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Abstract

Incremental sheet forming is an advanced manufacturing technique where a piece of sheet is shaped into a product by a
series of small incremental localized deformations. It has revolutionized sheet shaping for small-batch production since its
inception in the 1990s, providing an economical and effective alternative to sheet stamping and pressing, which are
cumbersome and expensive. However, the materials with poor overall ductility at room temperatures are difficult to be
formed by conventional incremental sheet forming. Therefore, several heat-assisted incremental sheet-forming methods
have been developed by researchers trying to improve the formability of such materials and overcome the low geometrical
accuracy as well. The aim of this paper is to provide a state-of-the-art review on the development of heat-assisted
incremental sheet forming. It is hoped that the knowledge provided in this paper can facilitate readers working in this
field to obtain a comprehensive view and take a step forward for future incremental forming of hard-to-deform materials at

elevated temperatures.
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1 Introduction

Incremental sheet forming (ISF), mainly referring to
single-point incremental forming (SPIF) without a die
and two-point incremental forming (TPIF) with a partial
or full die, has gone through intensive research from ac-
ademia and industries worldwide as a flexible sheet metal
forming technology over the past decade. As a typical
cold-forming process, materials can be formed by a series
of localized plastic deformations at room temperatures.
Among these tested materials, lightweight materials such
as magnesium (Mg) and titanium (Ti) alloys have shown a
growing interest in aerospace, automotive, and biomedical
industrial applications. They are known as hard-to-deform
materials with poor ductility at room temperatures.
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Therefore, the above mentioned “conventional” ISF (C-
ISF) encounters difficulty in processing such kind of ma-
terials. To cope with this bottleneck, a range of “heat-
assisted” ISF (HA-ISF) methods have been explored to
overcome the limited formability and low geometrical ac-
curacy of C-ISF.

Research work in the field of HA-ISF has been done in
literature over the past decade. Nonetheless, it is difficult
in having a comprehensive understanding due to disorga-
nized and less linked scientific results obtained, although
there exist a couple of review papers in ISF research
[1-4]. With regard to this, the present paper aims at pro-
viding a concise summary of fundamentals and develop-
ment of HA-ISF methods. In this way, industrial partners
and researchers can benefit from this comprehensive re-
view and overcome associated limitations and drawbacks
in order to meet the future challenging in processing hard-
to-deform materials by HA-ISF.

The structure of this paper is organized as follows: follow-
ing this introduction section, the fundamentals on HA-ISF are
described in Sect. 2. Furthermore, research methodology in-
cluding analytical, numerical, and empirical modeling
methods are presented in Sect. 3. Potential applications of
HA-ISF are briefly envisaged in Sect. 4. Finally, conclusions
and future directions are summarized and discussed, respec-
tively in Sect. 5.
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2 Fundamentals of HA-ISF methods

Compared with C-ISF that is performed at room temperatures,
HA-ISF can increase process formability, and reduce
springback as well as forming forces when processing hard-
to-deform materials such as Mg and Ti alloys. Based on dif-
ferent kinds of heat-generated sources, the heating methods in
ISF are categorized and discussed in following subsections.

2.1 Laser heat

Laser, as an assisted heating source, has been incorporated
into many manufacturing processes, which has also attracted
attentions from ISF researchers [5—12]. In particular, Duflou et
al. [5, 6] and Callebaut [7] introduced laser heating equipment
to a robotic-based SPIF process, in which the laser beam
moves with forming tool to locally heat the sheet metal. The
experimental apparatus and corresponding cooling system are
shown in Fig. 1a, b. Following the similar idea, G6ttmann et
al. [8] also developed an ISF system by integrating a coaxial
rotating optics to the system. Furthermore, a PID-based con-
trol strategy was proposed by Gottmann et al. [9] to regulate
the laser heat in order to ensure minimal temperatures needed
in laser-assisted ISF process to achieve adequate formability
of Ti grade 5. Mohammadi et al. [10—12] conducted series of
researches towards formability and accuracy improvement of
hard-to-work alloys formed by laser-assisted ISF. Transient
heat transfer analysis was performed to simulate the laser
movement during forming and further to retain proper process
parameters for laser forming setup. The effect of laser trans-
formation hardening on the accuracy was also investigated.
Results revealed that the appropriate use of hard martensitic
bands in steel sheets could increase the process accuracy with
reduction of an unwanted deformation.

