool paths are generated with a
Computer-Aided Manufacturing (CAM) integrated envi-
ronment package. During the forming operation, the tool
moves in the vertical direction Z while the sheet moves
simultaneously in the X, Y directions with the machine
table. In order to reduce friction between the tool and the
workpiece, mineral oil is used as a lubricant.

The blank holder with a 50 x 50 mm? square cavity with
a b mm rounding radius is used to avoid sheet tearing. The
main SPIF process parameters are given in Table 3.

To investigate the SPIF process, a tool with a
pyramidal shape and a forming angle « is used. The shape
geometry definition is illustrated in Figure 4.

Table 3. SPIF process parameters and geometry.

Tool diameter 10 mm

Tool depth step 0.1 mm
Spindle speed 1000 rpm
Feed rate 1500 mm/min
Major base 50 mm
Height 10 mm
Forming angle 45°

For the tool path selection, two cases are considered: a
constant Z-level (discontinuous path in Fig. 5a) and a
helical path (continuous path in Fig. 5b).

To compare the obtained results, numerical simulations
are performed with the same set of experimental
parameters (forming device, tools, and forming strategies).

2.3 Numerical methods

Numerical simulations based on the finite element method
are very useful for the development of the SPIF. Thibaud
et al. [27], Dejardin et al. [28], and Henrard et al. [29-31]
propose optimal approaches for numerical modeling to
correctly predict the forming process. A finite element
analysis is used to simulate the SPIF process. Therefore,
the prediction of sheet thickness evolution and geometrical
profile of a truncated pyramid is obtained. The Gurson-
Tvergaard- Needleman (GTN) damage model is chosen for
the prediction of the material damage evolution [32-36].
The yield surface is given by equation (1):

2
¢= (iji”) +2q1f*cosh<—3q2 %) - (1 + (‘hf*)z) =0
(1)

where o, is the von Mises equivalent stress, initially equal
to o, (initial yield stress), o,, represents the hydrostatic
stress, and (g1, ) are the Tvergaard’s coefficients.

The function f(f) defines the void volume fraction in
the GTN model and is defined by:

! f<fe
* ?Fifc :
f - fc+ . (f_fc) if fc<f<fF (2)
fF fc
fr f=fr

where fthe void volume fraction, initially equal to fy, f. the
critical void volume fraction, frthe void volume fraction at
fracture, and fp =1/¢.

The void volume fraction is given by equation (3).

f=Q0-Htr(E") + IN_exp |-t £ o 2 i (3)
- Sxvr P72\ sy
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Ly=L2=140 mm, /7 =12 =50 mm, H =10 mm, R =5 mm, a =45 °

Fig. 4. Geometry definition of the pyramidal shape.

Fig. 5. Forming strategies: (a) constant Z-level; (b) helical.

where fy is the void volume fraction due to nucleation of
new cavities, ¢y the plastic strain at the start of nucleation,
Sy the standard deviation of the nucleation strain. 7 and
o represent respectively the equivalent plastic strain and
the equivalent plastic strain rate in the material matrix.
For the plastic flow definition, the Von Mises yield
criterion is used. Plastic evolution is based on Voce’s
isotropic hardening law [37] given by equation (4).

o =0, + Q1 — exp(~bi?)) (4)

where o, is the initial yield stress, @ the saturation
value of isotropic hardening, and b the hardening
exponent.

The GTN model shown in equation (1) has eight
variables. The parameters (gq;, ¢») are determined using the
uniaxial tensile tests. The parameters f,, f. and fr
associated with the void growth are obtained by calibration
methods. Finally, the three parameters of void nucleation
fn, Syand ey, are derived from metallurgical observation of
microcavities [38].
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Table 4. Identified material parameters of A2024-T351 alloy.

Hardening model GTN model
oy(MPa) Q (MPa) b 4 a2 fo fe N Sy I fr
345 145 17.8 1.25 0.98 0.0014 0.02 0.3 0.1 0.015 0.04

Fig. 6. FE model geometry with boundary conditions.

