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Abstract 

In this work it is assessed the potential of combining conventional and incremental sheet forming processes in a 
same sheet of metal. This so-called hybrid forming approach is performed through the manufacture of a pre-forming 
by conventional forming, followed by incremental sheet forming. The main objective is analyzing strain evolution. The 
pre-forming induced in the conventional forming stage will determine the strain paths, directly influencing the strains 
produced by the incremental process. To conduct the study, in the conventional processes, strains were imposed in 
three different ways with distinct true strains. At the incremental stage, the pyramid strategy was adopted with differ-
ent wall slopes. From the experiments, the true strains and the final geometries were analyzed. Numerical simulation 
was also employed for the sake of comparison and correlation with the measured data. It could be observed that 
single-stretch pre-strain was directly proportional to the maximum incremental strains achieved, whereas samples 
subjected to biaxial pre-strain influenced the formability according to the degree of pre-strain applied. Pre-strain 
driven by the prior deep-drawing operation did not result, in this particular geometry, in increased formability.
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1 Introduction
Incremental Sheet Forming (ISF) has been intensively 
studied over the last years. Since the patent from Lezsak 
[1], CNC development allowed to many improvements in 
terms of materials, geometries and design possibilities. 
The pivotal work from Jeswiet et al. [2] set the basis for 
all the major developments during this century, whereas 
the state-of-art and future developments were updated 
by Behera et  al. [3]. The ISF process aims to produce 
small batches of parts, fast prototyping and personal-
ized products giving flexibility with inexpensive operat-
ing costs. The cost reduction comes from the absence of 
dedicated tooling, such as punch and die. The ISF is gen-
erally performed by clamping a sheet all over its borders 

and through the punctual application of a local load over 
the sheet metal, performing repeated strains in the form 
of a descending contour that shapes the final geometry. 
This simplest variant of ISF is called Single Point Incre-
mental Forming (SPIF). Drawbacks reported are related 
to higher forming times and difficulties to form vertical 
walls.

Regarding formability for SPIF solely based forming 
processes, many authors claimed and proved that form-
ability under any incremental process is higher than in 
conventional press-based sheet forming. References 
[4–12] are few examples of studies focusing of different 
materials (aluminium, brass, high-strength steels), defor-
mation mechanics or methods to evaluate formability. 
Under conventional stamping operations, the blank is 
considered subjected to an in-plane and bending defor-
mation state leading to the onset of necking. However, 
the deformation mechanisms on ISF process are still a 
doubtful topic between different research groups, being 
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generally accepted that the necking phenomenon is wide-
spreadly present on the sheet prior to fracture. It can be 
stated that a sheet metal forming processes is limited 
to the maximum, strain achieved prior to fracture. The 
most usual methods to define the formability limit is the 
Forming Limit Diagram (FLD) or Forming Limit Curve 
(FLC). They are obtained plotting the major principal 
strain and minor principal strain differentiating the safe 
(no rupture) from failure (rupture) zones. These graphs 
are generally experimentally established, giving the val-
ues of major and minor principal strains for countless 
loading configurations like equi-biaxial, biaxial, plane 
strain or uniaxial. Figure 1 depicts a schematic compari-
son between the FLC for a stamping and incremental 
forming.

The SPIF processing limit must be derived in terms of 
fracture onset [11], which usually results a straight line 
with a negative slope in the positive region of minor 
strain (also called as FFL, Fracture Forming Line), 
whereas the conventional stamping is presented in both 
regions with minor strain. Distinct effects may derive 
from chosen tool type, tool size, vertical pitch size, feed 
rate, friction at the interface contact of tool/sheet surface 
and plane-anisotropy of sheet [11, 13].

Another common indicator for formability in ISF pro-
cesses can be obtained using the maximum achievable 
forming wall angle, Figure 2. Ham and Jeswiet [14] exam-
ined several SPIF variables (feed rate, step down, etc.), as 
well as materials, and the resulting influence on the maxi-
mum achievable wall angle. Fritzen et al. [6] studied it for 
Brass alloys while Bastos et al. [9] for high strength dual-
phase steels. The fact that all ISF process variants (SPIF, 

TPIF, etc.) induce localized deformation is the primary 
leading to a deformation mechanism that act as local sta-
bilizers before fracture. So, fracture in SPIF occurs with 
generalized, diffused necking all over the part. Emmens 
and Van den Boogaard [15] have presented a pivotal 
review of possible deformation mechanisms, giving feasi-
ble reasons that can possibly explain the enhanced form-
ability in ISF processes. Among them: contact stress, 
bending-under-tension, stretching, shearing, cyclic load-
ing, necking stabilization and hydrostatic pressure. They 
argued that a single deformation mechanism cannot be 
regarded as being the main one. In fact, every analysis 
is depending on the geometry, process parameters and 
toolpath.

