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Abstract: Electro-Hydraulic Forming (EHF) is a high rate sheet metal forming process based on
the electrical discharge of high voltage capacitors in a water-filled chamber. During the discharge,
the pulsed pressure wave propagates from the electrodes and forms a sheet metal blank into a die.
The performed literature review shows that this technology is suitable for forming parts of a broad
range of dimensions and complex shapes. One of the barriers for broader implementation of this
technology is the complexity of a full-scale simulation of EHF which includes the simulation of an
expanding plasma channel, the propagation of waves in a fluid filled chamber, and the high-rate
forming of a blank in contact with a rigid die. The objective of the presented paper is to establish
methods of designing the EHF processes using simplified methods. The paper describes a numerical
approach on how to define the shape of preforming pockets. The concept includes imposing principal
strains from the formed blank into the initial mesh of the flat blank. The principal strains are applied
with the opposite sign creating compression in the flat blank. The corresponding principal stresses
in the blank are calculated based upon Hooke’s law. The blank is then virtually placed between
two rigid plates. One of the plates has windows into which the material is getting bulged driven
by the in-plane compressive stresses. The prediction of the shape of the bulged sheet provides the
information on the shape of the preforming pockets. It is experimentally demonstrated that using
these approaches, EHF forming is feasible for forming of a fragment of a decklid panel and a deep
panel with complex curvature.

Keywords: electro-hydraulic; pulsed forming; numerical simulation; preforming

1. Introduction

The trend of creating global vehicle architecture in automotive industry described
by Ferreira and Kaminski [1] is broadly spreading among automotive manufacturers.
Sharing components between different platforms and vehicles leads to overall increase in
production volumes and generates a need for high productivity manufacturing processes.
In stamping of sheet metal components, servopress equipment becomes more popular due
to increased productivity compared to the mechanical presses broadly used in industry.
However, the automotive industry has a strong demand for low volume technologies,
which would enable low cost production of prototype parts. Sheet metal forming processes
where one side of the stamping die (typically a punch) is replaced by pressure were
described in a number of publications and reference books on metal forming [2]. These
processes have the strong advantages of lower tool cost due to elimination of the need to
cast and machine one side of the die as well as due to no further need for accurate alignment
of matching portions of the die. These simplifications also shorten the tool development
cycle. This group of metal forming processes are typically employed for deep drawing and

J. Manuf. Mater. Process. 2021, 5, 47. https://doi.org/10.3390/jmmp5020047 https://www.mdpi.com/journal/jmmp

https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://www.mdpi.com/article/10.3390/jmmp5020047?type=check_update&version=1
https://doi.org/10.3390/jmmp5020047
https://doi.org/10.3390/jmmp5020047
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jmmp5020047
https://www.mdpi.com/journal/jmmp


J. Manuf. Mater. Process. 2021, 5, 47 2 of 20

stretch drawing of sheets and forming of tubular blanks by applying forming pressure from
inside the tubes. Among them are: (a) quasistatic processes, such as superplastic forming
(SPF), hydroforming (HF), rubber/polyurethane forming (RF), and (b) high rate forming
processes, such as electromagnetic forming (EMF), electrohydraulic forming (EHF) and
explosive forming (EF). EMF, EHF, and EF belong, according to Wilson [3], to the group of
high velocity forming technologies.

Quasistatic processes are simpler for analysis and experimental tryout, since they are
similar to traditional sheet metal forming operations where stamping presses are utilized.
A major drawback of these processes is usually in the significant force required to form
the blank: pressure that is needed to form the smallest radius of the die cavity defines the
pressure that has to be applied to the overall surface of the blank inside the die cavity. This
condition leads to significant investments for forming equipment required to implement
these processes. The need to manufacture the prototype parts motivated broad usage of
hydroforming processes employing a polyurethane sheet as a membrane to separate the
sheet metal blank from the fluid. This technology is known as the flexform process [4]. The
term of crush forming is often utilized for these processes because no binder is being used
to control sheet metal flow into the forming die.

The high speed forming technologies were mentioned for industrial applications
starting from 1960s [5], and more extensively in early 1970s [6], mainly due to several
advantages which these processes have compared to quasistatic processes. The most
impressive advantage was in the capability to form parts with dimensions of several
meters. Forming such parts was impossible during that stage of development of metal
forming technology and equipment. Callender [7] reported the results of EHF with a net of
wire bridges to form a dish component 3 m in diameter. Epoxy lined dies were used in these
experiments which started showing degradation after forming twelve blanks. Felts [8]
demonstrated EHF forming of dish components with flanged holes from Aluminum 6016-
T0 as well as deep drawing box type shapes from deep drawing quality steel. A variety of
die materials starting from steel-reinforced concrete, chopped glass-fiber-reinforced epoxy
resin and, in some configurations, tool steel were used.

Hanley [9] carried out a very detailed review of applications of high speed forming
technologies at General Dynamics Corporation: EHF was considered the most efficient
method for forming of tubular blanks with potential punching of holes in the same opera-
tion as forming the shape of the part. A typical diameter of tubular blanks was 30-0 mm.
The electrode system employed in studies reviewed in [9] was based upon wire bridges,
which had to be replaced after each high-voltage discharge. The dies were designed consist-
ing of two halves based upon the clam shell approach. Implementation of EHF allowed a
reduction in the number of manufacturing steps and eliminated the need to subdivide one
part into several independently stamped and further joined smaller parts. The production
cycle for the EHF processes described in [9] was reported as several minutes. Fedder-
sen [10] illustrated a number of applications of tube expansion by EHF including one case
where a window was pierced in the tubular component.

