metals MbPy)

Review

Recent Developments and Trends in Sheet Metal
Forming

Tomasz Trzepiecinski

Department of Materials Forming and Processing, Rzeszow University of Technology, al. Powst. Warszawy 8,
35-959 Rzeszdw, Poland; tomtrz@prz.edu.pl; Tel.: +48-17-743-2527

Received: 27 April 2020; Accepted: 09 June 2020; Published: 10 June 2020

Abstract: Sheet metal forming (SMF) is one of the most popular technologies for obtaining finished
products in almost every sector of industrial production, especially in the aircraft, automotive, food
and home appliance industries. Parallel to the development of new forming techniques, numerical
and empirical approaches are being developed to improve existing and develop new methods of
sheet metal forming. Many innovative numerical algorithms, experimental methods and
theoretical contributions have recently been proposed for SMF by researchers and business
research centers. These methods are mainly focused on the improvement of the formability of
materials, production of complex-shaped parts with good surface quality, speeding up of the
production cycle, reduction in the number of operations and the environmental performance of
manufacturing. This study is intended to summarize recent development trends in both the
numerical and experimental fields of conventional deep-drawing, spinning, flexible-die forming,
electromagnetic forming and computer-controlled forming methods like incremental sheet
forming. The review is limited to the considerable changes that have occurred in the SMF sector in
the last decade, with special attention given to the 2015-2020 period. The progress observed in the
last decade in the area of SMF mainly concerns the development nonconventional methods of
forming difficult-to-form lightweight materials for automotive and aircraft applications. In
evaluating the ecological convenience of SMF processes, the tribological aspects have also become
the subject of great attention.

Keywords: electromagnetic forming; finite element method; flexible-die forming; flow-forming;
incremental sheet forming; mechanical engineering; metal forming; numerical modeling; plastic
working; sheet metal forming; solid granular medium forming; spinning; warm forming

1. Introduction

Sheet metal forming (SMF) techniques are widely used in many industries to produce
final-shaped components from a workpiece. In an SMF process, a thin piece of metal sheet is
stretched into a desired shape by a tool without wrinkling or excessive thinning. In the past decade,
methods for forming high-strength material with low plasticity and difficult-to-form metals have
been developed for cold, warm and hot forming conditions [1,2].

The mechanical properties of the metallic sheet are an important factor and inadequate
consideration of this factor in the design of SMF manufacturing processes causes buckling, excessive
thinning, tearing and wrinkling of the components. Other factors that affect the final shape of the
components include the geometry of the tool (i.e., punch-to-die clearance, die and punch radii) [3,4],
friction conditions (i.e., dry or lubricated contact, lubricant type, contact pressure) [5-9],
technological parameters (i.e.,, forming temperature, forming speed,) [10-12], properties of tool
material [13-15] and initial surface topography [16-18]. The existence of friction forces at the
workpiece-tool interface determines the nonuniformity of the sheet deformation and quality of the
surface of the final part [19]. Considering the prediction of formability, numerical models are
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widely employed in both industry and research development. Ma and Sugitomo [20] developed a
LS-DYNA customized friction subroutine and verified it experimentally. This considered the
change of COF with sliding distance, sliding velocity, contact pressure, plastic strain, frictional
work and temperature. Ma and Sugimoto [21] suggest that lubrication phenomena can be positively
changed during pulse-servo motion. Simulation results using a nonlinear friction model for a pulse
servo motion agreed very well with experimental measurement for evaluating forming cracks. A
comprehensive review of developments and trends in friction testing for conventional sheet metal
forming and incremental sheet forming has been discussed by Trzepiecinski and Lemu [22].

In recent years there has been a dynamic development of two- and three-dimensional numerical
modeling of the sheet metal forming (SMF) processes using the finite element method (FEM) [23-25],
boundary element method (BEM) [26], finite difference method (FDM) [27], computational fluid
dynamics (CFD) [28,29], finite volume method (FVM) [30], neural networks [24], multi grid and
mesh free methods [23], crystal plasticity finite element (CPFEM) [2,31,32], discrete element method
(DEM) [33,34], extended finite element (XFEM) [35], an arbitrary Lagrangian—Eulerian (ALE) [36,37],
cellular automata (CA) [38,39] and fast Fourier transformation (FFT) [40].

During the last decade the above mentioned approaches to the numerical modeling of sheet
metal forming operations have been primarily been focused on the development of optimization
procedures that could be applied to complex processes, on improving the description of material
behavior in both multiphysics models [38—41] and a multiscale modeling framework based on the
microscale crystal plasticity theory and on a macroscale element-free methodology for
computational simulation of polycrystalline metals [42,43].

Ablat and Quattawi [44] discussed different methods of solution in the simulation of SMF.
According to Makinouchi et al. [45] numerical formulations of SMF can be classified into three main
categories, which are, static explicit, static implicit and dynamic explicit. Numerical modeling of the
forming of new metallic materials, i.e., multiphase steels, requires full-field models [29]. Full-field
homogenization refers to the spatially resolved solution of a representative volume element (RVE)
by means of FEM [46,47] or spectral methods using a fast Fourier transform approach (FFT) [37]. In
this case a microstructure morphology as well as phenomena occurring during forming are precisely
simulated at various length scales [2].

To overcome the limitations of FEM in modeling microstructures [48,49], numerical simulation
techniques have been developed for incorporating material behavior on different length scales.
Computational materials science (CMS) with the emerging concept of digital materials
representation (DMR) [50] has been intensively investigated during the last decade. This concept
provide a digital model of the microstructure where all important features are represented explicitly
and can offer a support to the description of a material’s behavior during the forming of new
products with special in-use properties [2,51]. In 2020 Han et al. [52] proposed a
microstructure-based multiscale modeling of large strain plastic deformation by coupling a full-field
crystal plasticity-spectral solver with an implicit finite element solver. The model which was
developed takes both dislocation density and phenomenological hardening law into account and is
suitable for modeling materials with complex microstructural characteristics (e.g., grain
morphology, multiple phases and textures).

During the last decade, the coupling of individual computational methods to provide both
multiscale and multiphysics responses has proved to have enormous predictive capabilities. In order
to analyze the sheet metal forming processes, combinations of a range of CPFEM and XFEM
numerical techniques have been applied. CPFEM can explicitly consider lattice rotation, and thus
capture the geometric softening effect which is the main mechanism of shear band formation in
strain hardening metals under quasi-static loading [2,28]. The CPFEM formulations for
polycrystalline materials could be realized in macro-, meso- and microscales, classified by the size
represented by each element in the FEM. The XFEM technique is an inexpensive, powerful, secure
and time-saving numerical formulation for the analysis of crack problems [32].

The issues related to the increased predictive capability of numerical simulations with
simultaneous reduction in computational time have also gained much attention in the area of the
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modeling of sheet metal forming [53,54]. To overcome the limitations of classical mesh numerical
techniques which require significant computational effort in remeshing steps, meshless or mesh-free
methods have been developed. These methods require only nodal data without explicit connectivity
between nodes [21,55]. In meshless methods, i.e., SPH, the interpolation accuracy is not significantly
affected by the nodal distribution, so interpolation is free of the mesh requirement [56,57].

Numerical modelling is used to predict material flow [58], stress distribution [59,60],
deformation [58,61], temperature distribution [62,63], prediction of phase transformations [64,65],
springback [66,67], sheet thickness change [68] as well as for determining forming forces [69,70],
locations of potential wrinkling and cracking [66,71] and for predicting forming limit diagrams
(FLDs) [72,73]. Numerical simulations coupled with advanced 3D-adaptive remeshing procedures
and fully coupled damage constitutive equations play an important role in the control and
optimization of material flow in SMF. Digital material representation concepts are also created to
evaluate the influence of local microstructural features in the form of twins on material behavior
[74]. Numerical simulation has become an indispensable tool for the prediction of crack occurrence
during sheet forming and fracture behavior under strong impact loading when designing and
fabricating automotive parts made of high-strength steels. In the past decade, various approaches to
the prediction of the initiation and propagation of forming cracks have been presented and several
fracture criteria have been proposed. Ma et al. [75] employed the plastic strain criterion depending
on the triaxial nature of stress in the prediction of fracture in stamping parts using the simple tensile
test. They also applied the digital image grid method (DIGM) to measure the strain localization
behavior and local strain distribution. Based on DIGM, a new method for the identification of the
ductile damage limit of steel sheets was proposed with the aid of the historical path of nonlinear
local strain and local fracture strain that had been measured. The commonly used Cockroft damage
criterion, in which the plastic strain and the maximum principal stress are integrated, is an effective
method to predict fracture under various loading conditions [76]. In a later study, Ma et al. [77]
combined the measured transient displacement field with the FEM and a measurement-based FEM
(M-FEM) was developed for the computation of the distribution of the local stress and strains, and
the accumulation of ductile damage in a tensile test piece.

High-strength steel is increasingly finding uses in automotive body parts, whose properties
tend to increase shape deviations (springback) after the forming stage. Many countermeasures are
commonly used, including the use of lock beads [78,79], die-shape compensation [80,81] and the
improvement of forming process design [82,83]. The numerical prediction of elastic deformations of
metallic sheets is also vitally important. To meet their needs, the accuracy of springback prediction
has been significantly improved over the last decade [84], and the sheet metal forming simulation
system JSTAMP has been providing advanced capabilities [85-87]. The compensation capabilities in
JSTAMP are powerful methods to compensate the stamping tools, and the compensated CAD
surfaces of the stamping tools can be directly exported from JSTAMP to CAM for machining [87]. In
a similar manner to the prediction of springback, surface defects must be also controlled in the
stamping process in order to make high quality outer panels of auto bodies. Measuring methods
based on stoning and light reflection and the three-point curvature method are commonly used to
detect surface defects. The cheapest and most convenient method is the stoning method supported
by the JSTAMP system which does without any expensive measuring devices except a stone block
[88].