Hybrid forming processes, as posed by Araghi et  al. 
[31], have true potential by employing the combina-
tion of ISF and stretch forming, by reducing processing 
time, providing more uniform strain distribution and 
easier numerical simulation. In this work, the presence of 
a pre-strain derived from a previous forming process is 
investigated. There are several cases where ISF technol-
ogy might be applied in a deep-drawn component, for 
instance for personalization purposes [16]. The combina-
tion of forming processes, namely conventional drawing 
before incremental, falls on the category of the so-called 
hybrid forming process. The application of both pro-
cesses may lead to achieve greater strains and improve 
formability in metallic materials by a careful choice of 
pre-strain and strain paths on both stages. Studies [17–
19] have shown the developments of the hybrid process 
of stretch forming and incremental sheet forming. These 
works were based on the application of the stretch form-
ing process and subsequent application of incremental 
sheet forming in the manufacture of complex details of 
the workpieces.

This study aimed to evaluate the behavior of the 
strains occurred in the samples of EN10130 DC04 steel, 
formed through a hybrid forming process. The effect of 

Figure 1 Schematic representation of FLC (FFL) in SPIF against 
conventional forming

Figure 2 Example of a constant varying wall thickness part (or 
Frustrum of a cone), to evaluate the maximum forming wall angles 
during SPIF
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pre-strains coming a sequence of conventional forming 
on a subsequent incremental forming process (in terms 
of formability) is still not well-documented. Doing so, the 
present contribution aims to fill this gap on the literature. 
The numerical simulation will then be performed using 
a finite element package to determine the parameters of 
the processes and compare them against the measured 
results.

2  Materials and Methods
During the conventional press-forming operation, strains 
are generally evaluated using Forming Limit Diagrams 
(FLD’s), in combination sometimes with a Forming Limit 
Curve (FLC) as a failure criterion during sheet metal 
forming process. In what regards ISF operations, the par-
ticular deformation mechanics during the process makes 
FLD’s not suitable to characterize the formability limits, 
mainly because the limiting strains in the principal strain 
space significantly exceed the FLC [20–24], and addi-
tionally because the strain-path in ISF processes may be 
highly non-linear. Toolpath optimization is actually now-
adays one of the main topics in ISF studies [3].

The hybrid process developed in this work was set 
according to Figure 3. The stages of the stretch forming 
process and the asymmetric incremental sheet forming 
(AISF) are combined as shown in Figure  3(a), 3(b) and 
3(c) sequentially. Besides increasing formability, the pro-
cess combination aims to increase the dimensional accu-
racy compared to single AISF [25, 26].

2.1  Numerical Simulation
Numerical simulation allowed for determining the 
dimensions of the test specimen and determination of 
the correlation of the strain paths of the core elements 

throughout the process. In incremental sheet metal 
forming, different incremental strategies have been ana-
lyzed in order to reach ruptures in the samples. Finally, 
after the physical experiments, the numerical simulation 
was used to compare with the measured data from hybrid 
process strains.

Because incremental forming is a progressive sheet 
metal manufacturing process characterized by large dis-
placements and large total strains, the explicit solution 
scheme should be adopted to save CPU time [27]. Under 
LS-Dyna explicit solver, the Barlat 36 model, based on 
the work of Barlat and Lian [28] was employed. It was 
developed to model sheets with anisotropic materials 
under plane stress conditions. Also, this material model 
allows the use of the Lankford parameters for the defini-
tion of the anisotropy. The constitutive parameters used 
for the numerical simulation are shown in Table 1.

The blank holder, punch and die were assumed as 
rigid. A Coulomb model was considered for the fric-
tional (µ = 0.1) actions, which is a typical value found in 
literature for lubricated SPIF processes. The mesh was 2 
mm×2 mm quadratic with three-degree remeshing. A 
four-node linear Belytschko-Tsay shell element with 3 
integration points through thickness direction was used. 
Three integration points is the minimum required num-
ber to provide a non-linear computation of the through-
thickness stress while keeping maximum CPU efficiency 
for the shell-based simulation. Despite the limitations of 
shell elements regarding thickness variation prediction 
[29], this finite element is widely recognized for the reli-
ability avoiding pathologies like locking phenomena or 
hourglassing. The exponent (m) in the Barlat yield sur-
face was 6.0, and the plastic yield expressed using the 
Hollomon formula is described in Table 1.