Callender [7] also described experiments on EHF of a conical shape welded blank into
an ogival shape. Schrom [11] demonstrated a laboratory EHF process for bulging sheet
metals and expanding thin cylindrical shells indicating that Aluminum foil of 12.7 mm
width can substantially increase the efficiency of the process compared to other bridge
materials and no-bridge tooling configuration. The attempt to study the efficiency of
energy transfer in EHF was made by Duncan and Johnson [12] for both sheet forming
and tube forming. Duncan and Johnson [12] demonstrated forming of a dish with a lot of
fine features which certainly increased the complexity of the EHF operation compared to
previous cases.

Bruno [5] illustrated several examples of duct parts from special alloys for aerospace
applications: various shapes were formed by electric discharges inside cylindrical shells.
This type of part is difficult to make by other methods. Similarly, Davies, and Austin [6]
illustrated an application of the EHF process for the piercing and flanging of holes in the
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tubular thin walled extrusion made of pure aluminum. However, very limited details
of the studied EHF process were disclosed. Most of the applications belonged to the
defense industry which limited publishing of technical details. More importantly, the
methodologies of formability analysis were in their infancy: the initial ideas on Forming
Limit Diagram development were published several years later for biaxial stretching by
Keeler [13] and for stretching–compression by Goodwin [14].

During the last twenty-five years, a number of experimental studies illustrated that the
very significant improvement in sheet metal formability can be attributed to high strain rate,
low friction, and the coining effect. This effect is based upon through thickness compression
during high velocity impact between the blank and the die surface. In [15] a significant
improvement of formability was observed for AA6061-T4. Imbert et al. reported visible
improvement in formability for two aluminum alloys: 6111-T4 and 5754 [16]. Authors [17]
reported formability improvements for AA5182. Dariani et al. [18] indicated an extension
of formability for 1045 steel and 6061-T6 aluminum alloy. Golovashchenko et al. [19]
quantified formability improvements for four dual phase steels: DP500, DP590, DP780,
and DP980. Analysis of microstructure and porosity development in quasistatic and EHF
processes [20] indicated that both high velocity impact and high strain rate create favorable
conditions for DP780 and DP500. Jenab et al. [21] arrived to similar conclusions for AA5182.
In addition, calibration of the formed part is provided in the same tool, minimizing
springback. In a traditional stamping process, either a restrike die would be needed to
minimize springback, adjustment of the die surface to compensate for springback, or
additional stretching of the blank using a lockbead at the very end of the forming process
to minimize springback.

Even though explosive forming processes provide nearly unlimited capabilities from
the perspective of achievable pressure and impact speeds, the safety implications often limit
its application for industrial processes. A review of more recent results on EF processes
was published by Mynors and Zhang [22].

The intention to achieve similar benefits without safety issues motivated studies of
EHF and EMF forming technologies. Psyk et al. [23] performed a very detailed analysis on
various aspects of EMF processes. These aspects included coil designs, details on forming
and joining processes, and recently developed numerical and analytical models. The major
limitation of EMF technology is in a significant reduction in forming pressure applied to
the sheet when it moves further away from the inductor generating electromagnetic field as
well as in the requirement of good electrical conductivity for the material of the blank and
for the material of the coil. A typical EMF coil includes insulation material which, in most
cases, limits the structural strength of the coil. A reduction in pulsed pressure as a result
of the blank getting further away from the coil limits the application of EMF processes
to either rather shallow shapes or the shapes where the final forming is possible without
backing pressure.

Recent studies on EHF mostly concentrate on the improved formability demonstrated
in free bulging, for example by Maris et al. [24] and the forming of a sheet into very simple
shapes such as conical or V-shape, for example, by Cheng et al. [25]. The general trend is
that substantial improvement can be achieved for the forming of Aluminum alloys, dual
phase steels and a variety of other materials.

Based upon experimental study performed by Golovashchenko et al. [26], EHF technol-
ogy has the strongest potential among pulsed forming processes to be applied to forming
deep cavities with sharp corners and shapes that are more complex. Authors [26] demon-
strated that a sheet metal blank can be formed by sequential discharges of several pairs of
electrodes with no specific requirement to the parameters of grain structure (as for SPF),
or high electrical conductivity (as in EMF processes). Employment of several pairs of
electrodes enables the pressure distribution applied to the sheet metal blank to be tailored
in a broad range: several discharges generated by multiple electrodes may create a more
favorable mechanism of sheet metal flow into the cavity of the die.
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Another opportunity for formability improvement was discussed in [26] where the
blank was preformed into a shape which utilized formability of the adjacent portions of the
blank to fill the corners of the die shape. Authors [27] demonstrated that EHF has a better
capability to form sharp corners than quasistatic hydroforming described in [28] and also
requires a lower clamping force employing the inertia of the tool and the clamping press,
which requires a much smaller capital investment. A reconfigurable EHF tool comprising
of several small size chambers can be assembled together for the forming of various shapes,
as suggested by Golovashchenko [29]. The downside of the EHF process is in the necessity
to evacuate and refill at least some portion of the EHF chamber with water for every
formed part.