The above-developed laser-assisted ISF processes have
many advantages such as well-controlled heating zone and
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Fig. 1 a Robotic SPIF with laser heating. b Cooling/lubrication system [5]
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temperature. The disadvantage of laser-assisted ISF is that
the hardware cost is much higher as compared to other
processes.

2.2 Halogen lamp heat

Kim et al. [13] developed a local heating apparatus for ISF in
which several halogen lamps moving with forming tool were
designed to heat AZ31 sheet. The experimental setup is shown
in Fig. 2. Formability was evaluated at various temperature
ranges. The results have shown that the fracture height in-
creases as temperature goes up. However, as a large part of
the heating zone is outside the tool sheet contact area, the
heating is not thoroughly localized.

2.3 Hot air heat

Hot air blowers were utilized by Ji et al. [14, 15] to globally
heat AZ31 magnesium alloy sheets in ISF process. Results
revealed that a dramatic increase in formability of AZ31
sheets could be achieved above 150 °C.

2.4 Oil heat

Galdos et al. [16] have designed an experimental configura-
tion for HA-ISF in which AZ31B magnesium alloy has been
globally heated by using hot fluid. The temperature of the
thermal oil can be controlled by a temperature control unit,
which is able to reach up to about 300 °C. The sheet metal can
be heated indirectly by convection in the hot fluid medium.
Figure 3 shows the experimental set-up used for oil heat-
assisted SPIF. Microstructural investigations of the HA-ISF
parts revealed that full recrystallization could be achieved at
250 °C, in which the maximum angle of 60°can be formed.
However, the maximum reachable temperature, by applying

b
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Fig. 2 Incremental forming at "
elevated temperature using Coollng water
halogen lamps [13] mlet/oulet

Tool

hot oil, is limited, which can only be used for forming mag-
nesium and aluminum alloys.

2.5 Friction heat

The high rotation speed of the forming tool can generate
amount of friction heat, which can be utilized to improve the
process formability [17-33]. The schematic view of fiction
heat-assisted ISF is shown in Fig. 4. Durante et al. [17] sys-
tematically investigated the influence of tool rotation on SPIF
in terms of forming forces, temperatures, and surface rough-
ness. The tool rotation can decrease the forming force peaks.
The highest level of temperature do not reach 60 °C as the
maximum tool rotation speed is at 600 rpm. The formability
has not been mentioned in their study. Park et al. [18] focused
on forming limit improvement of magnesium alloy sheet by
rotational ISF at room temperature. The tool with high rotation
speeds generates local heat to accelerate plastic deformation.
Additionally, the strain distribution of formed parts was ob-
tained and compared with forming limit curve by considering
the effect of tool radius, which is found to effectively predict
the formability during rotational ISF of Mg alloy. Nguyen et
al. [19, 20] further performed finite element analysis to predict

Fig. 3 Oil heat-assisted SPIF
apparatus [16]

Fluid exit

Heating device

Sheet
Clamping device

the ductile fracture of Mg alloys for rotational ISF, which
combines kinematic and isotropic hardening law. Otsu et al.
[21, 22] employed the frictional heat generated between the
rotating tool and the static sheet to improve the formability of
Al alloys. Similar works can also be found in Buffa et al. [28],
Baharudin et al. [31], and Uheida et al. [33], which deal with
Al alloys (AA1050-O, AA1050-H24, AA6082-T6, and
AA6061-T6) and Ti alloy, respectively. Xu et al. [23] investi-
gated the influence of tool rotation and surface texturing on
the formability in the frictional-stir ISF process. The formabil-
ity behaviors under different tool rotation speeds were ana-
lyzed by grouping the speeds into four stages, revealing that
friction plays a dominant role in low rotation speeds but ther-
mal effect and potential dynamic recrystallization prevails at
high rotation speeds. A further research by Xu et al. [24] was
conducted to compare frictional-stir ISF with electric-assisted
ISF. It is shown that frictional-stir ISF is more efficient but
dependent on part geometry, while electric-assisted ISF has
faster heating rate and less dependent on component geome-
try. Ambrogio et al. [25-27] investigated frictional-stir ISF of
different lightweight alloys (Al and Ti alloys). A theoretical
model was proposed to predict the temperature during
forming using different process parameters, which provides
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Fig. 4 Schematic view of friction heat-assisted ISF [32]