Figure 3 Principle of the process combination

Table 1 DC04 material data

Hollomon formula Yield stress Anisotropy

kf = 564 · ϕ0,2 kf 0=186 MPa r0° = 1.16 r45° = 1.52 r90° = 1.69 rm = 1.47 Δr = −  0.09
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During stretch forming, the Forming Limit Diagram 
was applied as failure criteria. Data is obtained from the 
work of Lora [30]. The incremental forming phase was 
stopped using the average depth from each experimen-
tal test. The computational simulation was stopped after 
reaching the preset depth.

2.2  Experimental Campaign
For the experiments, a hydraulic press and a specific 
machine (Amino, model DLNC-RB) for the incremental 
sheet process were used. Figure 4 shows the schematics 
of tooling for both pieces of equipment.

The hybrid sheet forming process, described in this 
paper, was divided into two parts: the numerical simula-
tion of process, and the physical experiment, by stretch 
forming and incremental sheet forming. Numerical 
simulation (as carried out in the previous section) was 
employed to estimate the dimensions of the test speci-
men and to determine the correlation of the strain paths 
of the core elements during the process, as well as in the 
incremental sheet metal forming stage.

2.2.1  Conventional Forming
The conventional forming process occurs through the 
pressure applied by a large punch over sheet metal. This 
punch has smaller dimensions than the sheet, while being 
much larger than the ISF tool.

Because the conventional process has constant velocity, 
due to the hydraulic press used, and no interruptions, the 
strain evolution on some sheet areas is quasi-linear. This 
evolution is characterized by the forming path, which 
does not reveal any intersections or severe changes in 
direction. Figure 5 shows two distinct forming paths for 
the separate elements in the same simulated sample.

According to Figure  5, performing the conventional 
process in a single stage applies constant forming paths 
in the sheet metal at the top part of the sample and at the 
side wall. The major true strain can also be traced rela-
tive to the punch/die displacement, i.e., the process strain 
path. The digital image correlation system ARAMIS 
(GOM, Germany) was employed to keep track of defor-
mation patterns over the formed sheets. Figure 6 shows 
the major true strain path over the time for element “A” 
in Figure 5.

Figure 4 Equipment setup for both processes
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Figure 5 Forming paths for different elements of a formed sample. FLD from work [30]
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Figure  6 shows that the strain path during process is 
not fully linear; it cannot be applied in a linear relation-
ship relatively to the die position with instantaneous 
strain. The central element of the workpiece (element “A” 
from Figure 5) was selected as the stop criteria during the 
experiments.

The tests were carried out using DC04 1 mm thick 
sheets, with length = 500 mm and three distinct widths: 
200, 330 and 500 mm. The lubricant used is a white 
assembly paste (OKS 260), whereas the blank holder 
force was set to 300 kN; die displacement velocity was set 
to 3 mm/s while its displacement (depth) was predeter-
mined relatively to the major true strain.

The conventional process trials were carried out fol-
lowing four stages. They were chosen by dividing the 
different die penetration depths. The criterion used to 
determine the depth used during the process was corre-
lated to the major true strain values (φ1) applied to the 
sheet.

The first stage involved finding the material rupture 
depth (#A); this workpiece was not used for the ISF pro-
cess. The second stage involves the penetration of the 
punch nearly to the point of rupture in the workpiece 
(#B). The third and fourth stages were performed when 
the central element values reached φ1 = 0.10 (#C) and φ1 
= 0.05 (#D) in the strain sheet for the workpiece.

To define the die displacement during the process and 
reach the stop criteria for experiments #C and #D, some 
interpolations were performed between simulated and 
real data.

The simulated data was extracted using a 2 mm die 
displacement; however, the experimental data were 
extracted from a workpiece with a #A stop criteria. Con-
sequently, the major true strain data for the element and 
the die displacement were used to interpolate the data 
and create the experimental strain path for the central 
element. Figure 7 compares the strain paths of the simu-
lated and experimental major true strain in the samples.

By using the major true strain path experimental curve, 
the stop criteria for the conventional experiments could 
be defined through the die displacement. In Table 2, the 
simulated and experimental data for the first stage are 
shown, and the die displacement (depth) is defined rela-
tive to the simulated data.