A very important advancement which started changing the sheet metal forming in-
dustry in the late 1980s was the developing capability to simulate sheet metal forming
processes. The explicit integration procedures initially developed for simulation of ex-
plosions in defense applications very naturally fit into high velocity forming processes.
The models considering EHF process as dynamic hydroforming with uniformly applied
pressure were developed in the late 1980s, for example by Vagin et al. [30]. The dynamics
of pressure distribution in the EHF chamber were studied in [30] experimentally by: (a) in-
serting piezo sensors capable of surviving such a high level of dynamic pressure in the
chamber and (b) by using a membrane method as proposed by Cole [31] accounting for the
pressure level on the surface of the membrane by the local displacement of the membrane
in a small diameter hole. Knyazev and Zhovnovatuk [32] performed similar measurements
for a multi-electrode chamber. Such experimental measurements provided the justification
for applying the dynamic pressure to the surface of the blank.

Melander et al. [33] analyzed formation of a conical shape and also free bulging of the
blank into an open die cavity. Simplifying assumptions regarding pressure distribution in
the chamber and percentage of reflection of pressure from the walls of the chamber were
employed. Rohatgi et al. [17] approximated the pressure distribution on the surface of the
round blank with a linear function along the radius of the blank assuming the exponential
decay of pressure as a function of time. Hassannejadasl et al. [34] assumed hydrodynamic
pressure in the model as an acceleration of fluid particles on a spherical surface inside the
chamber. The model was calibrated using the experimental data on free bulging of the
blank. The time function for the acceleration was selected as a half of a sinusoid. In this case,
the pressure on the sheet metal blank was not considered a uniform or constant distribution:
it was calculated from the hydrodynamic analysis. The simplifying assumption regarding
the spherical impact as a method of energy deposition worked well for the analysis of sheet
metal forming into a conical die. However, in order to design an EHF chamber of a more
complex shape, more realistic energy deposition accounting for the shape of the chamber
is needed.

Vohnout et al. [35] analyzed pressure heterogeneity in a cylindrical EHF chamber by
using a membrane penetration method. The numerical simulation was performed using
CTH code simulating explosions. The equivalence between the explosion and EHF pro-
cesses was not very clearly established; however, the dynamic pressure distribution could
be similar with the exception that EHF provides substantially slower energy deposition
compared to a chemical explosion. Based on the performed analysis, it was concluded
that pressure distribution is very sensitive to changes in the location of the energy source
(explosion in the case of the performed theoretical analysis).

Mamutov et al. [36] described a more general algorithm based upon LS-DYNA com-
mercial code capable of predicting pressure wave formation as a result of a high voltage
discharge in a water filled chamber. This algorithm is capable of analyzing the blank
formation for a general configuration of the electrode system. The drawback of this ap-
proach is that, at current computational capabilities, many hours of computations on a
multiprocessor supercomputer are required to predict multi discharge formation of the
blank. However, without pre-existing chamber design, these calculations might show that
(a) a different configuration of the EHF chamber is needed, (b) the blank has insufficient
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formability to fill the required shape, and (c) the available equipment cannot provide a
sufficient discharge current. If any of these situations occur, there may be a need to run
multiple other configurations of the EHF chamber and sheet metal forming process. In
this study, a simplified approach is proposed which is expected to assist in a much faster
design of the EHF chamber configuration capable of forming the desired shape from the
targeted sheet material.

Woo et al. [37] studied formation of pressure pulses in the EHF chamber by employing
an ALE numerical approach in LS-DYNA, illustrating that this powerful approach enables
a detailed study of wave reflection and propagation in EHF chamber. Woo et al. [38]
simulated the EHF free forming process into an open round window and used the model
described in [37] to identify the material parameters of Aluminum sheet 6061-T6 which
would have the best correlation with experimental data in free forming conditions.

Jenab et al. [39] described a simplified methodology of EHF process analysis by
assuming that the EHF load is applied as a pressure pulse similar to an explosive load
known from the literature instead of taking into account the history of pressure wave
propagation through the EHF chamber. Authors [39] concentrated on studying the details
of AA5182 sheet forming into an open round window or into a conical die analyzing
different material models and neural algorithms accounting for material high rate behavior.

A tryout study was performed experimentally in [40] to demonstrate the overall
feasibility to form various sheets with EHF using a pulse generator assembled by re-
searchers from high voltage capacitors. This study confirmed that the EHF technology can
be employed as a very simple process for forming tryout.

Xiong et al. [41] developed a simplified engineering model predicting pulse pressure
parameters as a function of distance from the discharge location in an electrohydraulic
chamber and applied it to the analysis of impact cracking test conducted on cement samples.

As it can be seen in the presented literature review, the overall advantages of the EHF
processes is in extended material formability due to high strain rates, coining effects, and no
friction on one side of the die. However, an additional advantage of redistributing strains
in a formed blank based upon flexible loading in media forming processes compared to
traditional stamping in two-sided dies has not been explored in significant detail.