potentials for further analysis of material workability and mi-
crostructural evolution. Wang et al. [30] also discussed the
effects of forming parameters on temperature in frictional-
stir ISF based on experimental observations. Liu [32] per-
formed a comprehensive analysis to evaluate the formabil-
ity, surface quality, tensile strength, and micro-hardness of
two typical parts formed by friction heat-assisted ISF.
Experimental results revealed that the formability can en-
hance with the help of local frictional heating as well as
the tensile strength and surface micro-hardness. Different
from SPIF of metals, friction-stir ISF of polymers was
discussed in Davarpanah et al. [29]. Effects of incremental
depth and tool rotation on failure modes and microstruc-
tural properties were experimentally examined. It was
found that higher tool rotation speed could lead to earlier
occurrence of wrinkling of polymers. The friction heat-
assisted ISF is easy to implement. However, uncontrolla-
ble forming temperature and severe tool wear are two
major challenges.

Fig. 5 Experimental apparatus
with electric band heater [34]
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2.6 Electric heat

Electrically assisted forming is a relatively new concept, in
which the material properties of metals can be modified by
applying electricity to the metal during deformation. In ISF,
researchers introduced electricity directly or indirectly to heat
the hard-to-deform alloys [34-55].

Ambrogio et al. [34] developed an electric heating system
for forming the AZ31 sheets in the ISF process. In this system,
a heater band was mounted at the external surface of the fix-
ture. Experimental apparatus with electric band heater is
shown in Fig. 5. Other than the local heating approach, this
technology has to globally heat up the whole sheet during the
forming process, which reduced the energy efficiency.

Fan et al. [36, 37] proposed an electric hot incremental
sheet-forming process, as depicted in Fig. 6. Ambrogio et al.
[35] further investigated this approach by quantifying the heat
supplement respecting the forming parameters. A higher
formability as compared to cold forming could be obtained.
Microstructures and surface quality were also discussed. A
different grain distribution and worse surface quality were
witnessed due to electrical heating. G6ttmann et al. [8] and
Li et al. [49] tried to control the forming temperature by
adjusting the input current. Adams and Jeswiet [42] investi-
gated the electric ISF process and found out that the formabil-
ity improvement of aluminum alloy 6061-T6 isattributed to a
proper current density range. In the process, surface finish and
geometric accuracy are the two major problems due to the
extremely high temperature at a local area. Experimental in-
vestigations were widely adopted to understand the mecha-
nism of the electric hot ISF of other alloys such as Ti alloy
(Fan et al. [38], Khazaali et al. [45], Liu et al. [46], Najafabady
etal. [47]) and Mg alloy (Le Van et al. [40], Bao etal. [43], Xu

Heater band

Cooler system
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et al. [48]). In these works, forming Ti alloy is much more
difficult than other materials such as Mg and Al alloys, as
higher temperature has to be used to deal with Ti alloy bring-
ing challenges to better control the forming temperature.
Given the limitations of local electric heating ISF discussed
above, Li et al. [50] further proposed a new design for the
integral electric heating ISF as shown in Fig. 7, aiming to
improve the flexibility and defects (inhomogeneous tempera-
ture distribution, arc burns for the sheet and the tool, unsuited
for multistage forming, and complex lubrication process) of
local electric heating ISF. However, the integral electric
heating ISF also has some problems, such as temperature
monitoring, electrode heat management, and the effect of ther-
mal expansion and contraction, needed to be solved.