2.2.2  Incremental Sheet Forming–ISF
The incremental forming (SPIF) process was equally 
applied for every formed sheet sample. The process 
depends on several parameters, such as tool-size and 
lubricant, but toolpath plays a major role. In this sense, 
to guarantee that the toolpath strategy does not inter-
fere with the pre-strain evaluation, and to keep a feasi-
ble number of different experiments, step-down, travel 
speed and geometry were fixed for all tests. In Figure 8, 
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Figure 6 Strain path over the time
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the chosen toolpath for the experiments is displayed, 
using a pyramidal geometry with a 128x128  mm2 base, 
a 450 incline in the wall for the first 15 mm (10 step), a 
600 incline from 15 to 30 mm (20 step) and a 700 incline 
up to the point of material rupture (30 step). A hemi-
spherical punch with diameter 20 mm underwent a travel 
speed of 2000 mm/min and a vertical step-down incre-
ment of 1 mm (p). A pyramidal geometry was adopted 
for the incremental process strategy because the strains 
are imposed in the direction of one side of the pyramid 
(edges); only the major true strain relationship will be 
analyzed.

The tests were carried out using a SPIF negative vari-
ant; the punch solely makes contact with the strained 
sheet area. Figure 9 shows how the tooling was inserted 
into the DLNC RB AMINO equipment.

The tests were interrupted when a rupture/rip 
appeared. They were repeated three times each. For every 
test, the cracks happened at the third stage, when the wall 
slope reached 700. In Figure 10a, the final sample geom-
etry (#B3) is showed, while in picture  10b, the central 
sheet point (“O”) and its x, y coordinates are depicted. 
Punch increments can be found at Region A (where “x” 
is positive), while Region B (where “x” is negative and 
“y = 0”) was employed to investigate the major true strain 
numbers.

3  Results and Discussion
3.1  Conventional Forming
The first phase of the herein studied hybrid process is 
conventional forming. The evaluation was carried out 
focusing on the strains developed at the sheet center. Fig-
ure 11 shows the physical sheet shape and in Figures 12  
and 13, the higher true strains along the “x” direc-
tion as well as the central zone strains in the forming 

(fracture-based, [11]) diagram (the average values of the 
three tested specimens) are observed.

According to Figure  12, the three stop criteria used 
for the stretching trials, and linked to the highest found 
true strain, were attained. In group #B3, the formed sheet 
reached 0.11 (major true strain), which the highest defor-
mation at the central zone (x = 0 mm); in test #C3, 0.10 
was reached, and in test #D3, 0.05 was reached (averaged 
values).

With a bigger difference than the other groups, the 
sample group #2 obtained φ1 also lower than expected 
for the stop criteria. The scope of pre-strain (minor true 
strain–φ2: [− 0.13; 0.11]) is observed in the strain dia-
gram, where the sample with smaller width encompassed 
strains of the left side of the diagram (quadrant 2), while 
the strains of group #3 covered the right side (quadrant 
1).

Table  3 shows the experimental and simulated strain 
for the conventional process of the core element of sam-
ples used as a stop criterion. In the simulation, the stop 
criterion for the punch displacement was the pre-defined 
depth in relation to experimental data.

3.2  Incremental Sheet Forming
The pyramidal geometry incremental strategy was 
applied to the superior region of the workpiece and 
the dimensions of the incremental cavity limited the 

Figure 8 Incremental strategy applied during the hybrid process

Figure 9 Incremental process setup
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dimensions of the pyramidal edges. In Figure  14, the 
samples formed by the hybrid process of group #1, #2 
and #3 can be observed. The samples were formed by 

the incremental process until rupture which was visually 
inspected.

In Figure 15, through a central cut, the final geometry 
of the workpiece from test group #3 is observed and the 

Figure 10 a Forming a sheet metal using the hybrid forming; b Coordinates used for the foring analysis

Figure 11 Physical sheet shape after conventional process from sample #B3
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area analyzed. A bend region in the ends of the incre-
mental cavity and the pyramidal wall inclinations are 
also observed. The objective of applying the incremental 
strategy with three different inclines was to reduce the 
workpiece bending effect in the final pre-strain evalua-
tion. In the first stage (450 slope) there is bending near 
the incremental process, and in the second stage at 600, 
bending occurs at the wall stabilization. Consequently, 
the third stage at 700 ruptured the sample.

Region (B) contains the area where the last deforma-
tion values were attained when forming the sheets via 
the hybrid process. These strains were computed in Fig-
ure  10b, since no punch increment in nor sample rup-
ture was noticed. In Figure 16, results from the simulated 
forming paths were plotted in the forming graph, regard-
ing the elements located at the 700 slopped wall. They 
achieved the biggest value in terms of major true strains 
during the whole hybrid process. There are variations in 
the values of the major true strain between the central 

elements used as the stop criteria and the elements sub-
jected to the incremental process; however, this differ-
ence might be appalling due to its magnitude.