This article summarizes recent trends in both the numerical and experimental contributions of
SMF developed in the last decade. The main techniques of SMF, i.e., conventional deep-drawing,
spinning, shear forming, flow forming, electromagnetic forming (EMF), flexible-die forming,
electro-hydraulic forming, shear forming, solid granular medium forming, and incremental sheet
forming are addressed.
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2. Methods

This systematic review of the latest progress in the area of SMF was prepared following the
PRISMA guidelines [89]. To meet the PRISMA checklist, the following assumptions were made:

e To fulfil the goal of this study, international databases were explored including (in
alphabetical order: Bielefield Academic Search Engine, DOA] Directory of Open Access
Journals, eLibrary;ru, GoogleScholar, INGENTA, ScienceDirect, Springer, Web of
Science, WorldCat, WorldWideScience;

e Year restrictions: the databases were explored for the period of the past decade with
special attention to the 2015-2020 period;

e The English language is selected as the main source of review;

e Duplicated articles found in different databases were not considered;

e Papers which did not fit the goal of this study were excluded;

e No search engines were used; papers were reviewed manually;

e References available in the articles found were also considered.

3. Conventional Sheet Metal Forming

3.1. Sheet Microforming

Micromanufacturing technologies have been developed to meet an increased tendency to
product miniaturization, and among these, microforming is a promising method of producing
microparts. Engel and Eckstein [90] defined microforming as the fabrication of metallic microparts
or structures with at least two dimensions in the submillimeter range for microsystems or
microelectromechanical systems (MEMS). Due to the size effect, there are many issues including
deformation behavior (anisotropy, flow stress, limit strains), tools, machines, deformation defects in
micro forming and damage accumulation which could be barriers to the production of micro- and
mesoparts (Figure 1) [91,92]. In the case of material properties, grain size is the most important
parameter which limits part geometry and limits strains in microforming. In the past decade many
investigations have been devoted to studying the size effect on the fracture mechanism [93], plastic
deformation [94-97], formability of material in microforming [98], Hall-Petch effect [99], elastic
recovery [100,101], fracture behavior [102,103], surface roughness [104,105] and the hardness of parts
[105,106]. The sheet microforming process is recognized as one of the most efficient processes for
producing microparts from sheet metals.
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Figure 1. An example of the experimental die layout and finished microparts (reproduced with
permission from [107]; copyright © 2020 Elsevier B.V.).
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Parallel to conventional sheet microforming, micro-hydromechanical deep drawing [108] is
widely investigated. The hydroforming pressure and rate of applying pressure have a significant
effect on formability [109]. The increase of hydroforming pressure and stamping force yields a better
surface finish. In rubber pad micro forming (RPM), the rubber pad is compressed and then
deformed to push the blank into the die cavity. In this method only a single rigid tool is needed, and
it avoids the punch cavity misalignment problem. Several researchers employed the RPM to study
the effect of tool geometry, interfacial friction and hardness on the deformation process of
embossing microchannels [107,110]. The dimensional accuracy of RPM parts is difficult to control
due to the large elastic deformation of the pressure carrying medium, viz., the rubber [107].
Compared to conventional SMF processes involving rigid dies, microsheet formation by the
rubber-pad forming process has many advantages [111]: (i) the process only uses one rigid die, (ii)
there is no problem in precise orientation of the soft punch in relation to the rigid die, (iii) the cost
and processing time can be greatly reduced compared to conventional SMF. Many researchers
[110,112,113] have successfully employed rubber-pad-forming (Figure 2) to fabricate
high-performance proton exchange membrane fuel cells.

sheet | force
ﬂg|d dle metal
.. rigid die bipolar plate
—> —t —» AN
rubber pad rubber pad

Figure 2. Diagram of the rubber-pad-forming process.

Laser shock microforming is an alternative method of microforming and is conceived as a
non-thermal method of laser forming for thin metal sheets using the shock wave induced by laser
irradiation (Figure 3a) [114-116]. High velocity forming processes have many potential advantages
including higher resistance to wrinkling and higher forming limits. The pressure distribution is a
crucial issue in high velocity forming processes. When the forming pressure is not uniform, puckers
will be generated by uneven material flow velocity [117]. The plastic deformation induced by the
shock wave and the direct plasma pressure applied on the material generate a residual stress
distribution in the material finally leading to its bending (Figure 3b). The final bending of the
specimens can be controlled over a relatively wide range by a stable quasi-proportional relationship
to the number of pulses applied, and water confinement for the plasma leads to the ability to
increase the pressure around 10 times and the final deformation has a significant increase.

In the case of thin metal sheets, the uneven pressure will promote the onset of localized necking
instability which will lead to fracture. Therefore, Shen et al. [118] proposed a mechanism for a
rubber-induced smoothing effect on the confined laser shock in order to smooth the laser shock
wave (Figure 4). It has been suggested that the smoothing effect is mainly due to the radial
expansion of the plasma cloud on the rubber surface.
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Figure 3. (a) schematic diagram of deformation and stresses for a single-pinned strip and (b)
scanning electron microscopy micrograph of a three-bridge actuator (reproduced with permission
from [114]; copyright © 2020 Elsevier B.V.).
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Figure 4. Mechanism of rubber-induced smoothing effect (reproduced with permission from [118];
copyright © 2020 Elsevier B.V.).

New methods and processes for a mastered mass production of micro parts which are smaller
than 1 mm have been described in the SPB 747 report of the Collaborative Research Center of the
University of Bremen (Germany) on "Micro Cold Forming". This report is focused on the description
of micro forming processes [119], process design [120], tooling [121], and quality control and the
characterization [122] of high-precision micro parts.

3.2. Warm/Hot Forming

Warm forming is usually carried out at 0.35Tw < T < 0.55Tx, where T is the melting temperature
of the metal [123]. It is important to distinguish warm forming from hot forming. Hot forming is
carried out at temperatures T > 0.55T. In hot forming the temperatures exceed the melting
temperature of the material and this allows simultaneous recrystallization, which controls the
refinement of grain size [124,125]. In this way warm forming improves the formability of a material
by lowering the yield stress. In comparison to hot forming processes, warm forming requires higher
forces for deformation because of the greater material flow stress [126-128].

The quenching operation in the hot stamping process has a significant influence on the phase
transition and mechanical properties of the hot-stamping steel. A proper quenching technique is
quite important to control the microstructure and properties of an ultra-high-strength hot-stamping
steel [129]. Kayan and Kaftanoglu [130] proposed non-isothermal deep drawing which is applied to
DP600 HSLA and IF steels in elevated temperature conditions. They found that the process increases
the LDR and there is no significant change in the microstructure of the material due to warm
forming. The application strategy that was developed can solve the problems encountered in
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applications at ambient conditions, such as dimensional instabilities due to springback and high
residual stresses.

The formability of the material increases with an increase in the forming temperature and is
also affected by the microstructure, which changes according to the temperature at which the
material is deformed [131-133]. In the case of austenitic stainless steel, martensite formation is not
only affected by temperature, but also influenced by the rate at which the material is deformed [125].

Warm forming is used for stainless steels [134], aluminum alloys [135], magnesium alloys [136]
and dual-phase steels [137] to reduce springback and the forming forces [42]. The springback
phenomenon is one of the main problems associated with the assurance of the desired shape and
dimensional accuracy of the formed part after its removal from the stamping tool [138,139].

Compared with conventional SMF processes, forming carried out at an elevated temperature
requires an initial increase of the blank temperature before the forming stage [140-142]. Two main
strategies are used for the heating process. The whole blank is heated in the furnace to receive a
uniform temperature in the whole blank or the workpiece is heated locally using different
techniques [143]. The whole blank heating strategy can be accomplished externally in an oven or
internally through conduction from a heated tool. The strategy commonly used in industry is
uniform heating of the blank [144]. The effect of the heating method and temperature on the
formability of metals was widely studied by many authors [125,145,146].

A robotized assembly stand with induction heater was proposed to minimize the loss of heat
into the environment at the stage of transferring the sheet from the heater to the stamping die
(Figure 5) when warm forming a 17-4PH stainless steel turbine engine strut [123] (Figure 6a). The
effect of overheating of the blank on the dimensional deviation of the drawpiece due to the transfer
of the blank from the heater to the stamping die using an industrial robot is also considered. The
temperature of the tools during the experiments was stabilized by cooling channels located in the
stamping die (Figure 6b).

A

soa\king stamping

transfer

) tool-cooling

Temperature

air-cooling

heating:

Y

Time
Figure 5. Temperature change versus time in the warm stamping process.

During forming of a sheet heated to a temperature up to 600 °C, a very large springback of the
drawpiece material is observed. The forming temperature that guaranteed receiving the component
with the required shape deviations appropriate to the forming temperature was about 680 °C. This
led, however, to the blank overheating and reaching a temperature of 820 °C.
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Figure 6. (a) Industrial stand for warm SMF (1-press, 2-workpiece store, 3-induction heater, 4-robot
arm) and (b) scheme of stamping die (1-die, 2-upper blank holder, 3—positioner/knock-out, 4-lower
blank holder, 5-punch, 6-workpiece, 7-cooling channels) (reproduced with permission from [123];
copyright © 2020 Elsevier B.V.).