In order to predict the electric heating ISF process, theo-
retical and FE models were developed to analyze the
thermo-mechanical behavior in the forming process.
Magnus [51] focused on the local electric heating of moving
forming zone with up to two moving forming tools. A sim-
plified model for temperature calculation has been

Fig. 7 Electric hot ISF with
integral heating [50]

Ceramic plate Sheet

Insulating gasket Il|

established. In his subsequential work (Magnus [52]), the
experimental setup was developed and forming of Ti6AI4V
sheets was tested. Results showed reduced forming forces,
spring-back, subsequent deformation of formed zones, and
increased formability. Furthermore, the wear of tooltips (also
discussed in Meier et al. [55]) and the metal sheet was
presented, which could be kept at a relative low level when
the forming temperature is properly controlled. Similar work
can be found in Min et al. [53], in which a thermal model
was also built including more than ten parameters to monitor
the temperature and illustrate the effects of these parameters
on the forming process. They claimed that the proposed
model could be further integrated into the control algorithm
to realize more accurate temperature control. Finite element
models were also established to study the thermo-
mechanical behavior of electric heating ISF in Fan et al.
[39], Honapisheh et al. [44], and Pacheco et al. [54].
Through the numerical analysis, temperature distribution,
thermal strain (stress), and equivalent strain could be re-
vealed. More details are illustrated in Sect. 3.

' ' Tool
Insulating ?alnt Steel plate
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2.7 Induction heat

Induction heating appliance synchronizing with the tool
movement during forming was proposed by Al-Obaidi et al.
[56, 57]. The corresponding experimental setup is shown in
Fig. 8. It enables the local heating of the AHSS sheet to ele-
vated temperatures more than 850 °C, achieving improved
formability, reduced remaining stresses, and forming forces.
The similar research can also be found in Ambrogio et al. [S8].

2.8 Combined (electric band + friction stir rotation)
heat

Palumbo and Brandizzi [59] developed a process in which a
static electricity heating was employed to pre-heat the sheets
and then localized friction heating was superimposed to fur-
ther increase the temperature. The experimental schematic
view is shown in Fig. 9. A scaled automotive component in
Ti6Al4V was successfully formed under a target temperature
of 400 °C.

2.9 Summary of different HA-ISF methods
Details of different HA-IAF methods in terms of tested mate-

rials, lubricant used, and pros and cons since 2007 are sum-
marized in Table 1.

Fig. 8 Experimental setup for
induction heat-assisted SPIF [56]

sliding jig

sliding fixtures
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induction machine head
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3 Research methodology of HA-ISF process

Experimental investigations are widely adopted to study the
HA-ISF process. However, it is difficult to understand the
physical nature and deformation mechanism behind the ISF
process with thermo-mechanical interaction. Therefore, ana-
lytical and numerical methods have been developed to model
the HA-ISF process.

3.1 Analytical models

Ambrogio et al. [27] developed a mathematical model for
friction heat-assisted SPIF aimed at predicting the temperature
trends considering the influence of different process variables.
The modeling approach involves the partitioning of the sheet
metal being formed in points called nodes. The forming tem-
perature variation (AT; ;) can be calculated for each node #;
and for each loop /; using the equation below:

O+ yend); +4i
Ty =— i (1)

i,J o
M,

where Q; jis the heat generated on the node »; during the loop
L q], and qj ; are the heat exchanged by n; with the punch and
the other nodes, ¢, is the specific heat of the material, and ; ;

is the mass of the volume of the sheet in contact with the
punch.

spindle

connecting arm rings

sheet metal
sectional view

clamping fixture

sectional view

S dynamometer

CNC milling machine table

inductor
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Fig. 9 Schematic view of SPIF
setup with electric band heater
[59]

Two materials were tested, of which AA5754 sheets were
used to calibrate the established prediction model and
Ti6Al4V sheets were used to validate the model. Results
showed that the developed model was able to capture the
temperature development during SPIF.

Fan et al. [36] first introduced the electric heating method
to ISF, aiming to elevate the temperature of the contact field
between the tool and hard-to-deform metal sheet. The thermal
energy of local heating is calculated based on Joule’s law and
Ohm’s law, which can be expressed as

0 = o2 (t)Rc(1)dt 2)

where I(f) is the current, R (%) is the contact resistance, and ¢ is
the electric time.