The idea of preforming the sheet in a traditional stamping die and then applying the
pulsed pressure to form the material into a sharp radius was discussed by Daehn et al. [42]
as electromagnetic forming of a door inner part where sheet metal blank was originally
preformed in two-sided dies, and then a restrike electromagnetic forming operation was
applied. An idea of preforming a sheet by gaining the metal in the pockets adjacent to
the areas of excessive strains was introduced by Golovashchenko et al. [43]. The initial
concept was to form the preform shape similarly to the final shape of the part with the
exception of the areas with sharp corners, which would be supplemented with donor
pockets minimizing stretching of sheet in these areas. The cost of such a preforming
die would be similar to the cost of the die with the final shape of the part. Overall, this
technology would require an incremental increase in the cost of the dies. In this paper a
further advancement of this concept in the direction of significantly simplifying the shape
and minimizing the cost of the preform die [44] will be discussed.

The objective of this paper is to introduce a simplified methodology of design for
EHF processes and to illustrate a low-cost preform concept for the case where extended
formability of EHF process is not sufficient to make the targeted shape. Therefore, the
proposed concept can be viewed as a further step to enable usage of higher strength, lighter
and less formable materials in the automotive industry.

2. Proposed Method of Developing EHF Processes

This paper represents an attempt to formulate the necessary and optional steps to
develop the EHF prototype process for a new application where benefits of this pulsed
forming technology can be substantial either due to a simpler tooling design, due to
the capability of the EHF method produce more deformation from a deformed sheet
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without fracture, or take advantage of the soft application of the forming load compared to
stamping in traditional rigid dies. The authors admit that the proposed method is still in
an early phase of development and will further mature with broader implementation of
EHF processes in production.

There are following important questions which need to be answered at the develop-
ment stage of the prototype EHF process:

(a) whether the part can be formed using the EHF process from the sheet material
proposed by the product designer;

(b) if the sheet material candidate does not provide sufficient formability even with extra
formability offered by EHF, decide whether the preforming process lowering the
maximum strains can help to fill the shape without fracture;

(c) whether the available pulsed equipment and the EHF chamber provide a sufficient
amount of pulsed pressure to fill all the details of the formed shape;

(d) if a new EHF chamber is being developed, decide where the electrodes should be
positioned to achieve required pressures in the most difficult to form areas of the part,
which are typically in the areas of sharper corners at the bottom of the formed cavity.

Numerical simulation or experimental tryout can be selected to execute these steps,
and the specific actions strongly depend on accumulated experience and necessary efforts to
successfully achieve the goal taking into account the existing experience in EHF technology
at a particular organization, the timeline and available resources. An important point of
this paper is the selection of quick and efficient simplified approaches not requiring lengthy
development and very significant computational efforts. The following sequence of steps
addresses the questions listed above.

1. Identify the areas of the part that are the most difficult to fill and require the largest
pressure. A simplified numerical approach assuming a uniform pressure forming
load in quasi static formulation is capable to achieve this goal. The areas of the cavity
which are filled last require the largest pressure. Usually it occurs at the sharp corners
located at the bottom of the die cavity. The deformation of the blank in these areas
is usually the largest, since the rest of the cavity is already filled, and filling of the
corners is achieved by local stretching of the material. The locations of these difficult
to fill cavities will indicate where to place the electrodes and, potentially, how many
electrodes are needed. This step can use various commercial software suitable for
media forming processes. Based on these simulation results and available data on
sheet metal formability in EHF processes reviewed in the Introduction, it is possible to
define whether the part can be formed using the EHF process without any preforming.

2. Develop the preforming process to enable the redistribution of the peak strains in a
formed part. This step is optional and is needed only in case when direct application
of EHF will not be enough to manufacture the part without fracture. It can be also
applied for further weight reduction of the component and using higher strength and
less formable material. The concept of this step will be explained later in this chapter.

3. Analyzing the pressure distribution in the chamber and configuring the chamber
design and the electrode system to provide sufficient pressure to fill the most difficult
areas. This step is optional and can be very useful if it is anticipated to build a
new chamber, or if the available energy is not sufficient for the initial tryout. This
step would be beneficial to further improve the process, lower the discharge energy
and extend the life of the electrodes. However, for the initial tryout or low volume
production, using an existing chamber might be more economical. This analysis can
be done based on the Lagrangian model described by Mamutov et al. [36] where only
a hydrodynamic model is used without accounting for blank deformation. However,
if this technology is not available, it is possible to use simplified methods for relative
comparison estimating pressure based upon the distance from the discharge channel.
This approach was employed in early publications analyzing pressure distribution
during an explosion in water or early EHF analysis reviewed by Mamutov et al. [36].
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4. Validate the developed process and chamber design using the full methodology for
EHF analysis, accounting for pressure pulse propagation through the water filled
chamber. This step is certainly optional but can be very helpful if this technology is
readily available to the user. LS-DYNA software has all the necessary capabilities
to perform this step. The details of such a detailed simulation are described in
Mamutov et al. [36]. However, it is very computationally intensive and requires
lengthy simulation on a supercomputer.

The step 2 described above is a unique step not previously described in the technical
literature on EHF. In this case, a solution to the split issue was to introduce a preforming
operation in which the material is bulged in the areas of low strain to provide additional
metal to the areas of high strain, as suggested by Golovashchenko [43]. The overall concept
of preforming of gaining pockets is known in literature, typically in the area of stretch
flanging [44]. In this case, the preforming pockets are attempting to increase the length of
the trim line before the trimming operation while stretch flanging occurs after trimming;
therefore, minimizing the amount of stretching along sheared edges.