In order to increase the collision-safe performance and reduce weight, the use of
ultra-high-strength steel (UHSS), multiphase transformation-induced plasticity [TRIP] steels and
advanced high-strength steels (AHSS) has gained attention in the automobile industry [147,148].
Besides the AHSSs, dual-phase (DP) steels consisting of martensite and ferrite phases are
characterized by a proper balance between formability and high strength, and thus there is a
growing interest in this type of sheet metal in the automotive industry. Due to the high-strength
properties of DP steels, forming at elevated temperatures is required [149]. The thermal-mechanical
behavior of DP590 sheet metal examined with uniaxial tensile tests as well as biaxial tensile tests at
elevated warm-forming temperatures (20-190 °C) can be found in [149]. A dynamic strain aging
effect was observed via thermal-uniaxial tensile tests and the Swift hardening model with
temperature-dependent parameters. Inflow resistance of the flange surface of the UHSS parts
increased due to rapid cooling caused by contact with the tool, and as a result formability in hot
stamping deteriorated in comparison with cold forming conditions when the forming speed was low
[150].

Warm forming at temperatures from 200 °C to 600 °C has several advantages compared with
cold forming at room temperature: better shape accuracy, better stretch flange formability and lower
press load. The results of the stretch formability of uncoated high-strength steel sheets and
galvannealed HSS sheets in warm forming assessed by spherical stretch forming tests at
temperatures from room temperature to 600 °C can be found in [151]. It was concluded that the COF
has a significant influence on formability in the low temperature range of 200400 °C. Springback of
HSSs may be much reduced by a lower forming speed. These phenomena directly correspond to the
material’s viscoplastic behavior at elevated temperature [152].

Nowadays, aluminum alloys are considered desirable for the automotive and aerospace
industries because of their superior corrosion resistance, excellent high-strength to weight ratio,
recyclability and high weldability [126]. The application of forming at elevated temperatures to
age-hardening aluminum alloys requires knowledge of the interactions between temperature,
degree of deformation, precipitation kinetics and exposure time [153,154]. The precipitation that can
happen during the warm drawing process influences the drawing force and the maximum drawing
force depending on the moment the precipitation takes place. A comprehensive review of theoretical
and numerical methods (Figure 7) used for prediction of the formability of lightweight materials for
sheet metal forming applications can be found in [155]. The increase in plastic strain during the
two-stage warm drawing process resulted in a gradual increment in cup wall strength as
substantiated with the microhardness results.



Metals 2020, 10, 779 9 of 53

Models for predicting FLDs of sheet metals
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Figure 7. Numerical and theoretical models used for the prediction of formability.

Warm forming is an effective solution to improving formability for both heat-treatable and
non-heat-treatable aluminum alloys. The investigations on this topic in the last decade are mainly
focused on the development of effective numerical codes for thermomechanical FE-based analyses
[156,157], design of warm forming tools [123,141], modeling of the mechanical behavior of materials
at elevated temperatures [139,158-160] and the development of alternative warm forming methods
[161].

Magnesium, with a better recyclability and higher strength-to-density ratio, has become an
alternative to aluminum and steel, especially in the automotive industry which is looking for ways
to limit the emission of greenhouse gases and meet the demand by customers for fuel efficient
vehicles [154,162]. The room temperature formability of magnesium alloys strongly depends on
deformation twinning and texture [163]. Although magnesium alloy sheets have low ductility at
room temperature due to the small number of slip systems, it is well-known that formability at
temperatures around 200 °C can be drastically improved [164]. As the temperature increases,
prismatic and pyramidal slip systems can be activated, thus improving the formability [165]. As
shown by Maksoud et al. [166], as the forming temperature of magnesium alloy increased from 300
°C to 400 °C, the grain size quickly increased, and performance decreased.

The formability of sheet metal not only depends on the material’s properties, but also on the
friction on the tooling/workpiece interface [167,168]. According to the study by Abu-Farha et al.
[169], the fissure orientation in the specimens tested using the elevated-temperature pneumatic
stretching test apparatus (Figure 8) was also affected by the rolling direction and relative size of
major strain and minor strain.

In recent years, many researchers have looked at the process of deep-drawing laminated sheets
[125]. However, most of the investigations carried out on laminated sheets were conducted during
the deep drawing process at room temperature [170,171]. A comprehensive investigation on the
warm deep-drawing process (Figure 9) in AA1050/5t304 and AA5052/5t304 laminated sheets at three
different temperatures and various grain sizes was carried out by Afshin and Kadkhodayan [126]. It
was found that the growth of grain size led to an increasing coefficient of friction (COF) which had
negative effects on the material formability. Raising the blank holder force had a dominant impact
on formability, which led to the warm deep-drawing process being performed with a smaller load
requirement at higher temperatures.
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Figure 8. View of the elevated-temperature pneumatic stretching test apparatus, showing an
enlarged schematic diagram of the set up including the forming die assembly (left), furnace with
forming assembly (central) and die inserts (right) (reproduced with permission from [169]; copyright

© 2020 Elsevier B.V.).
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Figure 9. Schematic diagram of the equipment for deep-drawing (reproduced with permission from
[126]; copyright © 2020 Elsevier, Ltd.).

The main problems occurring during SMF processes at elevated temperatures are wear and
high friction due to high adhesion of the workpiece material to the tool surface and surface initiated
fatigue [172,173]. An understanding about the occurrence and prevention of a galling mechanism
[172,174] is investigated by using special tribotesters [172,175] or typical tribometers [176] destined
for wear analysis.

Friction in warm and hot forming conditions is in general higher that in the case of cold forming
conditions. The tribology of warm and hot metal forming is very much of concern because there are
several influential variables such as materials, surface coatings, lubricants, contact pressure and
temperature [177,178]. It usually requires special heavy-duty lubricants with fillers. In warm and hot
metal forming, the graphite-based “black” lubricants have been abandoned by many industries now
using “white” lubricants on either a polymer base, carvone base or liquid glass base [162]. A review
of related effects of oxidation, surface coating, lubrication and a tribometer in metal forming at
elevated temperatures can be found in these papers [125,179,180].
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4. Incremental Sheet Forming

4.1. Background

In incremental sheet forming (ISF), called “dieless forming”, a sheet metal blank is simply
clamped with the help of a blank holder and a tool with a hemispherical end incrementally forms the
sheet into the desired shape. The basis for the development of the incremental forming method is the
patent developed by Leszak [181] in 1967 before it was technically feasible. Initially the methodology
of single-point incremental forming (SPIF) methods was based on conventional spinning, allowing
one to obtain axisymmetric parts. Widespread use of numerically controlled machines and robots
allowed the introduction of ISF into industrial practice. Some researchers have developed special
purpose machines to carry out incremental sheet forming [182-186]. Although ISF has a very
reasonable economic performance in small-lot production and is fine for manufacturing those
elements which cannot be obtained using conventional sheet forming methods, several attempts
have been made to use the forming technique in mass production [187-189]. There are many factors
which influence the applicability of ISF and the accuracy of the parts thus formed [190-194]: tool
path strategy, mechanical properties of the sheet metal (material anisotropy, ability to strain harden,
elastic properties), the technological parameters (i.e., tool diameter, tool path strategy, depth value
between two tool passages, tool rotational speed, friction conditions) and design parameters
(geometry of the product, sheet thickness). One surface of the drawpiece in SPIF revealed small
linear grooves as a result of the interaction of the tool tip with the workpiece (Figure 10). The surface
finish of the second side of the drawpiece is the result of small-scale roughness induced by large
surface strains which leads to an orange peel phenomenon (Figure 11) [195].
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Figure 10. Surface topography of the outer (a) and inner (b) surface of a conical drawpiece with a
slope angle of 71°.
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Figure 11. View of the inner and outer surface of a conical drawpiece.

ISF is mainly carried out in the four different ways shown in Figure 12, which are also
considered as process principles. Figure 12a represents SPIF in which a rotating tool moves over the
clamped edge of the workpiece and produces the desired shape. The SPIF type is a two-point
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incremental form (TPIF), which can be produced using a partial die (Figure 12b) [196] or a specific
die (Figure 12c) [197], which is also is called positive incremental forming (PIF), while all the other
methods are negative incremental forming (NIF) [198]. In the TPIF methods (Figure 12d), there is an
additional movement of the fixing grip of the plate, which produces effects on the improvement of
the accuracy of the drawpieces [196,199].

Parallel investigations are also conducted on the use of a freely rotating [200] or non-rotatable
tool [201]. The linear motion of the tool is usually in the range of 300-3000 mm-min-'. The rotational
speed of the spindle can reach up to 2-10° rpm [201], however in most SPIF methods the rotational
speed of a spindle with a rounded tip is in the range 200 to 800 rpm.

Figure 12. Incremental forming processes: (a) single-point incremental forming (b) two-point
incremental forming with a partial die, (c) TPIF with specific die, (d) TPIF with counter tool: 1-base,
2-forming spindle, 3—fixing grip, 4-workpiece (initial position), 5—-partial matrix, 6-specific matrix,
7-auxiliary spindle.

4.2. Incremental Sheet Forming with Metallic Tool

Most variants of ISF that have been investigated in recent years are intended to fully improve
the formability of sheet materials. Xu et al. [183] studied electrically assisted incremental sheet
forming with a combination of an electricity-assisted method with double sided incremental
forming (E-DSIF) (Figure 13) and the newly designed slave tool force control device used to ensure
stable tool-sheet contact (Figure 14). E-DSIF reduced the springback of finished parts during the
unclamping and trimming stages.

Mode | Mode I
=i
T T
Master Master
Tool Tool
Slave
Tool

Figure 13. Schematic diagram of the circuit connection in E-DSIF (reproduced with permission from
[183]; copyright © 2020 Elsevier, Ltd.).
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Figure 14. Illustration of the SPIF and DSIF toolpath strategies (reproduced with permission from
[183]; copyright © 2020 Elsevier, Ltd.).