Magnus [51] derived a simplified analytical model for
the development of the forming zone temperature in elec-
tric heat-assisted ISF process, which identifies the major
process parameters on the temperature of the forming zone.
The temperature of the forming zone 1, can be described
as follows:

I*R
Iy =

com + 7 (3)
where 9, is the start temperature of the element to be heat-
ed; c,is the material-specific heat capacity; m’ is the mass
flow rate; /Iis electric current; Ris the electric resistance.

In the further work of Magnus [52], results have shown that
Joule heating of the dynamic forming zone in ISF can generate
a high temperature gradient between the current forming zone
and the rest of the sheet. A stable heating and forming process
was achieved at up to 750 °C forming zone temperature when
forming Ti6Al4V.

Min et al. [53] have also developed a thermal model for
electric heat-assisted ISF process, which is a function of geo-
metrical parameters of the sheet metal, process parameters,

and the material property parameters. The temperature in-
crease AT is given as follows:

I’R
AT=—"""—" 4)
c-p-dV [dr

where ¢ and p are known material property parameters; fis
electric current; R is the electric resistance; dV/dr is the heated
volume.

CP-K 60/78 and DP1000 steel were tested to validate the
established thermal model. Results have shown that the tool
radius and the wall angle have the most significant impacts on
the temperature control through the electric current.

Li et al. [50] discussed the limitations of the local elec-
tric heating method in ISF and proposed a new global
electric heating ISF. In this process, the heat generated
by per unit volume of the sheet metal is analyzed accord-
ing to the basic energy balance relation, which can be
derived as

vaUdV + kaHdV = Ivrdv_fsl (ql + q3)dS1_Igzq2dS2 (5)

where p is the material density; U’ is the material time
rate of the internal energy; & is the thermal conductivity of
the metal sheet; 6" is the temperature gradient per unit
volume; g;and gsare the heat flux of heat convection
and radiation between the sheet and air; ¢, is the heat flux
of heat convection between the sheet and the steel plate;
Siand S, are the contact surface area between the sheet
and air and between the sheet and the steel plate,
respectively.

3.2 Numerical models

The HA-ISF involves a relatively complex nonlinear
thermomechanical coupling behavior which brings challenges

@ Springer
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to the accurate analytical modeling of such forming process.
The current established analytical models as illustrated in
Sect. 3.1 are mostly focused on the temperature prediction in
the electric heat-assisted ISF. For the HA-ISF processes, the
material temperatures, dimensions, and properties are chang-
ing both in time and space depending on many process pa-
rameters, and the numerical approach is, therefore, more ben-
eficial for modeling these situations. As the improvement in
computational efficiency in recent years, numerical models
established by commercial software such as ABAQUS and
ANSYS for the thermomechanical studies are becoming more
prevalent.

In the work by Mohammadi et al. [9], a transient heat
transfer model was developed and incorporated into the FE
model in ABAQUS to simulate the laser-assisted ISF. In their
model, the laser beam was treated as a surface heat flux ap-
plied to a specific number of elements considering the size of
the laser beam. It can further change its position in small-time
increments according to the setting of the laser beam moving
speed. The sheet was modeled using DC3D8 elements.
Additionally, only the heat losses resulted from convection
and radiation are taken into consideration in the FE model.
The FE setup and FE results of temperature distributions are
illustrated in Figs. 10 and 11, respectively. The influence of
laser heat on the forming of a truncated cone was comprehen-
sively analyzed.

Nguyen et al. [19, 20] investigated thermomechanical
finite element modeling of the friction heat-assisted ISF.
In their work, the Oyane’s fracture criterion based on a
combined kinematic/isotropic hardening law and Johnson-
Cook model was used to predict the forming fracture at
elevated temperatures generated by friction heat. The finite
element model for friction heat-assisted ISF is shown in
Fig. 12. In the model, only one-quarter of the sheet metal
was modeled using solid elements C3D8R. The tool and die
were modeled using rigid surface elements R3D4. It is noted
that the tool was allowed to move along the tool path

easily controlled; low
temperature less than

Global heating cannot be
250 °C

Cons

Easy to implement

Pros

graphite with pulsed anodic

K, TiyOg + graphite; MoS, or
oxidation

Lubricant
MoS,; graphite;

Tested materials

AZ31

Lascr_lbcam
Y

Zhang et al. [60], [61]

Refs.