2.3.1 Identification of the material parameters

To identify the GTN model parameters, an inverse method
is used. We consider the tensile tests described in Section 2.1.
The load-displacement curve from these tests is used to
identify the hardening and damage parameters for the
A2024-T351 Aluminum alloy.

The adopted inverse method is the Finite Element
Updating Method (FEUM) [39]. The FEUM is a mixed
numerical-experimental procedure where the difference
between a measured response and a calculated one is
minimized via an optimization technic by taking the
wanted parameters as variables. In the present work, the
optimization procedure is based on the Levenberg—
Marquardt optimization algorithm.

Firstly, for the isotropic hardening model parameters,
on the range of small to moderate deformations of the
uniaxial tensile test of the considered material, a simple
regression of the experimental data with the Voce law
defined in equation (4) is used to identify the three
associated parameters. Secondly, the hardening parame-
ters obtained in the previous step are then used for the
simulation of the tensile test until the final fracture of
the specimen. The GTN model damage parameters are
identified via the FEUM. The obtained parameters are
given in Table 4. These results are agreeing with those
reported in the literature [36,40].

The tool is considered rigid and the corresponding
boundary conditions are path-dependent. Coulomb fric-
tional contact behavior is adopted, between the forming
tool and the metal sheet with a friction coefficient value
equal to 0.05 [17,31]. It is also important to note that the
GTN model has undergone several extensions. These

models are applied successfully in practical cases [41-46].
In this study, it is chosen to use the model available in
Abaqus to optimize computation time.

2.3.2 Finite element simulation of SPIF

SPIF process simulations are done with the commercial
finite element code Abaqus/Explicit. The metal sheet is
meshed with quadrilateral shell elements S4R of 4-nodes
with 6 degrees of freedom per node. The R3D4 element type
is selected for the tool. A reduced integration with 5
thickness integration points and a large strain formulation
are used. After a mesh convergence study, an element size
of 1 x 1 mm is found to be appropriate for the discretization
of the metal sheet. The whole sheet contains 19 600
elements and 19 881 nodes.

For boundary conditions, the sheet is clamped around
its contour (4 edges) in all 3 directions. Then, the boundary
conditions of the tool are related to the defined path during
process operation. Finally, the tool path coordinates in x, y,
and z are linked with the same time instant using three
tabular (t, x), (t, y), and (t, z). Model geometry with
boundary conditions are illustrated in Figure 6.

3 Results and discussions

3.1 Geometrical comparisons

The obtained results for the 2024 aluminum sheet SPIF
study are then presented. For the sake of the finite element
simulation assessment, the numerical predictions are
compared to experimental results. Figure 7 shows a
comparison between experiments and simulations for a
constant Z-level strategy.
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Fig. 8. Comparison of experimental, numerical, and theoretical
profiles.

Profile and sheet thickness are measured with metro-
logical tools (Vernier caliper, comparator, and micrometer
gauges) in the XZ plane (Y =0). The profile is determined
as a result of the measurements of the vernier height gauge
to find the formed height. The thickness distribution is
measured to predict the region where more amount of
thinning takes place. For doing this the specimen was cut
into two pieces exactly using wire cut EDM. The thickness
measurement was conducted in the x-direction (XZ plane)
along the midline of the sidewall of the formed pyramid
parts. The measurement starts at the part edge and was
taken in every predefined point along the cut direction
using micrometer gauges and digital vernier caliper. For
each point, three measurements are taken and the average
value is considered as the measured thickness.

U, Magnitude

+9.92e+00

+4.14e+00
+3.31e+00

(b)

Fig. 7. Incremental forming operation (a) experimental; (b) numerical.

No considerable thickness difference was observed
among the two sides of the formed part. Therefore, only
one side of the pyramid was selected to take the
measurement.

The comparison of the experimental and numerical
profiles after the forming operation is presented in Figure 8.
It can be seen that the final shape of the experimentally
obtained workpiece is correctly predicted by the simulated
one. Indeed, the average difference between profiles is less
than 4.0%.

Figure 9 gives a comparison between numerical and
experimental thicknesses evolution. These thicknesses are
sampled along the x-direction (Fig. 7a). A good correlation
is found with a maximal relative error of 3.5%. This fact is
also supported by previous simulations using the solid-shell
element formulation [47,48].