Al-Obaidi et al. [186] designed a fixture for hot single-point incremental forming of
glass-fiber-reinforced polymer (GFRP) supported by hot air. The GFRP sheet was sandwiched
between combinations of two polytetrafluoroethylene (PTFE; commonly known as Teflon) layers
and metal sheets (Figure 15). The Teflon layer was used to reduce the flow of the melted matrix
polymer out of the woven fiber. The aim of the work was to develop a way to shorten the production
process for medical implants which will dramatically reduce the cost of their manufacture. In
general, the relationship between the depth of the formed part and the heat initiated was found to
make the overall workpiece temperature homogeneous. However, as was concluded, the influence
of the material and process properties needs broad-ranging investigation to eliminate the defects
and to improve the quality of the formed parts.

Insulated

(a) Forming tool i - Forming tool

clamping plate

Steel sheet

Insulated

supporting [ixiure

Supporting
steel fixture

Insulated -
hot chamber | b
o O

i el

<

i

Heating temperature
analog converter device

Figure 15. (a) principle of SPIF, workpiece combination, (b) clamping fixture and (c) setup assembly
(reproduced with permission from [186]; copyright © 2020 The Society of Manufacturing Engineers.
Published by Elsevier, Ltd.).
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In recent years, SPIF has been combined with heating techniques to heat up and form
difficult-to-form metals into complex shapes by using a laser [202-206], a halogen lamp [207], oil
[208], induction heat [209,210] and friction generated by incremental tool application [211] or hot air
blowers [212-214]. The apparatus developed by Obaidi et al. [209] and shown in Figure 16 permits
local heating of the advanced high-strength steel sheet to elevated temperatures of more than 850 °C,
achieving a reduction in the forming forces and residual stress, and improving formability. Some of
the authors used the high rotation speed of the forming tool in order to generate friction heat, which
can be utilized to improve the formability of the workpiece material [211,215-223]. The formability
of hard-to-deform alloys can also be enhanced by direct or indirect electric heat [183,224-235].
Palumbo and Brandizzi [236] used combined heat (electric band + stir rotation friction) to SPIF the
deformation of titanium alloy in which static electric heating was employed to pre-heat the sheets.
Friction heating was used to further increase the temperature. A detailed state-of-the-art review of
the development of heat-assisted incremental sheet forming has been discussed by Liu [237].

-

6 1
g
i | 00 | | | 2

7

| i

Figure 16. Apparatus for induction heat-assisted SPIF: 1-spindle, 2—tool, 3-clamping fixture, 4-sheet

metal, 5-inductor, 6-sliding fixtures, 7-sliding jig.

Excessively high temperature generated at the tool/workpiece interface affects the quality of the
sheet surface after forming and the durability of the tool tip [238-240]. The appearance of frictional
heat and its effect on the accuracy of the formed part and the formability of the workpiece material
has been explored by many researchers in relation to the alloys [200,241,242]. The role of friction in
the formability of polymeric materials during the ISF process has been widely discussed by several
authors [243-247], who draw conclusions on the important role of friction due to the increase in the
temperature of the sheet metal. Much experimental work and many numerical simulations have
been conducted to support the designs of the tooltip profile [248,249], coatings of the sheets and tool
tips [249,250], tool path strategy and forming parameters [251-253] and residual stresses [254,255] in
ISE. It is believed [256] that the tooltip/sheet coatings capable of thermal segregation in the
tool-sheet interaction have a huge impact on mitigating the temperature-induced problems in ISF.

A principle of the hybrid combination of stretch forming and SPIF is presented in Figure 17.
Stretch forming will not yield the geometry of the final part. Such features as grooves, pockets and
corrugations that are too small to be formed by stretch forming are formed using asymmetric
incremental sheet forming [257]. In order to minimize thinning and improve the thickness
distribution along the formed part, Tandon and Sharma [258] proposed a hybrid incremental stretch
drawing process which is designed to combine incremental sheet metal forming with a deep
drawing process. Initially the workpiece is deformed by a large sized tool and then an ISF tool
formed the final shape of the part. It is found that the proposed process is able to reduce thinning by
as much as approx. 300%, considering the same forming depth for the ISF process. Similar
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investigations on hybrid ISF conducted by Tandon and Sharma [258] and Jagtab and Umar [259]
were also studied by Araghi et al. [260] and Lu et al. [261].

machine setup stretch forming

Z
stretch forming 4 AISF-tool
module - shape after
stretch forming

concave ¥
pocket

deviation area

AISF-forming to target shape

Figure 17. Principle of the combination of processes (reproduced with permission from [257];
copyright © 2020 CIRP. Published by Elsevier, Ltd.).

Supporting the sheet in ISF leads to localized deformation under the tool which reduces the
flexibility of the ISF process. Therefore, Allwood et al. [262] proposed the use of partially cut-out
blanks to create a weakness in the sheet at the perimeter of the required part and to localize the sheet
deformation to the region that will be covered by the tool (Figure 18). It was concluded that the use
of partially cut-out blanks does not give a useful benefit in ISF. Compared to ISF with no backing
plate, partially cut-out blanks develop localized deformation earlier.

frame blankholder tool alignment tool

Undeformed strip: S5 —,

Strip under

point load: =\j/=

Weakened strip gy
under point load: ===

f

i ——
Slri;IJ weakened formingarea  slot tab flange
(a) here

Figure 18. Partially cut-out blanks: (a) the concept intended to localize deformation, (b) partially
cut-out blank before forming and (c) after forming, (d) after successfully forming (reproduced with
permission from [262]; copyright © 2020 Elsevier B.V.).
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5. Flexible-die Forming

5.1. Background

Flexible-die forming on sheet metal employs a pressure-transfer medium as a female die (or
punch) and a female punch (or die) [263]. The pressure-transfer medium can be polyurethane, oil,
viscous medium, rubber or compressed air. Flexible-die forming technology has undergone rapid
development as one of the mainstream forming technologies for thin walled parts. In addition to
viscous pressure forming (VPF) and hydroforming by deep drawing (HDD), these technologies are
developing rapidly, and aspects of experiments, theoretical analyses, and numerical computation
are provided at least once per week. Flexible forming processes, like stamping, deep drawing or
bending, are widely used in the aircraft industry to deform difficult-to-form materials by a
conventional deep drawing process [264-266].

5.2. Rubber-pad Forming

Rubber-pad forming (RPF) employs a rubber pad on the form block. The rubber pad acts as a
hydraulic fluid in exerting a uniformly distributed pressure on a workpiece surface as it is pressed
around the form block. With some advantages like ease of operation, reduced springback and high
surface quality, rubber-pad forming is widely used in many real-life industrial situations [41,267].
Flexible forming processes, like stamping, deep drawing or bending, are widely used in the aircraft
industry to deform difficult-to-form materials by a conventional deep drawing process. RPF has
been used to remove surface scratches of the sheet during forming. Several researchers studied the
RPF process. Belhassen et al. [268] introduced FEM to analyze the RPF process in AA6061-T4 sheet
metal. An elastic-plastic constitutive model with a J: yield criterion and mixed nonlinear
isotropic/kinematic hardening coupled with Lemaitre's ductile damage has been adopted during
forming.

Irthiea et al. [269] report the results of FE simulation and experimental research on micro deep
drawing processes of 304 stainless steel sheets using a flexible die. Two novel approaches were
considered with regard to the positive and negative initial gap between an adjustment ring and a
workpiece and a blank holder (Figure 19). Initial gaps affect the final cup profiles, in particular at the
shoulder corner radius (Figure 20). The numerical predictions conducted in Abaqus/Standard
software reveal the capability of the proposed technique to produce micro metallic cups with high
quality and a large aspect ratio.
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Figure 19. Flexible forming technology with (a) positive and (b) negative initial gap (reproduced
with permission from [269]; copyright © 2020 Elsevier, Ltd.).

The results showed that reducing the initial gap causes a reduction in the initial thickness of the
final products. Fabrication of the blank holder with a smooth surface and a rigid punch with a rough
surface would improve the formability of the workpiece material. The proposed technique has
desirable advantages of significantly lower overall cost and high quality in the fabrication of micro
metallic cups.

higher gaps = lurger shoulder radius
- I

e — —
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Figure 20. Cups formed with different initial gaps (reproduced with permission from [269];
copyright © 2020 Elsevier, Ltd.).

Trzepiecinski et al. [270] analyze the forming process of a fan engine bearing housing made of
17-4PH stainless steel sheet. Due to the high ratio of yield stress to ultimate tensile strength and
large amount of springback of the formed material, the forming process has been divided into two
stages in order to ensure suitable shape and dimensional accuracy of the drawpiece: forming of the
drawpiece using a rubber punch (Figure 2la) and calibration of the drawpiece at elevated
temperature. A 3D finite element-based coupled thermomechanical model was built using the
commercial FE-package eta/DynaForm. The distribution of the drawpiece shape error (Figure 21b)
obtained by the GOM ATOS system and thickening measurements confirmed that the experimental
method thus developed is suitable for the manufacture of bearing housings for aircraft fan engines.
As predicted by the eta/Dynaform program, the component is free from defects (Figure 21c). The
formation of wrinkles was observed on the free surfaces of the part, but this part of the drawpiece is
cut off after the forming process is finished.

ejector
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Figure 21. Rubber-based forming: (a) tool setup, (b) The distribution of the shape error obtained
using the GOM ATOS instrument, (c) The major and minor strains and FLD (left) and the final shape
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of the bearing housing (right) after the first stage of forming (reproduced with permission from [270];
copyright © 2020 The Society of Manufacturing Engineers. Published by Elsevier, Ltd.).

The rubber forming process (RFP) has also been successfully applied to straight flanging.
Flanging is used to deform the edge of the part to create a mating surface to increase the stiffness of
the part. The influence of process parameters (time and pressure) on the RFP was studied by Chen et
al [271]. The key phenomenon which limits the ability to obtain a part with the desired geometry is
springback. It was found that springback of the straight angle increased with a decrease in blank
thickness. An increase of forming pressure and time of rubber forming had little effect on the
springback when the blank coincided with the die face. It should be pointed out that the springback
of flanging in the rubber forming process was smaller than that of stamping and can be eliminated
with a ratio of the bending radius r (die radius) to the sheet thickness t: 7/t < 2.