Table 1 (continued)
HA-ISF methods

n/a

Fig. 10 Schematic illustration of laser-assisted incremental forming [9]
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Fig. 11 FE results of temperature
distributions under laser heating
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direction and rotate around the z direction at the center point
of the tool. The three different tool positions of friction heat
generation (SDV44) are depicted in Fig. 13. Figure 14 de-
scribes the temperature evolution at the elements corre-
sponding to the three tool positions for forming 70° wall

Fig. 12 Finite element model for
friction heat-assisted ISF [19]
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angle. The FE results showed that the maximum tempera-
tures occurred at the corners (147 °C) and in the wall areas
(122 °C) which were in good agreement with the experi-
mental measurements. The formability decreased as the tool
step-down or tool radius increased.

Tool
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Fig. 13 The three different tool positions of friction heat generation [19]

Fan etal. [39] established a finite element model for electric
heat-assisted ISF using MSC.Marc software, in which
electricity-thermal-mechanical coupling model and
hexahedral element SOLID7 were used. The equivalent ther-
mal strain contours of the final step are depicted in Fig. 15,
which shows that a thermal strain conduction and diffusion
track was left behind after the tool traveling, and then the
thermal strain gradually spread to the surrounding area and
decreased. The evolution of the thermal strain for a selected
node is given in Fig. 16. It is noted that the thermal strain of
the sheet metal increases dramatically by electric heating.
After the tool passing, the thermal strain decreases slowly.
Given the thermal strain, the reverse bending of the sheet will
occur. FE results further revealed that stresses are quite com-
plex including tensile, compress, and shear stress, mainly
dominated by compressive stress. Therefore, electric heat-
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Fig. 14 Temperature evolution at the elements corresponding to the three
tool positions [19]
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assisted ISF has a large internal stress leading to complex
thermoplastic deformation.

Honarpisheh et al. [44] performed a numerical investiga-
tion of electric hot ISF of Ti-6Al-4V. In the FE model, the
behavior of the stress-strain of Ti-6Al-4V was described by
Johnson-Cook constitutive model. In addition, the sheet metal
was modeled by eight-node trilinear displacement and temper-
ature (thermally coupled brick) elements with reduced integra-
tion and hourglass control (C3D8RT). The stress and temper-
ature distributions of FE simulation are depicted in Figs. 17
and 18. It was concluded that the current amperage, feed rate,
and step-down size are the main and most important variables
in the electrical hot ISF, which could be controlled to form a
perfect part with wall angle larger than 45°. Another similar
work performed by Pacheco and Silveira [54] was also fo-
cused on the FE modeling of electrical hot ISF with software
RADIOSS, in which the stress-strain behavior of AA1050
alloy was also described by Johnson-Cook constitutive model.
They stated that electrical hot ISF with preheating can increase
the overall formability compared with the same process with-
out preheating.

Considering the limitations of local electric heating ISF, Li
et al. [50] proposed a new design for global electric heating
ISF. In the study, the thermal-electrical coupling FE simula-
tion of deforming TC4 Ti alloy was performed to analyze the
influences of different currents on forming temperatures.
Eight-node linear coupled thermal-electrical elements were
used to model the sheet metal, steel plates, ceramic plates,
and the ceramic base. The details of FE model are illustrated
in Fig. 19. The temperatures predicted by FE model are vali-
dated by actual experimental data with different current
values, which shows good agreements with each other.

3.3 Empirical models

The analytical models are sometimes cumbersome and
unsatisfactory, while numerical simulations are time-
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Fig. 15 Thermal strain of the final
step [39]

consuming. Based on the design of experiment (DoE),
Ambrogio et al. [26] established an empirical model using
response surface methodology (RSM) to predict the tem-
perature, as well as to determine the correlations between
temperature and process parameters for friction heat-
assisted ISF. The similar approach was also used by
Khazaali and Fereshteh-Saniee [45] and Li et al. [49] to
empirically model the electric heat-assisted ISF.
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Fig. 16 The evolution of thermal strain in a selected node [39]
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3.4 Summary