3.2 Response surface methodology

The experimental design method is used to study the
influence of ISF factors (tool diameter, forming angle, sheet
thickness, and the tool path) on the considered responses
(variation of thickness and springback) using finite-
element simulations performed with Abaqus/Explicit
solver. The prediction of the springback in the framework
of an explicit calculation is done in one increment after
unloading as proposed in [49,50]. The full factorial design
for the response variables study is chosen. A set of 16 tests
(2%) is then used. Factors levels are summarized in Table 5.

The maximum depth after springback and minimum
thickness results are presented in relative values for better
visualization. Thickness reduction and springback effects
rates are calculated using the following equations:

THinitial - THfinal
THinitial

Thickness reduction(%) = 100% (5)

Depth,, . — Depthy
Spring back(%) = —2 ]n);pnﬂll PP nal 100%.  (6)

nominal

Test design and calculated response values are
presented in Table 6.
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Fig. 9. Numerical and experimental thickness evolution.

A preliminary analysis of the obtained results by the DOE
technique [51] has led to the determination of significance
parameters levels and their interactions. Results show that the
second-order interactions are more visible and significant
compared to higher-order ones. Therefore, only second-order
combinations are considered for interaction representation.
The results are shown in Table 7 and Figure 10.

For the thickness reduction response, Figure 10a shows
that the forming angle is the most significant factor,
followed by the tool diameter. In this way, thickness
reduction increases as the forming angle and the tool
diameter increase. Springback response, given in
Figure 10b, shows that the forming angle is the most
significant factor followed by the tool path, sheet thickness,
and tool diameter. The springback response increases as
the forming angle, sheet thickness, and tool diameter
decrease and as the tool path strategy changes to the helical
form. Indeed, we observed that helical form gives more
springback than the constant-Z level strategy. This finding
is explained by the fact that the helical path increases the
continuous local springback which occurs simultaneously
with the displacement of the tool due to the angle of
displacement of the tool (variable step depth) [26]. Besides,
the step depth is constant in the constant-Z level strategy.

Using data from Table 7 and considering a full factorial
design, the expressions of the responses function are given
for thickness reduction and springback by equations (7)
and (8) respectively:

Thickness reduction (%) = 17.662 + 0.981A + 3.786B
—0.388C + 0.259D + 0.191AB + 0.364AC
+0.097AD — 0.481BC
+0.312BD—0.224CD (7)

Spring back (%) = 9.540 — 0.596 A — 3.648 B — 0.810C
+1.189D + 0.221AB — 0.029AC + 0.068AD
+ 0.168BC — 0.059BD — 0.591C'D. (8)

Figures 11 and 12 show the effect interaction influence
of the four input parameters for thickness reduction and
springback responses. Effect interaction plots allow the
investigation of factor dependence. Two factors are
considered dependent when two lines cross each other.

For the thickness reduction, we noticed that the factors
are dependent on each other except for the tool diameter-
forming angle interaction. For springback, no dependence
between factors is observed.

The analysis of variance (ANOVA) is adopted to
evaluate the influence of each factor on the responses.
Parameters influencing the thickness reduction and
springback are determined based on a confidence level of
95%. The effect of each factor on the response is considered
significant if the probability value (P-value) is less than or
equal to 0.05. ANOVA results for thickness reduction and
springback are summarized in Tables 8 and 9, respectively.

The ANOVA results indicate that the forming angle is
the most influential factor on thickness reduction with a
contribution of 88.59% followed by the tool diameter with
an influence of 5.94%. Taking into account the P-value of
0.05, it appears that three factors are relevant in the case of
springback. These factors are: forming angle, tool path, and
sheet thickness with a contribution of 81.99%, 8.71%, and
4.04% respectively. Similar results were observed by Li
et al. [25] and Zhang et al. [26].

3.3 Analysis of damage evolution

In this section, we focus on the analysis of the damage
evolution as a function of the input parameters of the
single-point incremental forming process. The porosity f,
which is the void volume fraction, represents the damage
parameter.