For corner filling processes, defining the geometry of the preforming pockets is much
more challenging because the pocket needs to provide sufficient, but not extra, material to
spread along the surface rather than along the trim line. The overall idea is based upon a
non-uniform distribution of strains in the parts with local features. Sharp corners are the
areas of high concentration of strains while the rest of the blank has significantly smaller
strains. Designing the process in which the strains are spread through larger areas and
the peak strains are significantly reduced is the major step towards achieving this goal.
The problem is how to identify the location and the shape of the preforming pocket. The
following steps were made to achieve this goal:

2.1. The forming process was simulated based upon uniformly distributed pressure,
as described in step 1 of the overall methodology. From this model, the principal
strain tensor components from the mid-surface of the sheet were extracted from each
element and assigned to the corresponding elements of the initial sheet metal blank
with an opposite sign meaning that stretching is replaced by compression as shown
in Figure 1a,b.

2.2. The initial sheet metal blank with the same Lagrangian mesh as at the beginning of
the forming process in step 2.1 was positioned between two flat rigid plates as shown
in Figure 1c. One of the plates had windows in which the strained sheet could bulge
out. These windows were positioned above the elements which were insufficiently
stretched in the initial forming process and could tolerate more deformation safely.
Selection of the size and position of the windows was defined by the iterations, but
the model was providing the depth of bulging in each selected window opening.

2.3. The deformation process of sheet metal bulging into specified windows (as shown in
Figure 1d) was simulated in an elastic membrane formulation previously described
by Golovashchenko et al. [26]. This process was simulated in explicit formulation
with linear viscosity, so the bulging stopped after few cycles of vibration. The shape
of the bulged blank was then considered to be the die surface for the preforming
operation. The elastic formulation of this model allowed to have a proper amount of
material bulged into the windows. The yield stress was considered nonexistent for
this step of the analysis.

2.4. The preforming process of the defined pockets was simulated in elastoplastic formu-
lation applying uniform pressure to bulge the flat sheet into the shape defined in
step 2.3. The blank was then moved to the die, identical to step 2.1, and the forming
process continued. As a result, the maximum strains are expected to be lowered
approximately by half.

The software used for simulation in steps 1, 3, and 4 in this Chapter was LS-DYNA
971 DP.
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Figure 1. Schematic illustrating the steps of building a preforming shape: (a)—simulation of forming under uniform
pressure, (b)—applying the obtained opposite sign field of strains to the initial flat blank, (c)—placing the prestressed blank
within the restraining shape, (d)—identifying the preforming geometry by simulating the bulging process.

3. Case 1: Decklid Panel
3.1. Materials and Methods

The decklid panel is shown in Figure 2. The material used for this panel was an
AA6111-T4 0.93 mm thick sheet.

Figure 2. Design of the part formed by EHF.

The panel is formed using the EHF process. The perimeter of the part was initially
locked by the lockbead during the binder closure. Therefore, no material inflow from
outside the chamber occurred during the EHF process.

A full-scale simulation of the EHF process is a very computationally expensive tool.
The most complicated and CPU-consuming part of such a model is simulating the expand-
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ing plasma bubble and simulating a water stream that moves the deformable metal sheet.
Therefore, the major factor in time-saving will be eliminating one or more of these objects
from consideration.

A feasibility study for the part would include the following tasks:

1. Identify the areas of the part that are most difficult to fill and require the largest pressure.
Since the goal of the study is to develop a simplified, less computationally intensive
approach, the simulation is performed assuming uniform pressure distribution. This
approach allows to eliminate plasma and water from the model, which, combined,
account for over 90% of the computational time. The resulting simplified model
does not account for effects related to water–blank interaction, but the required
result mostly depends on the blank–die interaction, so the simplification is justifiable
and can be further refined during the final simulation step, where a more accurate
model [36] can be employed.

The areas of the cavity which are filled last require the largest pressure. Usually it
occurs at the sharp corners located at the bottom of the die cavity. The deformation of the
blank in these areas is usually the largest, since the rest of the cavity is already filled, and
filling of the corners is achieved by local stretching of the material. The locations of these
difficult to fill cavities will indicate where to place the electrodes and, potentially, how
many electrodes are needed.

2. Analyzing the pressure distribution in the chamber and configuring the chamber design and
the electrode system to provide sufficient pressure to fill the most difficult areas. This analysis
can be done based on the Lagrangian model described by Mamutov et al. [36] where
only a hydrodynamic model is used without accounting for blank deformation. It
should be admitted that the duration of the process at the final discharge where almost
all the cavity is filled is much shorter compared to the initial forming step where large
deflections of the blank take place. It also allows the usage of Lagrangian approach vs
the more computationally expensive Arbitrary Lagrangian–Eulerian (ALE) approach.

This simplified model allows for virtual movement of the electrodes at the simulation
stage and modification of the shape of the chamber to provide sufficient pressure to fill the
sharp corners in all necessary areas of the part.

3. Conduct a formability study based on numerical or experimental verification of the decisions
made in the previous two steps. During this step, the available data on pulse forming
formability should be reviewed as well as expected loads on the die and on the
electrode system.