Current analytical analysis has largely focused on electric
heat-assisted ISF process. These simplified thermal models
have been established to predict the forming temperature
based on fundamental energy balance relation without consid-
ering complex nonlinear thermomechanical coupling behav-
ior involved in HA-ISF. Therefore, there is a need to develop
more efficient numerical models to predict the material tem-
peratures, dimensions, and properties that are changing both
in time and space depending on many process parameters.
Some FE models were well established for HA-ISF, such as
laser-assisted, friction-heat-assisted, and electric heat-assisted
processes. Setting up of these FE models requires rich data
from experimental tests that need to be done for particular
batch of materials, which can be expensive for some applica-
tion alloys such as medical grade titanium. Thus, material
database for HA-ISF can be established. As the
thermomechanical model is integrated into the FE model,
the computational times have usually increased, which in turn
lowers the efficiency of FE analysis. Hence, there is room for
significant improvement. In addition, the thermomechanical
failure prediction for HA-ISF using numerical models has
only been achieved to a limited extent and improved consti-
tutive laws are needed to further develop. Future work in
numerical modeling needs to focus on improving current
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Fig. 17 Stress distribution [44]
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limitations in simulation time, prediction of accuracy, consti-
tutive laws, and failure prediction. Additionally, empirical
models built based on experimental data could be applied to
provide a fast estimation of outputs in HA-ISF, thereby facil-
itating the future design of HA-ISF.

4 Potential applications of HA-ISF

Over the past decade, some examples of applications of ISF
have been witnessed. However, the direct industrial use of ISF
is still limited, in which the use of HA-ISF as a hybrid forming
technology based on basic ISF has not been documented yet in
current literature. The academia is making great efforts to
expand the application areas of ISF. The achievements in typ-
ical fields such as biomedical, automotive, and transportation
are briefly summarized in this section. Then, the potential use
of HA-ISF to these fields is envisaged.

4.1 Biomedical applications
The demands of fast fabrication of customized biomedical

implants have stimulated the use of ISF in this field. Specific
applicable cases have manifested its practicability, including

ankle orthosis (Ambrogio et al. [62]); cranial plate (Duflou et
al. [63], Bagudanch et al. [64], Lu et al. [65], Behera et al.
[66]); facial implant (Duflou et al. [67], Araujo et al. [68]);
palate, knee, and backseat prosthesis (Oleksik et al. [69],
Fiorentino et al. [70, 71], Eksteen et al. [72, 73]); and clavicle
implant (Vanhove et al. [74]). The materials used in these
biomedical applications include Ti alloys (Duflou et al. [67],
Oleksik et al. [69], Fiorentino et al. [71], Eksteen et al. [72,
73], Behera et al. [66]) and bio-polymers (Bagudanch et al.
[64], Fiorentino et al. [70]). Formability is one of the big
challenges to deform such kind of materials to freeform 3D
shapes, followed by other constrains such as geometric accu-
racy and surface quality.

4.2 Automotive and transportation applications

Apart from biomedical applications, manufacture of different
kinds of prototyping components in the areas of automotive,
transportation, and aerospace has also been documented. In
the automotive field, a car fender part was made by Bambach
et al. [75]. A tail-light bracket for a car was made by Li et al.
[76] using multi-pass-forming strategies of ISF. In the trans-
portation field, a 1/8 scaled model of a Japanese Shinkansen
bullet train was manufactured by AMINO Corporation [3].

Fig. 18 Temperature distribution
[44] TEMP
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Fig. 19 Illustration for heating process simulation. a FE model. b Experimental setup [50]

4.3 Summary

The wide scale industrial use for C-ISF is still rare, while the
industrial application of HA-ISF has not been reported so far.
However, as a promising hybrid rapid prototyping sheet-
forming technology, HA-ISF has drawn attention from acade-
mia. Of particular interest, in biomedical and aerospace areas,
lots of hard-to-work alloys and polymers are widely applied,
which will boost the potential use of HA-ISF to enhance the
formability and forming accuracy of such materials, thereby
overcoming the process limits of C-ISF.