The results of the previous sections show that the
forming angle is the most influential factor. Several studies
[20-22,25] showed that the forming angle has a significant
effect on stress evolution and porosity of the formed
material. Based on this latter, several FE simulations in
Abaque/Explicit are performed on a SPIF truncated
pyramid with different forming angles: 30°, 45°, and 60°.
These simulations are carried out to analyze porosity
evolution in two formed sheet zones: Zone-1 and Zone-2,
(Fig. 13). All the pyramids have the same major base of
50mm and a height of 10 mm. Process parameters of the
numerical model are the same as those mentioned in
Section 2.3.1.

Figure 14 shows the isovalues of porosity for the three
forming angles over all the integration points (IP). Each
integration point is linked to a position in the shell element.
The integration point IP-3 is placed in the middle sheet.
Then, IP-2 and IP-4 are placed below and above IP-3
respectively. Finally, IP-1 and IP-5 are placed below and
above IP-2 and IP-4 respectively. Therefore, IP-5 is near
the top sheet surface which is in contact with the tool. In
this case, the maximum observed in the corners can be
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Table 5. Factors levels assignment.

. Technol. Vol, No (2021)

Factors Symbols

Factors levels

Low (—1) High (+1)
Tool diameter (A) D (mm) 8 14
Forming angle (B) a (%) 30 45
Sheet thickness (C) TH; (mm) 1.5 2.5
Tool path (D) T, Constant Z-level Helical

Table 6. Test design and results.

Design of tests

Test results

Test number D o THi T, Thickness reduction (%) Springback (%)
1 -1 -1 -1 -1 13.80 12.95
2 +1 -1 -1 -1 13.60 11.33
3 -1 +1 -1 -1 20.80 5.60

4 +1 +1 -1 -1 22.07 4.40

5 -1 -1 +1 -1 12.56 12.61

6 +1 -1 +1 -1 15.76 10.87
7 -1 +1 +1 -1 18.92 4.90

8 +1 +1 +1 -1 21.72 4.15

9 -1 -1 -1 +1 13.27 16.70
10 +1 -1 -1 +1 14.47 15.68
11 -1 +1 -1 +1 21.87 8.42

12 +1 +1 -1 +1 24.53 7.72

13 -1 -1 +1 +1 12.72 13.76
14 +1 -1 +1 +1 14.84 11.60
15 -1 +1 +1 +1 19.52 6.15

16 +1 +1 +1 +1 22.16 5.80
Table 7. Effects and interaction of factors.

Effect Thickness reduction (%) Springback (%)
Average values 17.662 9.540
Tool diameter (A) 0.981 —0.596
Forming angle (B) 3.786 —3.648
Sheet thickness () —0.388 —0.810
Tool path (D) 0.259 1.189
Interaction (A-B) 0.191 0.221
Interaction (A-C) 0.364 —0.029
Interaction (A-D) 0.097 0.068
Interaction (B-C) —0.481 0.168
Interaction (B-D) 0.312 —0.059
Interaction (C-D) —0.224 —0.591

related to contact effects. This could be explained by the
fact that the sudden change in the direction of loading
occurring at the corners causes a discontinuity of trajectory
and thus accentuates the contact forces. A maximum value
of the effective porosity at the top right corner is observed

in Figure 14. This value is due to the starting point of the
trajectory of the forming tool, the contact starts in the
same corner for each case (30° 45°, and 60°) with
penetration in Z-direction and then a displacement in
the XY plane. The evolution of void volume fraction is
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Fig. 10. Effects and interaction diagrams of factors: (a) thickness reduction; (b) springback.
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Fig. 11. Interaction plot for thickness reduction.

zone for different angles in two selected zones (Zone-1 and  stress, below.

Zone-2) defined

in Figures 15 and 16.