Rubber forming technology is also a method that can feasibly be used for micropatterning of
thin metallic bipolar plates [272]. In this process, the workpiece is placed on the rubber pad and then
the blank and the rubber pad are pressed simultaneously by the die. With this technology, the force
from the upper die and the repulsive force resulting from elastic deformation of the rubber pad are
transmitted to the entire surface of the workpiece. Jin et al. [272] analyzed the effects of the hardness
and thickness of the rubber pad, physical properties of the materials, forming speed and pressure of
the punch on the channel depth. They found that (i) the lower the hardness of the rubber pad, the
more beneficial it was for the deformation of the rubber and the channel is deeper (ii) the thicker the
rubber pad, the deeper was the channel in the bipolar plate due to it not losing the load imposed by
the punch toward the outside. Most researchers studied the forming of a straight channel based on
the 2D models.

Liu et al. [273] studied the deformation mechanisms during the forming of a channel in metallic
bipolar plates (Figures 22 and 23) using the two styles of deformation (concave and convex).
Experimental methods and numerical simulations showed that the thickness distribution of the
parts manufactured by the concave approach is less uniform than that of the convex shape. The ratio
of channel height I to rib width w (h/w) is a determining parameter in obtaining the desired
geometry of the part. For the concave deformation style, the maximum thickness reduction also
increases as the value of h/w increases. By contrast, for the convex style, the maximum thickness
reduction decreases with increasing h/w.
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Figure 22. Fabrication of a bipolar plate by rubber-pad forming (reproduced with permission from
[273]; copyright © 2020 Elsevier B.V.).
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Figure 23. Bipolar plate fabricated by rubber-pad forming: (a) front of the bipolar plate and (b) back
of the bipolar plate (reproduced with permission from [273]; copyright © 2020 Elsevier B.V.).

5.3. Multipoint Die Forming

A multipoint forming (MPF) die uses reconfigurable matrices of pins, which can move normally
to the die base to create the die surface. A reconfigurable tool consists of a large number of adjustable
pins, the form of the ends of which define the specified shape of the part [274]. Over the years,
several designs of reconfigurable tooling have been developed [275-277]. The MPF process is very
flexible permitting rapid changes in tool configuration to be accommodated without affecting
tooling costs [278]. The concept of the use of a discrete-pin die for forming sheet metal was first
introduced about 40 years ago [279].

Many investigations have been conducted in recent years to develop the multipoint forming
technique. Most of these are focused on avoiding defects without taking into account the effects of
the forming process on the quality of the finished parts. Paunoiu et al. [280] developed numerical
simulation models using dynamic FE-based Dynaform software and investigated the effect of tool
geometry and the use of an elastic cushion on deformation behavior. The elastic cushion had a
positive effect on the part surface and a negative effect on shape accuracy. The elastic cushion had a
negative effect on shape accuracy and a positive effect on the part surface.

To reduce tool costs to a significantly lower value compared to that for conventional
reconfigurable MPF tools, the multipoint sandwich forming (MPSF) was developed. Pins are used
only in the bottom die and the space between them is large (Figure 24), so that fewer of them are
required to span a given area and their height is adjusted manually using their threaded shanks
[274]. The upper die is composed of urethane. To provide a continuous surface for the bottom die, a
steel sheet is deformed between the appropriately positioned pins and the urethane upper die [274].
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Figure 24. Multipoint sandwich forming; set up for the deformation of (a) die sheet and (b)
workpiece (reproduced with permission from [274]; copyright © 2020 Elsevier, Ltd.).

Multifunctional light-weight sandwich panels, due to their profitable load-bearing
characteristics, have been widely used in a variety of applications such as ship structures, aircraft,
high-speed trains and the automotive industries [281,282].

Sandwich panels are mostly limited to the flat-panel type however in many engineering
applications it is necessary to use three-dimensional panels rather than flat sheets [170,283,284]. This
creates the need to work on effective methods for forming honeycomb-type structures. Cai et al.
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[285] applied an MPF tool (Figure 25a) to form double curved sandwich panels with egg-box-like
(EBL) cores. Among various types of topological configurations of sandwich cores, EBL-cored panels
are ultra-lightweight structures. Experiments using MPF- and FE-based analyses reveal that the
formability of a sandwich panel with EBL cores (Figure 25b) in the plastic forming process is mainly
dominated by tree mechanisms: face sheet plastic dimpling, the failure modes of face sheet plastic
wrinkling and core cell fracture. The analytical formulations presented allow one to facilitate the
prediction and successful prevention of failure modes in the plastic forming process of sandwich
panels (Figure 26).
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Figure 25. (a) Multipoint forming (MPF) of egg-box-like (EBL)-cored sandwich panel and (b)
distribution of maximum principal stress on the EBL core cell of the panel (reproduced with

permission from [285]; copyright © 2020 Elsevier, Ltd.).
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Figure 26. (a) sketch of the EBL core and (b) cross-sectional geometry of the EBL core (reproduced
with permission from [285]; copyright © 2020 Elsevier, Ltd.).

The cylindrical bending process of bidirectional trapezoidal core sandwich structures has been
very limited in recent decades. In 2018 Liang et al. [286] applied multipoint bend-forming (MPBF) to
aluminum alloy welded metal sandwich panels with a new type of bidirectional trapezoidal core
(Figure 26). The main forming defects of the sandwich panels and the deformation characteristics
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were analyzed numerically. The dimple and straight plane effects are found to be the most frequent
forming defects in the bend-forming process. In addition, the main factors that affect forming defects
are bending radius and face sheet thickness.

5.4. Solid Granular Medium Forming

Solid granular medium forming (SGMF) adopts spherical non-metal or metal particles with a
diameter in the range of 0.05-2.00 mm as filling medium [287]. The particle medium can overcome
loading induced by liquid media under elevated temperature conditions. Furthermore, friction
produced by the particles adhering to the sheet surface results in a uniform wall thickness of the
formed parts. The advantage of SGMF over the remaining flexible-die forming techniques is good
surface quality, high dimensional precision, simple implementation, high production flexibility and
a better fit of the die [287]. SGMF has found particular application in the manufacturing of
workpieces with rigorous requirements with regards to geometric accuracy and surface finish. This
technology can simplify complex sheet metal production and provides production with good
flexibility, fine structures and less elasticity. Although LSDF requires high pressure from the
liquid—pressure system, a sophisticated liquid pressure system design and practical cavity sealing
plans, it provides for the production of fine structures with good flexibility [263].

Chen et al. [288] implemented the press hardening process (Figure 27) for tubular components
by using SGMF, which have much higher stiffness when compared to sheet metal parts. A multitype
granular medium (quartz sand, sintered zirconium silicate and cerium-stabilized zirconium dioxide)
reduced the interfacial friction force and showed better formability. The effects of interfacial friction
between the particles of the granular medium and the formed sheet were represented by tube
length, type of granular medium and the COF.
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Figure 27. Granular medium-based tube press hardening (reproduced with permission from [288];
copyright © 2020 Elsevier B.V.).

The advantages of coupling FEM and DEM solutions are as follows: applicability to
non-axisymmetric geometries of components, automatic detection and solution of the contact
phenomena between the granular medium and the workpiece, and applicability to quasi-static
processes which contain complex friction contact conditions and large deformations. Dong et al.
[289] carried out FE-based numerical simulation of SGMF of back pressure deep drawing and
concluded that the forming of thin-walled rotary parts with complex cross-sections is enormously
influenced by the process parameters: the back pressure load and the blank holder gap. Dong et al.
[51] applied extended Drucker-Prager linear FEM-based numerical simulation of SGMF of the
AA6061 extruded tube (Figure 28). The effects on the forming performance of the workpiece and the
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approach to the control of blank holding were analyzed through this model. The results of the
investigations confirmed the ability of the constitutive equation to be reflected in the establishment
of the material model of the granule medium.
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Figure 28. (a) forming mold design and (b) finite element method (FEM)-based numerical model
(reproduced with permission from [51]; copyright © 2020 Elsevier B.V.).

6. Electromagnetic Sheet Forming

Electromagnetic forming (EMF) is a kind of powerful and high-speed forming technique where
the strain rate of the sheet metal is of the order of approximately 10%s [287,290-294] and the
deformation velocity can reach up to 300 m-s™ [295]. EMF uses a Lorentz’s force occurring in a pulse
magnetic field generated by circuits conducting high-oscillation electric current [296]. Thin metallic
sheet can be accelerated to high velocity in a period of a millisecond [297]. During EMF, a large
electric current pulse passes through a conductive coil by discharging a capacitor bank. The electric
current produces a transient magnetic field around the coil that induces eddy currents in a metal
workpiece.

EMF has many advantages that make it an attractive alternative to conventional SMF methods:

e Itis an environmentally friendly process; no lubricants are needed;

e There is no mechanical contact with the work piece;

e The formability limit is increased during electromagnetic forming due to high
deformation velocity, the forming limit of the aluminum alloys can be improved by
10%-14% [298] or even 2-3-fold [299], compared to the quasi-static loading conditions;

e Controllability and repeatability of the formed parts are ensured;

e The greatest advantage is a significant increase in workpiece ductility over
conventional SMF methods;

e Parts formed by EMF possess the merits of low springback [300], uniform strain
distribution and good surface quality.

In the last decade, EMF has been studied experimentally and numerically by many researchers.
The nonuniform deformation behavior results in a reduction in the shape and dimensional accuracy
of the final part. To precisely control the material behavior in EMF and obtain parts without defects,
various techniques were employed, such as selecting optimized process parameters [301,302],
electromagnetic calibration [300,302,303], applying two-step forming [304] and using tailored
forming coils [305,306], prediction of formability and failure [307]. The current methods for the
evaluation of limit strains at the onset of necking and fracture have recently been discussed in [308].