5 Conclusions and future research directions

The heat-assisted ISF methods, involving the fundamentals
and modeling methodology, have been comprehensively
reviewed in this paper. By introducing different physical
heat-generated approaches to conventional ISF process, the
formability and geometric accuracy of many hard-to-deform
materials at room temperatures could be improved at elevated
temperatures. In the developed HA-ISF methods, the reach-
able heated temperature is a very important indicator that de-
termines what kind of materials could be deformed. The cur-
rent studies have shown that laser heat, friction heat, electric
heat, and induction heat could raise the temperature above
600 °C so that these methods can be applied to process very
hard-to-work materials such as Ti alloys and high-strength
steels. The heated temperature generated by other methods,
like halogen lamp heat, hot air heat, oil heat, and combined
heat, is usually below 400 °C. In this situation, materials such
Mg and Al alloys could be effectively formed. Very recently,
halogen lamp heat method has also been applied to the incre-
mental forming of short carbon fiber-reinforced thermoplas-
tics in Okada et al. [77], which opens a new way for HA-ISF
with exploitation of composite materials. Among the HA-ISF
methods, each one has its own advantages and disadvantages.

@ Springer

It seems that electric heat-assisted ISF is more popular in
published works with potentials such as more efficient in
heating and temperature more easily being controlled than
friction-heat method. However, the newly emerging induction
heat-assisted ISF inherits the pros of electric heat-assisted ISF
and at the same time overcomes the limitations, like severe
surface wear of tool and sheet caused by electric sparks that
occurred in electric heat-assisted ISF. Therefore, the use of
induction heat-assisted ISF has shown significant promise
and more future research in this direction will help enhance
process limits of dealing with materials with high strength.
Effective and efficient prediction of HA-ISF is usually a
difficult task to accomplish, but the predictable results do ben-
efit the design of relevant HA-ISF process and further facili-
tate the control of the process with regard to process limits,
sheet thickness, and geometric accuracy. The current state of
the art in the modeling of HA-ISF involves analytical, numer-
ical, and empirical methods. The established analytical models
are mostly focused on the temperature prediction in the elec-
tric heat-assisted ISF based on the Joule’s law and Ohm’s law.
They cannot facilitate the understanding of complex nonlinear
thermomechanical coupling behavior involved in HA-ISF. To
solve the limitations of analytical models, it is necessary to
develop more efficient and effective numerical models that
could accurately predict the outputs of HA-ISF and analyze
the effects of process variables on the thermomechanical
forming process. The FE models that were well established
for laser heat-assisted, friction-heat assisted, and electric heat-
assisted ISF processes are thoroughly reviewed in this re-
search. It is noted that as the thermomechanical model is in-
tegrated into the FE model, the computational times have usu-
ally increased, which in turn lowers the efficiency of FE sim-
ulation. In the future research, improvement for boosting sim-
ulation speed is worth paying attention to. What is more, ac-
curate thermomechanical failure prediction for HA-ISF with
FE models has proven to be hard and only been achieved to a
limited extent in current literature. Confronted with new
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materials (such as high-strength steels and carbon fiber-
reinforced composites) emerging in HA-ISF, it is necessary
to further develop and modify the constitutive equations to
enhance the process predictability. Additionally, new FE
models should be carried out to contribute to the analysis of
other HA-ISF, like induction heat-assisted ISF. Other than
analytical and numerical methods, the empirical model is also
investigated based on the extensive experimental data without
considering the mechanism of HA-ISF that could provide a
fast estimation of outputs in HA-ISF, thereby facilitating the
preliminary design of HA-ISF.

Although some applications in the fields of biomedical,
automotive, and transportation have been identified, the real
commercial industrial use for C-ISF is still limited, let alone
the industrial application of HA-ISF that has not been reported
yet. However, the initial functional components in biomedical
application have been successfully formed with C-ISF that has
further boosted the potentials of HA-ISF to form more com-
plex 3D medical parts with hard-to-work alloys and even new
polymers that cannot be done with C-ISF. This will enhance
the formability and geometric accuracy of such materials,
thereby overcoming the process limits of C-ISF.

It is noted that HA-ISF, as a promising hybrid rapid
prototyping sheet-forming technology, is still an on-going re-
search topic, which needs to be extensively investigated in the
future.
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