We define an average porosity f on a set of carefully
selected elements so that we can follow its evolution during
incremental forming. Therefore, we adopt the definition,

f _ Z fele‘ivelﬁ«,i
Z Vele,i

1.5
1.0

- 0.5

| 0.0

- -0.5
| -1.0
- -1.5
- -2.0
| -2.5
| -3.0

4.0

inspired by the definition of the homogenized average

9)
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Fig. 12. Interaction plot for springback.

where i=1, 2 represents zone-1 or zone-2. V,, and f,, are
respectively the volume and void volume fraction of each
element in the respective zones; f is the void volume
fraction in each zone (a sectioned of finite elements group).
The results are reported in Table 10.

In Figures 15 and 16, it can be observed that the
damage parameter has an abrupt evolution from 5% of
the equivalent plastic strain. For Zone-1, which concerns
the loading at the straight side of the pyramid shape,
porosity evolution is almost similar for the three forming
angles with a maximum value f=0.01031 corresponding to
the 60° angle (Fig. 15).

For Zone-2, which represents the pyramid corner,
porosity increases with the change of the forming angle
with a clear evolution of the volume fraction between the
three angles. It is also found that the porosity in zone-1 is
lower than in zone-2. This is because a pyramid corner
leads to a higher deformation than a straight side.
Therefore, the results reveal that the porosity evolution
is sensitive to the forming angle parameter and agree with
those reported by Arfa et al. [23] and Junchoa et al. [52].
This variation causes a greater level of damage represented
by a rapid evolution of the void volume fraction. These
results are confirmed with porosity calculations using
equation (9) and summarized in Table 10.

4 Conclusions and future work

The present work presents a numerical-experimental study
of the influence of single-point incremental forming process
parameters (tool diameter, forming angle, sheet thickness,

and tool path) on the thickness reduction and springback
levels of a truncated pyramid form.

Average sheet thickness and geometrical profile are
determined after a set of experimental SPIF testing
campaigns. A finite element model (FEM) is developed using
the commercial software Abaqus tosimulate the SPTF process.
The model behavior of the aluminum alloy (A2024-T351)
sheet is assumed elastic-plastic with isotropic hardening.

Numerical results are found to be in good agreement
with the experimental measurements. The overall profile
geometry and thickness variation are close to the real form
with a maximum deviation of 4.0%.

Once the finite element model of the SPIF is validated,
a full factorial design of 16 experiments provided by
response surface methodology is carried out to assess both
the single and interactive influence of the considered
parameters on the selected responses during the pyramid
forming process. Results show that the forming angle is the
most influential factor. When it increases, thickness
reduction increase, and the springback decrease.

Three truncated pyramids with different forming angles
(30°, 45°, and 60°) are simulated to assess the effect of the
forming angle on damage evolution. The void volume fraction
value is taken as an indicator of damage evolution and it is
demonstrated that it is sensitive to the forming angle.

Some suggestions for future investigation are provided.
The influence of material properties, lubricant, and
operating conditions such as feed and spindle rates will
be investigated. Moreover, the interaction between metal
sheet, tool and process parameters has to be considered.
Finally, tool deflection during the ISF process needs to be
incorporated.
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Table 8. ANOVA values for thickness reduction.

11

Source Sum of squares Degrees of freedom Mean square F Value p-value Contribution %
Prob > F
Model 258.76 14 18.48 341.92 0.0424
A 15.39 1 15.39 284.63 0.0377 5.94
B 229.3 1 229.3 4241.79 0.0098 88.59
C 241 1 2.41 44.59 0.0946 0.93
D 1.08 1 1.08 19.91 0.1403 0.42
AB 0.58 1 0.58 10.76 0.1884 0.22
AC 2.12 1 2.12 39.3 0.1007 0.82
AD 0.15 1 0.15 2.78 0.344 0.058
BC 3.7 1 3.7 68.37 0.0766 1.43
BD 1.56 1 1.56 28.79 0.1173 0.6
CD 0.81 1 0.81 14.9 0.1614 0.31
ABC 0.49 1 0.49 9.13 0.2035 0.19
ABD 0.052 1 0.052 0.96 0.5069 0.02
ACD 1.02 1 1.02 18.78 0.1444 0.39
BCD 0.12 1 0.12 2.23 0.3754 0.047
Residual 0.054 1 0.054
Cor total 258.82 15 100
Table 9. ANOVA values for springback.
Source Sum of squares Degrees of freedom Mean square F value p-value Contribution %
Prob > F
Model 259.56 14 18.54 350.47 0.0418
A 5.69 1 5.69 107.53 0.0612 2.19
B 212.87 1 212.87 4023.97 0.01 81.99
C 10.5 1 10.5 198.44 0.0451 4.04
D 22.61 1 22.61 427.41 0.0308 8.71
AB 0.78 1 0.78 14.81 0.1619 0.3
AC 0.013 1 0.013 0.25 0.7048 5.09E-03
AD 0.073 1 0.073 1.38 0.4492 0.028
BC 0.45 1 0.45 8.49 0.2105 0.17
BD 0.055 1 0.055 1.04 0.4932 0.021
CD 5.59 1 5.59 105.73 0.0617 2.15
ABC 0.27 1 0.27 5.01 0.2674 0.1
ABD 0.032 1 0.032 0.61 0.5773 0.012
ACD 0.078 1 0.078 1.48 0.4378 0.03
BCD 0.56 1 0.56 10.49 0.1906 0.21
Residual 0.053 1 0.053
Cor total 259.61 15 100
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Fig. 13. Damage analysis zones.