Figure 17 displays the maximum strains attained at the 
sample side wall; such strains preferably appeared oppo-
sitely to the increment formed by the punch. In Figure 17, 
the forming paths are perceived looking to the forming 
curve for the sheet formed via the hybrid process. Each 
test result is characterized by averaging the three tri-
als. The measured forming paths are comparable to the 
numerical results, including the final trend of the major 
true strains.

Table 4 depicts the values of the strains in conventional 
steps and at the end of the hybrid process, the elements 
with the greatest major true strains (φ1). It is possible to 
analyze, through the data on minor true strain, that the 
variations applied by the incremental process is minimal, 
i.e., the incremental strategy adopted applied strains in 
only one direction, as anticipated. This way, the analysis 
is focused on major true strain paths.

Furthermore, the relationship between the different 
processes can be discussed based on the forming dia-
grams of Figure  18. As typical from incremental form-
ing, the SPIF line does not reach the second quadrant of 
the deformation diagram, which can only be achieved 
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Figure 13 The central element forming strain

Table 3 Strains in the conventional process.

Group # Goal Experimental Simulated

Major true strain Minor true strain Major true strain Minor true 
strain

1 B1 Max. Strain 0.130 − 0.099 0.13 − 0.09

C1 Med. Strain 0.099 − 0.070 0.10 − 0.07

D1 Min. Strain 0.044 − 0.038 0.05 − 0.04

2 B2 Max. Strain 0.157 − 0.033 0.15 − 0.02

C2 Med. Strain 0.072 − 0.025 0.08 − 0.01

D2 Min. Strain 0.027 − 0.018 0.03 0.00

3 B3 Max. Strain 0.111 0.097 0.12 0.13

C3 Med. Strain 0.098 0.091 0.11 0.11

D3 Min. Strain 0.053 0.044 0.06 0.06

Figure 14 Samples formed through hybrid process
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by pre-forming the part using the conventional process. 
Bearing this in mind, it is difficult to directly compare 
hybrid with pure SPIF processes, since the latter results 
only in deformations in the first quadrant.

Thus, one can compare SPIF processes only when using 
group # 3 of experiments, Figure  18, where the FLC is 
observed including the deformations resulting from 
the applied hybrid process (φmax = 1.26), according to 

simulated data. Note that SPIF is able to get closer to the 
abscissa axis (φ2), however, in the hybrid process there is 
a more homogeneous strain distribution.

4  Conclusions
The investigation carried out can lead to the following 
conclusions:

Figure 15 Final geometry of the workpiece formed with the hybrid process
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Figure 16 Forming paths (simulated) using the depth stop criteria
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Figure 17 Forming paths (experimental) during the hybrid process
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Pre-strains straightforwardly influences the maximum 
deformations attained during the hybrid forming process. 
The bigger the amount of pre-deformation (in terms of 
major true strain), and consequently accumulated hard-
ening coming from the stretching process, the lower one 
can expect the resulting major true strain in the follow-
ing incremental forming process. That conclusion is clear 
from the true strain values obtained in sample group #3 
(Table 4), being D3 the higher for φ1 and B3 the lowest 
at the end of the hybrid process. On the other hand, the 
pre-strain will reduce sample thickness and condition 
the incremental forming process (that heavily relies on 
stretching deformation mechanics).

The hybrid forming process made possible to manu-
facture the sheets with larger minor true strains, thus 
adding greater homogeneity to the formed sheets. Since 
ISF yields mainly planar deformations (φ2 ≈ 0), design 
possibilities are further increased with hybrid forming 
strategies.

The strains coming from the hybrid forming process 
had greater coverage (1st and 2nd quadrant of the strain 

diagram) than the strains generated only by the incre-
mental process. A better distribution of strains will lead 
to smoother stress gradients, more uniform hardening 
and less springback issues after the forming process.

The pre-strains coming from the second quadrant of 
the forming diagram (deep drawing) had a smaller influ-
ence on the following incremental strategy. That can be 
checked on Figures 16 and 17, sample group #1; single-
stretch pre-strain (φ2 ≈0), which resembles ISF solely 
based strain path, has its influence minimized after the 
incremental forming counterpart of the hybrid process. 
Group #2 of samples and Figure 17 exemplifies it.
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