4. Perform the analysis to clarify whether a preforming step enabling the redistribution of the
peak strains in a formed part is needed.

The simulation software used for all other numerical models was LS-DYNA 971 DP.

3.2. Results and Discussion

The strain distribution in the formed panel at the end of the simplified uniform
pressure analysis is shown in Figure 3. The symmetry along the cross-section A-A was
taken into account, so only the half of the panel was simulated. The results of numerical
simulation indicated that the styling lines with sharper radii do not represent a problem,
since the material can be pulled from the adjacent areas of the blank. The area of deep
drawing and sharp corners shown in red and yellow in Figure 3 represent a problem from
both the required pressure and formability perspectives. Similar results were received from
a more detailed numerical model [36] where all the details of pulsed pressure propagation
through the water filled chamber as well as dynamic deformation of the blank were
taken into account: the corners shown in red were filled last and required higher voltage
discharges to be completed. The quantitative comparison of simulation results using
the simplified approach and the model [36] in the area of maximum strains in Figure 3
indicated that the simplified approach gives slightly higher strains in the area of corners:
0.25 major principal strain vs. 0.22 in the simulation using method [36]. It should be
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admitted, however, that in [36], the ALE Method was employed while in this study, the
traditional Lagrangian mesh was used. It should be indicated that in both numerical
models, friction was accounted for based upon Coulomb’s friction law using a constant
coefficient of friction. In real forming conditions, the coefficient of friction may vary
significantly depending on contact pressure and the possibility to squeeze the lubricant
from the contact between the sheet and the die. This factor alone might lead to more
significant uncertainty in major strains than the difference between the results obtained by
both methods.

Figure 3. Results of quasistatic numerical simulation of forming a sheet metal blank with uniformly
distributed pressure.

One of the major drawbacks of using the full-scale simulation approach described
in [36] is significant hardware and CPU-time demand. This issue exists on multiple lev-
els. First of all, the approach [36] requires simulation of the discharge channel, pressure
transmitting water, and the sheet being deformed in contact with the die. The compu-
tational effort to simulate pressure propagation through the fluid takes over 90% of the
computational time.

Second, the contact between the water and the sheet metal requires correlation between
the element sizes of water and blank meshes: the Fluid Structure Interaction algorithm
in LS-DYNA dictates that they must be about the same size. This leads to a cubic-power
growth of the number of fluid elements with the refinement of sheet metal elements. As a
result, even when using powerful cluster computers, the user has to select element size
based not on the desired mesh size, but based on the available hardware resources.

Third, a typical EHF process is a multidischarge process, which means that three to
four such simulations must be performed correlating to the actual number of performed
EHF discharges in order to simulate a full forming process of a panel. One additional
complication related to this is the need to prepare the models and transfer simulation data
while simulating sequential discharges.

Comparison of required computations could be done based upon the following ex-
ample: to simulate the EHF process in [36], 8–10 h of computation on a powerful cluster
machine with 32 processors was required for each discharge. It required multiple days of
simulation with just a small improvement in mesh quality.

Even though the growth of CPU power and available memory as well as software
development will make the full scale approach eventually available for an engineer working
on the design of sheet metal forming processes, it is still difficult to use the approach [36]
outside of research facilities. Alternatively, using the simplified approach presented in this
paper only requires a desktop PC and much shorter simulation time of under one hour,
which opens the possibility to analyze multiple configurations of the EHF forming process
and make practical design decisions.
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Figure 4 shows the blank formed by quasistatic hydroforming with 2.1 MPa pressure of
the fluid. The clamping force was provided by a 100 ton hydraulic Dake Dura press. It can
be seen that the overall cavity is filled except the corners. This simplified analysis indicated
that approximately 30 MPa of pressure is needed to fill the sharp corners. Taking into
account the full area of the panel where the quasistatic pressure is applied, the maximum
affordable pressure for a 100-ton clamping force is approximately 3 MPa. To form this
panel quasistatically, a factor-of-10 larger clamping press would be needed. The next step is
to design a chamber which can deliver this level of pulsed pressure using available energy
from an existing pulse generator.

Figure 4. Aluminum 6111-T4 panel formed by quasistatic hydroforming using 2.1 MPa of pressure.

An example of such analysis for the part shown in Figure 2 is illustrated in Figure 5.
Due to the limitations of the Lagrangian approach used in this simulation, the shape of the
chamber is slightly simplified, and the shape of the electrodes is not taken into account.
Since the volume of the electrodes is significantly smaller than the overall volume of the
chamber, the introduced numerical error is negligible.

Figure 5. Distribution of pressure in the EHF chamber along the cross-section A-A for the last discharge when the die cavity
is completely filled with the blank.
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Based on this analysis, it was concluded that a single electrode chamber design is
capable of providing the required pressure. The next step is to optimize the position of the
electrodes and the size of the chamber using a purely hydrodynamic model. By minimizing
the volume of the chamber, higher pressure can be accomplished from a very simple and
approximate consideration that the energy of water compression can be understood as an
integral of pressure by volume: a smaller volume of the chamber with the same level of
discharged energy will result in a higher average pressure in the chamber.