Angle 30° Angle 45°

VVF
fraction = 0.906180
(Avg: 75%)

n = 0.906180
(Avg: 75%)

IP-1

+1.400e-03

+1.399¢-03

VVF VVF
fraction = 0.538469 ) fraction = 0.538469
N (Avg: 75%)
(Avg: 7o) +2.099¢-02
+1.936-02

+1.400e-03
+1.400e-03

VVF ) VVF WE

Mid, (fraction = 0.0) Mid, (fraction = 0.0) Mid, (fraction = 0.0)

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+6.322¢-03 +1.329e-02

+7.344e-03
+6.353¢-03

+1.400e-03 . +1.400¢-03
+1.400e-03

VVF

fraction = -0.538469

(Avg: 75%)
+2.550e-02

VF
fraction = -0.538469
(Avg: 75%)

+3.4000-03 E +3:861e-03

+1.367¢-03 +1.342e-03

+1.354e-03

% e

fraction = -0.906180 fraction = -0.906180

(Avg: 75%) (Avg: 75%)
+3.134e-02 +3.504e-02

+1.335¢-03 692903 +1:281e-03
+4,118e-
+1.307e-03

Fig. 14. Isovalues of effective porosity for the SPIF test simulation for 30°, 45°, and 60° over the five integration points considered in all
the simulations (IP).



471
472
473

B. Karim et al.: Metall. Res. Technol. Vol, No (2021) 13
0.012 0.014
——q = 30° —a— ¢ = 30°
—o—q =45° ] —o—q = 45°
0.010 4 —A— ¢, = 60° N 00124 —a— g =860°
% 0.010
0.008 ]
- -
= > 0.008
8 0.006 8
g ] £ 0.006 A
0.004 ] %’
0.004
0.002 0.002
1 f0= 0.0014 4 f0= 0.0014
0.000 . . ' ' 0.000 T .
0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 04
Equivalent plastic strain Equivalent plastic strain
Fig. 15. Porosity evolution in Zone-1 of the sheet. Fig. 16. Porosity evolution in Zone-2 of the sheet.
Table 10. Void volume fraction for the different forming angles.
Void volume fraction f
Forming angle Integration points (IP) Zone-1 Zone-2
IP-1 0.00893 0.00611
IP-2 0.00202 0.00239
. IP-3 0.00212 0.00303
30 P-4 0.00651 0.01111
IP-5 0.00894 0.00616
Average value 0.00570 0.00577
IP-1 0.01427 0.02289
IP-2 0.01024 0.01712
. IP-3 0.00383 0.00662
4 P-4 0.00444 0.00327
IP-5 0.01128 0.00941
Average value 0.00881 0.01187
IP-1 0.01690 0.02191
IP-2 0.01241 0.01553
. IP-3 0.00556 0.00789
60 P-4 0.00536 0.00600
1P-5 0.01134 0.01200
Average value 0.01031 0.01267
*Average values are the mean over the five integration points for each angle.
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