Cui et al. [309] proposed electromagnetic incremental forming (EMIF) technology in which it is
feasible to produce a large part with a small working coil and small discharge energy, which
enhances the flexibility of EMF. The principle of EMIF is shown in Figure 29a. The magnetic force is
used to launch the sheet at very high speeds and to obtain the desired shape. Figure 29b shows that
the working coil moves to a specific position and the metallic sheet deforms in many cycles of charge
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and discharge. Finally, the local deformation accumulates into the final deformation as shown in
Figure 29c. Two different strategies are proposed to predict the electromagnetic incremental sheet
and tube forming process. For the first method, the coil can move directly to a special position and
remesh technology is used to consider the effect of the workpiece deformation and the movement of
the coil on magnetic analysis. In the case of the second method, technology like the “birth-death
element” is used to indirectly describe the movement of the coil. It was found that the second
method cannot be used for the EMF process if an overlap region exists in two adjacent discharge
regions.
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Figure 29. (a) schematic diagram of the forming tool, (b) local deformation and (c) termination of
deformation (reproduced with permission from [309]; copyright © 2020 Elsevier B.V.).

Lai et al. [310] proposed a forming facility for large sheet metal forming which is lightweight
compared to other conventional tools. The EMF facility they developed consists of four major
sub-systems: a forming coil system, a die system, an inertia confinement system and a pulsed
electromagnetic blank holding force system (Figure 30). The pulsed electromagnetic blank holding
force system is a newly developed approach that utilizes a pulsed attractive Lorentz force as a blank
holder force. The resulting measurements of sheet thickness and deviation from the desired shape
are very promising, providing forming of the large sheet metal components. Tan et al. [311]
introduced EMF to form a panel with stiffened grid ribs. The forming rules of the grid-rib panels
during the EMIF process were revealed by analyzing the evolution of the stress, strain and forming
depth. It was found that the forming depth is mainly attributed to the forces exerted on the web,
although electromagnetic force is applied on both the ribs and the web.

Because of the large degree of stretching and bending deformation in hole-flanging regions
[312] and the relatively low formability of aluminum alloys at room temperature [313], the
workpiece tends to tear or crack along the circumference at the flanged edge formed by conventional
stamping [314,315].
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Figure 30. Electromagnetic forming: (a) schematic diagram and (b) experimental setup (reproduced
with permission from [310]; copyright © 2020 Elsevier, Ltd.).

To overcome this problem, Su et al. [303] proposed a new two-step electromagnetic forming
process which combines EMF with electromagnetic calibration for local features of large-size sheet
metal parts. During this process, the workpiece is first electromagnetically formed by a flat spiral
coil and then electromagnetically calibrated by a helical coil with a similar shape to the final profile
of the workpiece (Figure 31). The experimental results show that there are critical discharge voltages
for both EMF and electromagnetic calibration which lead to the minimum die-fitting gap. It was also
found that the proposed two-stage forming process improved the stress distribution in the
workpiece and reduced the bending moment, which is responsible for the minimization of
springback and shape and dimensional errors.
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Figure 31. Schematic diagram of a two-step electromagnetic forming (EMF): (a) electromagnetic
forming, (b) workpiece after electromagnetic forming, (c) electromagnetic calibration, (d) final part
after EM calibration (reproduced with permission from [303]; copyright © 2020 Elsevier, Ltd.).

Similarly, Su et al. [316] studied the uneven deformation behavior of a 2219 aluminum alloy
workpiece formed by electromagnetic flanging. The authors established a numerical model (Figure
32) in LS-DYNA 8.0 software to study the effect of different axial angles between the flanging
direction and the normal direction of the sheet (Figure 33). They concluded that uneven deformation
behavior is essentially due to the uneven deformation requirement. The electro-magnetic force and
the area of the deformation region have a significant influence on the uneven deformation behavior.
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Furthermore, the die constraint indirectly affects the uneven deformation behavior of the sheet metal
by changing the evolution of the deformation region. The high-speed electromagnetic impaction
behavior according to the Gurson-Tvergaard—-Needleman (GTN) model parameters obtained is
studied numerically by Feng et al. [317]. The analysis of the void volume fraction and plastic strain
distributions are analyzed during the process of high-speed EMF, which indicates the validity of
using the GTN damage model to describe or predict the fracture.
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Figure 32. Numerical model of EMF for the hole-flanging process: (a) geometry and dimensions, (b)
FE mesh (reproduced with permission from [316]; copyright © 2020 The Society of Manufacturing
Engineers. Published by Elsevier, Ltd.
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Figure 33. Flanging angles along typical parts (reproduced with permission from [316]; copyright ©
2020 The Society of Manufacturing Engineers. Published by Elsevier, Ltd.).

Radial Lorentz force augmented deep drawing was developed by Lai et al. [293] to enhance the
material flow of the flange in an electromagnetic deep drawing (EMDD) process. This combines an
axial Lorentz force on the unsupported region of the sheet metal and an additional radial inward
Lorentz force at the periphery of the sheet metal. The Lorentz forces are flexibly controlled using a
dual-coil electromagnetic forming system (Figure 34). In conventional EMF, there is only one driving
coil. Experimental and high-speed multiphysics coupled dynamic numerical contributions on
circular aluminum 1060-H24 sheet workpieces permit the draw—in of the flange to linearly increase
with the discharge voltage of the axial Lorentz force. Increasing the radial Lorentz driving force
leads to an exponential increase of the draw—in of the flange.
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Figure 34. Experimental setup of the electromagnetic deep drawing (EMDD) process (reproduced
with permission from [293]; copyright © 2020 Elsevier B.V.).

7. Electrohydraulic Forming

Advanced high-strength steels and aluminum alloys are among the materials that are currently
seeing increased potential application in efforts at weight reduction. A problem common to the use
of these materials is their limited formability in SMF operations compared to carbon steels.
Electrohydraulic forming (EHF) is able to overcome the limitations of conventional SMF methods
[290,318]. In EHF a high pressure, high temperature plasma channel is created between the tips of
the electrodes during a high voltage discharge. The electrical energy is stored in a bank of capacitors.
The shockwave in the liquid initiated by the expansion of the plasma channel then propagates
towards the blank at high speed, and the mass and momentum of the water in the shock wave forms
the sheet metal blank into the die [319]. A typical configuration of EHF shown in Figure 35 includes
the electrodes, discharge chamber, die, pulse generator (which consists of a
high-voltage/high-current discharge switch D), high-voltage low-inductive bank of capacitors C and
a charging/amplifying/rectifying circuit T-R-A.

die sealing rhlank plasma cavity water

N b [

pulse generator ar

T 7 ‘
N A |
<:= :
-~ |
R :
= —{_H :
- D Cl|

e N — i | water

‘ * discharge chamber/ | insulated electrodes

Figure 35. Experimental setup of the EMDD process (reproduced with permission from [319];
copyright © 2020 Elsevier B.V.).
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Most practical applications of EHF in the last century were related to the aerospace industry,
where, typically, rather small parts lying within the overall size range of 300-400 mm or less were
stamped [320]. EHF allows a reduction in capital investment since EHF requires one-sided dies
rather than two-sided ones and a reduction in manufacturing costs in the low volume applications of
the aerospace industry.

With popularization of the production and applications of high-strength steel sheets, EHF is
being taken into consideration as a potential technology for automotive applications [320].
Substantial development of the EHF process includes a durable electrode system, a durable sealing
system, an efficient water—air management system and a numerical modeling technique, as reported
in [321]. According to Golovashchenko et al. [322], a fundamental advantage of EHF is that it is
capable of filling rather complex sheet metal forming shapes in one operation by providing a series
of discharges which can fully form the workpiece into the cavity of the stamping die and calibrate
springback without opening the chamber and removing water from the tool. The relative
improvement in plane strain formability of dual-phase steel in EHF conditions is between 63% and
190%, compared to the quasi-static limiting dome height test [320]. The high-velocity impact of the
sheet against the die in EHF leads to the suppression of void nucleation and a growth in dual phase
steels, significantly delaying the onset of failure [323]. Two different strategies of EHF can be
distinguished differing in the formability of the sheet material: electrohydraulic free-forming
conditions, where the strain rates are rather moderate, and die-forming conditions, where the strain
rates are much higher and through-thickness compressive and shear stresses have a significant effect
[324].

The formability of the blank material can be significantly improved in the process of warm
electrohydraulic forming (WEHF) [325]. The workpiece in hybrid WEHF can be warmed before
placing it on the chamber or using an induction coil. According to Figure 36, in order to prevent
cooling the blank due to contact between the blank and water, an air gap has been created between
the workpiece and water. During the forming of 1000-series aluminum alloy using WEHF at
elevated temperatures, a 23.6% increase in failure strain is observed at WEHF when compared to
EHF (Figure 37) [325].

die] | — cartridge heater
S | heat insulator paper
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8 ~
water —| — workpiece
— air

electrode
/

chamber —| ™ plasma channel

Figure 36. Schematic diagram of the cross-section of warm electrohydraulic forming (WEHF).
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T=110"c Room Temperature

Figure 37. Comparison of the final shapes of specimens formed at 110 °C and 27 °C using different
energies E (reproduced with permission from [325]; copyright © 2020 the authors. Published by
Elsevier, Ltd.).