At the initial stage of formulating the chamber design, the general considerations that
the propagation of a shock wave initially has spherical symmetry, as it was admitted in
early publications on the hydrodynamic analysis of explosions, for example by Cole [31],
until the wave contacts the walls of the chamber, and reflections from the walls start
influencing the pressure distribution. Therefore, positioning the electrodes closer to the
most difficult to form locations might help to improve the efficiency of the chamber by
utilizing the energy of the initial shock wave as well as minimizing the overall volume of
the chamber. However, one important limitation needs to be taken into consideration: the
initial position of the sheet metal blank in the chamber should be at a distance sufficient
enough to avoid arcing on the blank. For the prototype conditions, in addition to just
increasing the distance from the electrodes to the sheet metal blank, the conductive wire
can be placed between the electrodes for the first discharge.

Alternatively, a moveable electrode head proposed by Golovashchenko [29] can be
used to keep the volume of the chamber small and have a capability to adjust the distance
between the discharge channel and the blank at each following discharge. The resulting
die and the chamber design for making the part is shown in Figure 6a,b.

Figure 6. Design of the die-chamber tool set (a), and experimental chamber (b).

The next step in the proposed algorithm is formability analysis. Making a decision
based upon a traditional Forming Limit Diagram (FLD) and simulation results is safe
but might be too conservative. As indicated in Figure 3, the major strain in the corner
filling operation was 0.25 with approximately the same level of minor strain. Based
upon formability studies performed by Graf and Hosford [45] and Chow et al. [46], the
equibiaxial stretching of this level is marginal to fracture.
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However, EHF brings visible improvement in formability due to high strain rate and
coining effects, especially for corner filling operations, as it was discussed in multiple
publications quantifying formability in pulsed forming. The existing data on formability
improvement should be taken with caution, especially when applied to parts of complex ge-
ometry when multiple discharges are necessary for successful filling of the die cavity. Based
upon studies of formability for AA6111-T4 and AA5754 by Imbert et al. [16], AA5182 by Ro-
hatghi et al. [17], and steels DP500, DP600, DP780, and DP980 by Golovashchenko et al. [19],
a relative formability improvement of 50% is achievable. A higher percentage of improve-
ment could be achieved with higher energies and higher forming velocities in exchange for
a risk of damaging the die, especially if a low cost die material were used for prototype
applications. The experimental results published by Golovashchenko et al. [47] indicated
that this panel is safe to form with EHF. Therefore, no preforming step was necessary.

The tryout experiments for the part illustrated in Figure 2 were performed successfully
employing an EHF chamber with 11 liters of volume. The air from the described chamber
between the blank and the water as well as from the area between the sheet and the surface
of the die was removed before starting the EHF process. In order to minimize impact
loading on the surface of the die and extend the life of the electrodes, the EHF forming
process was done in three discharges of 8 kV, 9 kV, and 13 kV using a Magnepress pulse
generator which had 200 µF capacitance and 200 nH internal inductance. The process
started from closing the binder followed by air evacuation from the chamber and from
the die. The next step was EHF forming itself, which included three discharges. In order
to estimate forming results without opening the die, the amount of water added to the
chamber was measured experimentally. After the last discharge, the amount of added
water was approximately 20 mL to compensate for the displacement of the blank towards
the die cavity. This indicated that the process was successfully completed. At the tryout
stage, an extra discharge of 13 kV was performed with nearly no water added to the
chamber. The formed parts from AA6111-T4 material of 0.93 mm thickness are shown in
Figure 7. For this application, no preforming step is needed.

Figure 7. EHF formed prototype part from Aluminum Alloy 6111-T4.

4. Case 2: Complex Automotive Panel
4.1. Materials and Methods

In order to demonstrate another possible scenario to form a prototype part, a part
with deep local cavities but relatively dull radii is illustrated in Figure 8.

The die and the chamber design for making the part is shown in Figure 9a,b.
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Figure 8. Design of the part for the prototype process.

Figure 9. Die and chamber design (a), and fabricated die and chamber (b).

This part has multiple channels and a deep cavity with curvatures of the flange in
two directions. This part was formed as a prototype in 40% scale: every dimension was
reduced by a factor of 2.5. The in-plane dimensions of the EHF formed part were 521 mm
(instead of 1302) × 448 mm (instead of 1012 mm), and the maximum depth of the cavity
was 126 mm (instead of 315 mm). The sheet material used for this prototype process was
0.55 mm DP500 steel. The experimental results on sheet metal behavior at high strain
rates for numerical simulation were taken from the study by Baumer et al. [48], and the
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experimental results on formability of DP500 were used from the experimental work by
Golovashchenko et al. [19].

4.2. Results and Discussion

To reduce the simulation computational costs and speed-up the design process, the
simulation was performed using a simplified approach. Instead of using a costly full-scale
approach, which included simulating the discharge channel, water, and blank deforming
at high velocity, a simplified approach was used such that the blank was deformed by
uniform pressure. The result of such a simulation is shown in Figure 10.

Figure 10. Results of numerical simulation based upon the assumption of uniformly distributed
pressure. Maximum strain is 1.21.

Some material inflow was observed during the forming process which helped to
form the peripheral channels. The maximum strain in the simulation was observed in the
central elongated channel with a true strain of 1.21. In this case, the benefits of extended
formability would not be sufficient. A split in the blank was predicted in the form of a strain
localization in simulation results in Figure 10. This split was observed in experimental
tryout shown in Figure 11, which confirmed the original expectations. Please note that
even though the simulation was performed in simplified form, it was able to predict this
split and its location.