8. Spinning and Shear Spinning

8.1. Background

Spinning is the shaping of a rotating disc or drawpiece by applying local pressure using a
spinning tool (Figure 38). A forming tool, in the form of a mandrel or a roll, can roll or slide over the
surface of the sheet. A characteristic feature of the spinning process is that the thickness of the sheet
metal, from which the element is formed, changes within only a very small range. The deformed disc
or blank gradually adopts the shape of the spinning block, which is usually made of metal. In the
case of spinning components with complex shapes, partial or uniform spinning blocks are used. The
spinning tool and workpiece performs a rotational motion. Spinning ability is measured by the
limiting spinning ratio, which is the ratio of the maximum original blank diameter that can be
successfully spun forming a cup, in a single pass, to the mandrel diameter [326-330].

The classification of traditional spinning processes has mainly been developed according to the
relative position between the roller and the blank, the deformation characteristics of the blank
material, the temperature of the blank, as well as spinning with or without a mandrel [331-333]. The
classification of the traditional spinning processes is presented in Figure 39.

counterholder
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tool path workpiece
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Figure 38. Schematic illustration of conventional sheet metal spinning.

Spinning technolomy
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Conventional spinning Power spinning  Inner spinning  Outer spinning Mandrel spinning Mandrel-less spinning Cold spinning  Hot spinning
Neck Expaning Local Ribing Separating Sealing Shear spinning  Flow forming
spinning spinning forming ]

Forward  Backward

spinning  spinning
Figure 39. Classification of the conventional spinning process (reproduced with permission from
[330]; copyright © 2020 Elsevier, Ltd.).

Shear spinning is the process combining conventional spinning with simultaneous intensive
thinning of the wall. Shear spinning is applied to discs or drawpieces from which cylindrical, conical
or curvilinear shapes with a thick bottom and thin walls are obtained. Unit pressures in shear
spinning processes reach 3000 MPa. The process parameters, i.e., circumferential speed, reaching up
to 5 m's™ and a feed rate in the range of 0.01-0.25 mm per revolution, are assumed. The finished
component formed by shear spinning is characterized by a very smooth surface and increased
mechanical properties due to the work hardening phenomenon.

Flow forming, also known as tube spinning, is one of the techniques closely allied to shear
forming [334,335]. In this process (Figure 40), the sheet metal is displaced axially along a mandrel,
while the internal diameter remains constant. Flow forming is usually employed to produce
cylindrical components [332,336]. There are many varieties of flow forming methods with regard to
tool design. Most modern flow forming machines employ two or three rollers and their design and
structural strength is more complex than that of spinning and shear forming machines. Using
spinning methods, it is possible to produce axisymmetric and asymmetric components with
complex shapes, a task which is difficult or sometimes even impossible by conventional stamping
methods. Spinning methods are used in particular for difficult-to-form alloys [334,337].

metal flow roller

workpiece —

— L

headstock mandrel

metal flow
feed rate

(@ (b)
Figure 40. (a) forward and (b) backward flow forming.

8.2. Conventional Axisymmetrical Spinning

The most challenging aspect in this process is the low formability of the workpiece material due
to the formation of wrinkling in the free flange [326]. Several attempts have been made to study the
spinning process, particularly the thickness, geometry and profiles of the final component, failure
modes and material formability [338-341]. The most important parameters affecting wrinkling are,
large mandrel diameter, small modulus of plastic buckling and small thickness of the original blank
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[342-345]. In addition, several studies [346-348] have shown that spinning of thicker sheet metals
will fail due to the formation of wrinkling in the unsupported part of the blank at higher roller feeds
[327,347,349]. The tendency for wrinkling to occur increases significantly with higher roller angles
and higher roller feeds. In the case of the deep spinning process, the formation of wrinkling can be
limited by a roller aided by a constant clearance blank holder (Figure 41). Experimental
investigations when forming commercially pure aluminum Al99.5 sheets confirm the ability of the
proposed tool to suppress wrinkling in order to improve spinning formability [326]. Based on
overcoming fracture failure and wrinkling, many attempts have also investigated using conical, flat
conical or D-shaped rollers [327] with various working conditions to enhance spinning formability.

mandrel blank

rotational \ s
speed —

4_/\.—.

roller feed N blank fixture
X_ roller

blankholder ~

Figure 41. Schematic diagram of deep spinning.

Using the spinning process to produce axisymmetric parts produces a thinner cup wall with
smaller roller nose radii, smaller roller feeds and higher roller angles. The inner profile of the final
spun cup is larger than the mandrel profile due to springback [350]. The springback phenomenon is
more visible with smaller roller nose radii, higher conical roller angles and higher roller feeds.
Automation of the spinning process requires techniques to predict workpiece failure based on the
path of the tool. Analytical methods to predict workpiece failure are of practical use for online
correction of the tool path. Therefore, Russo et al. [351] proposed a method in which a haptic device
is connected to a computer numerical control (CNC) spinning machine; this device allows a human
operator to control the working roller manually while feeling the force applied to the workpiece.
Haptic devices provide users with force feedback and have found applications in gaming and
robotic surgery [332,352]. A control system consisting of force, position and workpiece shape sensors
allows the collection of information on the tool path followed by the operator and on its effect on the
mechanics of the forming process.

8.3. Asymmetric Spinning

The challenge of extending the conventional spinning processes to other areas of application
has given rise to investigation of the fabrication of non-axisymmetric parts. Four approaches to this
have been identified; using a radially offset mandrel, using spring-controlled rollers, using a
feedback control system and using a radially offset roller (Figure 42).

/\ Tailstock /_\ Tailstock /\ Tailstock

i Radially
nda e @ e“' fixed roller
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Spring-controlled She:t heet " e::andrel
workpiece
roller p workpiece Vil P

(a) Spring-controlled rollers (b) Radially offset roller (c) Radially offset mandrel
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Figure 42. Schematic diagram of asymmetric spinning: (a) spring-controlled rollers, (b) radially offset
roller, (c) radially offset mandrell (reproduced with permission from [333]; copyright © 2020 Elsevier
B.V.).

To overcome the limitations of ordinary asymmetric spinning, Shimizu [339] developed a
machine (Figure 43) for the synchronous spinning of asymmetric truncated cone-shaped
components. In this case, the mandrel feed, roller feed and mandrel motion were synchronized by
pulse control. The successful application of the proposed method for the formation of a truncated
pyramid-shaped product with a sidewall and an asymmetric truncated, elliptical, cone-shaped
product confirmed the flexibility of this method.

Electric actuator Stepping motor
for mandrel feed

Synchronous belt

Loadcell

Electric actuator

f ller feed
it oo Rotation of

mandrel

}r
A Rofler feed

~—a Z

Roller Mandrel and specimen

Figure 43. Schematic diagram of asymmetric spinning (reproduced with permission from [339];
copyright © 2020 Elsevier B.V.).

Methods to design the multipass tool paths and blanks required for the spinning of both
asymmetric and axisymmetric components without a mandrel were investigated by Russo et al.
[353]. They applied the flexible spinning method (Figure 44) developed by Music and Allwood [354].
The results show that increasing the degree of asymmetry of the target part only weakly influences
the forming weight achievable in mandrel-free spinning. This method is seen as having great
potential to fabricate multiple geometries flexibly and to reduce the costs of prototyping
considerably.

AN

Figure 44. Schematic diagram of asymmetric spinning: 1-working roller, 2-blending roller,
3—support roller, 4-tailstock, 5-workpiece.
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Sugita and Arai [342] were the first to perform multipass spinning on a part with asymmetric
vertical walls in a rectangular box (Figure 45a). They designed a synchronous multipass spinning
machine (Figure 45b) which could apply to both axisymmetric and asymmetric cups. Their setup
employed a mandrel. They found that a lower height could be achieved in an asymmetric
component than in an axisymmetric one. Arai [355] applied a hybrid force/position control system to
allow the roller to track an asymmetric mandrel. This approach has been successfully applied to
form asymmetric drawpieces in shear spinning.

Blank disc AC servomotor

Force sensor
Roller
-

(a) (b)

Figure 45. (a) Synchronous multipass spinning machine and (b) an example of the rectangular box
shape formed using rotational pass (reproduced with permission from [342]; copyright © 2020
Elsevier B.V.).

8.4. Heat-assisted Spinning

In conventional spinning processes, the forming limit of the workpiece material is restricted
due to the work hardening effect [356]. An effective approach to improve the forming limits is the
use of heat treatment which can be achieved by intermediate heating, burner systems or the use of
lasers (Figure 46) [333,357]. These approaches worsen the process flexibility by increasing the costs
associated with energy and maintenance. The main benefits of laser-assisted metal spinning
operations are: (i) improved reproducibility when compared to gas burners, (ii) improved
formability of challenging materials such as nickel-based alloys [334,358,359], magnesium alloys
[360,361] and titanium alloys [362-364], (iii) reduced forming forces and (iv) improved component
quality due to locally limited heating. In their study, Nguyen-Tran et al. [365] summarize the
previously reported electroplastic behavior of various metals or metal alloys and recent electrically
assisted manufacturing processes.

roller
mandrel

\ (—

% laser beam
= workpiece
cover
LAY I
Hot air
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Figure 46. Hot spinning with (a) hot air and (b) laser.



Metals 2020, 10, 779 33 of 53

Another approach is to use the friction-spinning process (Figure 47). As a consequence of a
localized warm-forming operation, multifunctional components can be manufactured with locally
varying mechanical properties that satisfy the demands of lightweight design. Figure 48 shows the
forming strategies in conventional and heat assisted spinning. The conventional spinning process is
characterized by the use of additional equipment and complex tool path geometries. If an additional
reduction in wall thickness of the drawpiece side wall is required, it is necessary to use a multipass
strategy. Furthermore, it is possible to achieve a defined adjustment of the hardness distribution by
varying the parameters. The possibility of extending the forming limits of conventional spinning
through in-process heat generation is confirmed by Lossen and Homberg [356].

Spinning Mandrel High-Temperature- Forming Tool/
_ Zone AP Roller /
~—Sheet Tailstock
Work Material Y
Process Parameters: % ” b eEI!Zol FR}‘T 5
- Rotation speed - Wear resistance Fr Material \ -]
- Material pairings- Heat capacity Hi t/AT P
- Feed rates - Forming path & n | - n i
- Axial forces - Lubricant 21 Fo |7 _

- Surface qualities

Figure 47. Friction-assisted spinning (reproduced with permission from [356]; copyright © 2020 the
author(s). Published by Elsevier, Ltd.).
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Figure 48. Comparison of the principles of cup forming by friction-assisted spinning and
conventional spinning with one-pass and two-pass forming strategies (reproduced with permission
from [356]; copyright © 2020 the author(s). Published by Elsevier, Ltd.).

Homberg et al. [366] used frictional heat between the workpiece and friction tool/roller (Figure
49) to increase workpiece temperature. In the process a workpiece is set in rotation in a conventional
spinning machine while a pressure or friction plate works in an axial direction on the material to be
deformed. The combination of spinning with friction-induced heat makes it possible to achieve a
larger deformation to deform tailor-made components which are functionally graded and to
produce a workpiece with more complex geometry [367]. Therefore, the use of frictional heat may
provide a potential heating method which can be widely applied in the hot spinning process.

In recent years, the demands on lightweight construction with respect to its functional qualities
and potential to save resources by reducing weight have increased significantly. Tailor-made
components with functionally graded properties manufactured by a mnovel so-called
friction-spinning process meet these demands very well. This new process combines elements from
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metal spinning and friction welding to a new thermomechanical process for the manufacture of
complex hollow parts made of tubes, profiles or sheet metals.

friction tool high-temperature zone forming tool 0 N
[~
T
v
tube L
(a) (b) (c)
workpiece friction tool mandrel

_ q _/ .
=+ B T

tailstock sleeve

(d) (e) (£)

Figure 49. (a—f) Sequential stages of friction spinning.

8.5. Shear Spinning and Flow Forming

In shear spinning forming, a sheet blank is formed by a roller into an axisymmetric part with a
desired shape and thickness distribution. The thickness is deliberately reduced to obtain the desired
distribution. Due to the localized deformation of the material, shear spinning has major advantages,
such as high utilization of the material, simple tooling and low forming force. The work hardening
phenomenon improves the mechanical properties of spun components. Hence, this often eliminates
the requirement for any additional heat treatment to be carried out on finished parts [368,369]. Shear
spinning is widely used to manufacture components in the aerospace, weapon, aviation and
automotive industries [330,332,333]. Materials that are difficult to deform at room temperature, such
as titanium alloys [370,371], nickel-based alloys [357,372] and stainless steel [373], are commonly
deformed using the shear spinning process.

Dieless shear spinning (DLSS), as a kind of conventional shear spinning, can form many types
of product using only an elastic multipurpose base instead of a mandrel [124,374]. At first, a blank
sheet is laid over an elastomer base and is rotated on a lathe (Figure 50). Then a bulged circle is
formed on it like a ring doughnut when the hemisphere tip of the bar tool is pressed on it. The
component is completed when its wall height is increased by repetition of piling up the traveled
steps [124]. DLSS is considered an innovative method since it is possible to form components with a
vertical wall. DLSS is found to be an effective way of forming the skin of the air intake lip of airplane
jet engine nacelles [375].
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Figure 50. Dieless shear spinning.

In double-sheet dieless shear spinning, two aluminum disk blanks arranged concentrically are
formed into a truncated cone. The cover thicknesses of the spun workpieces are smaller than the
value that conforms to the sine law using the same blank thickness. The wall thicknesses of the base
spun workpieces are greater than the sine law value under the same circumstances. The theoretical
mechanics analysis of the double-sheet shear spinning process is carried out through mechanics and
finite element analysis. Jia et al. [376] analyzed the mechanics of double-sheet dieless shear spinning
(Figure 51). In a double-sheet DLSS the roller path coincides with that of traditional shear spinning.
It is predicted that the wall thickness distribution can be different from the sine law while retaining
the same shape of the lower workpiece with the single-sheet working condition.

Figure 51. Schematic diagram of double-sheet shear spinning.

Han et al. [370] proposed innovative flame-heating integration into a spinning machine to
apply new processing strategies for flame-assisted dieless shear and multipass metal spinning. The
results of forming pure titanium TA2 and its alloy TC4 plates show that the forming accuracy is
acceptable when adopting the system under two forming temperatures, 450 °C and 850 °C. In
double-sheet dieless shear spinning, two aluminum disk blanks arranged concentrically are formed
for a truncated cone. The cover thicknesses of the spun workpieces are smaller than the value that
conforms to the sine law using the same blank thickness. The wall thicknesses of base spun
workpieces are greater than the sine law value under the same circumstances.

Flow forming (Figure 52) is one of the incremental bulk-metal-forming processes, used for the
manufacture of tubular parts [377]. Flow-forming was used to process a wide range of materials
[378,379]: Inconel, Hastelloy, titanium, maraging steels, stainless steels and precipitated hardened
stainless steels [167]. Multipass tube spinning at elevated temperature is generally applied when
processing titanium parts due to its advantages of simple tooling, low forming force and high
material utilization [332,377,380,381]. Later research is focused more on the analysis of different
kinematic and dynamic characteristics of the flow forming process and assurances of geometric
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accuracy of the formed components. Sivanandini et al. [378] have shown potential applications of the

flow forming method in automotive, defense and aerospace applications.

V, (feed)

b) B

Figure 52. (a) schematic diagram of flow forming and (b) the flow forming machine (reproduced

with permission from [377]; copyright © 2020 Elsevier B.V.).

9. Conclusions

This study gives an overview of the main topics concerning the development of sheet metal

forming methods including spinning and shear spinning, flow forming, incremental sheet forming

including water jet sheet forming, flexible-die forming, multipoint die forming, solid granular
medium forming, electromagnetic and electrohydraulic forming. The progress observed in the last

decade in the area of SMF concerns mainly the development of nonconventional methods of forming
difficult-to-form lightweight materials for automotive and aircraft applications. The most important

trends in the development of modern machines include the improvement of their design to increase

their performance with significant production flexibility, reducing production costs and the

development of structures adapted to unconventional methods of plastic forming. To state the major

achievements in the previous sections, the following conclusions are highlighted:

()

Friction and lubrication are key factors in sheet metal forming which decide product
quality and productivity as well as the environmental performance of manufacturing.
The main problems observed in SMF concern processes carried out at elevated
temperatures where high levels of friction and wear occur due to high adhesion
between the tool surface and the workpiece and surface fatigue is then initiated.
National and international regulations have meant that the use of environmentally
friendly lubricants has become increasing important. At the same time friction
conditions have to be minimized in order to reduce loads. An example of
environmentally friendly technology is hydroforming, which eliminates metallic
contact of the forming tool with the workpiece. Thus, friction forces and tool wear are
eliminated. In evaluating the ecological convenience of SMF processes the tribological
aspects will receive great attention in the near future.

In new vehicle development, weight reduction is one of the most important driving
forces. The main trend involved in producing lightweight automotive structures with
low cost manufacturing and reduced vehicle weight is the use of advanced
high-strength steels and aluminum alloys with very high strength and good
formability. However, some manufacturing problems related to residual stresses and
springback must be overcome. Nonconventional forming techniques (i.e.,
electromagnetic or electrohydraulic forming, solid granular medium forming) with
high deformation rates cover these requirements. Hot forming utilizing the



Metals 2020, 10, 779 37 of 53

advantageous effect of higher temperatures on the improvement of formability should
be also mentioned. The advantage of hydroforming is that it shapes the product in one
operation, which speeds up the production cycle and eliminates the need for
interoperational storage.

o The utilization of conventional forming is more time-consuming and costly for
processes recently applied in the production of parts in small batch production.
Consequently, there is a need to disseminate an alternative process to reduce the
manufacturing costs and time while forming individual parts, like medical implants.
Processes which show benefits in this respect are methods of incremental sheet forming
which do not require the manufacture of dies for operation and have the ability to
shape elements on a conventional CNC milling machine. The problems related to
material springback may be effectively reduced by rapid change of the forming strategy
and tool path.

e The increasing complexity of components formed by SMF techniques as well as the
continuous extension of the process window have made it necessary to develop new
methods to efficiently analyze the forming strategies. Current numerical analysis
software offers the capability of designing the tooling and process parameters in a
virtual environment. Application of general purpose FEM, DEM, ALE and CFD codes
may be regarded as one of the possible routes in the simulation of sheet metal forming.
The use of simulation programs requires a thorough knowledge of continuum
mechanics and FE programming to develop a suitable numerical analysis for a forming
process. In the future, most experimental and numerical research work must be focused
on the development of a macroscopic constitutive model based on a physical
mechanism, grain-twinning interactions and a crystal plasticity model considering the
grain—grain interaction and new constitutive models to establish the material behavior
of new multifunctional materials.

e The goal of the designers of modern machines and instrumentation for SMF is to ensure
that the product can be manufactured in one work cycle and on one machine. The
development of machine tool design for plastic working is focused on improving the
quality of the product and increasing productivity while maintaining the economic
aspects of the manufacturing process. Progress in the implementation of automatic
control systems and product manipulation during and after machining is clearly visible
in the area of plastic forming processes. Despite the constant tendency to reduce the
size of the production series related to the short-term launching of new series of
vehicles, it should be hoped that the demand of the automotive and aviation industries
for innovative technologies will translate into a greater interest in metal forming
technologies. In this manufacturing area, all the considerations given in the previous
section should be analyzed taking into account the sustainable break-even point. The
development of innovative SMF processes will depend upon the improvement of
materials and require adaptive control systems and integrated design of the forming
process equipment and tooling.
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