Figure 11. EHF formed part with splits in the areas of maximum strain.

In this case a solution to the split issue was to introduce the preforming operation in
which the material is bulged in the areas of low strain to provide additional metal inflow
to the areas of high strain, as suggested by Golovashchenko [43]. In order to define where
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these pockets should be, the principal strains of the mid-surface of the sheet obtained from
the initial numerical simulation were numerically imposed as the initial condition in the
initial mesh of the flat blank with opposite signs. In other words, since the strains of the
mid surface of the formed part were always tensile, they were imposed into the initial flat
blank as compressive strains, which led to compressive elastic stresses in the flat sheet
restrained between the two rigid plates.

At this stage the sheet was assumed to be purely elastic, similar to the approach
earlier suggested by Golovashchenko et al. [26]. The blank was fully clamped at the edges
between the two flat rigid plates. In order to identify the necessary pockets and their depth,
the cavities on the upper flat plate were open in specified areas of the flat blank, allowing
the material to bulge. These specified areas were selected in the groups of elements which
would experience low strain in the formed final shape, but being adjacent to the areas of the
flat blank which would experience high strain during forming of the targeted shape. These
boundary conditions permitted only in-plane displacement of the areas corresponding to
high strain and free flow into the open windows where the strain was low.

Driven by elastic compressive internal stresses, the sheet was bulged into these open
cavities. The depth of bulging was defined by the level of internal compressive stresses
assigned to each element of the mesh in accordance with the amount of strain the material
received during the forming step. Overall, this process had multiple iterations and multiple
bulged cavities were observed and analyzed.

At the next step, the initial flat blank was formed into the designed pockets in a
traditional elasto-plastic formulation which led to stretching in the areas of otherwise low
strain. This preformed blank then was virtually placed in a simplified model of the EHF
process where uniform pressure was applied to the preformed blank, and the deformation
process of EHF forming into the shape shown in Figure 9 was further continued. During
the forming of prebulged blanks, the material would flow from the preformed pockets to
the areas of higher strain lowering the maximum level of strain. The strain distribution
was analyzed from the perspective of peak strain. The best configuration, which had the
minimum peak strain, was selected for the experimental validation.

The most successful pockets configuration is shown in Figure 12. The pockets were
formed with flexform process using a one sided tool. They also could be formed through
an EHF process.

Figure 12. Preform shape.
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One can note that the maximum strain of 0.7 shown by the simplified simulation
approach is significantly less than in the configuration without preforming pockets, but
is still larger than that realistically achievable in a typical forming process. The purpose
of this simulation was not to achieve formable conditions in the simulation result but
rather to find the way to reduce the final strain. The ultimate feasibility in this case was
proven experimentally. As a result of introducing the preforming step, the part was formed
without splits using the same die and chamber design shown in Figure 9a,b. The successful
panel was formed using a Magnepress pulse generator with the following sequence of
nine discharges: 9 kV, 9 kV, 10 kV, 11 kV, 12 kV, 13 kV, 14 kV, 14.5 kV, and 14.5 kV. The last
discharge was to confirm that the blank is fully formed, and no more water is added to
the EHF chamber. Forming blanks with multiple discharges permits the forming of more
complex parts and avoid fracture due to reduced friction: when the blank moves in several
steps with unloading, the local areas of metal-to-metal contact typically leading to increases
in friction are getting separated. This effect needs more thorough study in future work.

The results of simulation using the same simplified approach are shown in Figure 13.

Figure 13. Simulation of two-step forming process: (a) preforming step, maximum strain is 0.213; (b) fully formed part,
maximum strain is 0.7.

This study validated another advantage of EHF technology: due to “soft” applications
of pressure, the blank can have pockets of material which enable redistribution of strain
in sheet metal by allowing an easier flow of material from the pockets to heavily strained
areas. By tracking the heavily strained elements and low strained elements, the areas of
high strain and low strain can be projected on the initial blank. In this case, the pockets
can be formed on the flat blank which make the preforming die simple and inexpensive. A
preforming step with a very shallow preform can be added to the process if a traditional
EHF approach does not provide sufficient formability to successfully form the part. A
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similar effect is difficult to achieve in a conventional die set, because the rigid upper die
tends to crush pockets before they can spread.

5. Conclusions

1. Based upon performed demonstrations, the electrohydraulic forming process is a vi-
able technology for prototype and low volume production of sheet metal components
formed from flat sheets.

2. A simplified simulation based on quasistatic forming of the blank under uniformly
distributed pressure helps to identify critical areas of the part. Such a simulation is
significantly less computationally-demanding than a full-scale model, yet is able to
provide information about potential splits and difficult to form areas. This simplified
approach helps to understand which areas of the die are filled last and require the
highest pressure, which enables designing the EHF chamber in a way that sufficient
pressure would be provided, to make decisions on electrodes configuration, and also
makes preforming analysis possible.

3. A simplified simulation based on a purely hydrodynamic model, which does not
include the blank, helps to analyze pressure distribution at the last discharge and
enables optimization of the chamber’s shape and volume.

4. Preforming sheet metal blanks in order to redistribute the strains involving areas of
low strain is a low cost additional process, which can help if insufficient formability
occurs in local areas of the formed blank.
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