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S.M.; Pepelnjak, T.; Bensaid, K.;

Szpunar, M. Incremental Sheet

Forming of Metal-Based Composites

Used in Aviation and Automotive

Applications. J. Compos. Sci. 2022, 6,

295. https://doi.org/10.3390/

jcs6100295

Academic Editor: Konda

Gokuldoss Prashanth

Received: 16 September 2022

Accepted: 1 October 2022

Published: 9 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Incremental Sheet Forming of Metal-Based Composites Used in
Aviation and Automotive Applications
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Abstract: For several years, the aviation industry has seen dynamic growth in the use of composite
materials due to their low weight and high stiffness. Composites are being considered as a means
of building lighter, safer, and more fuel-efficient automobiles. Composite materials are the building
material of a relatively new kind of unmanned aerial vehicle, commonly known as a drone. Incre-
mental forming methods allow materials to be quickly formed without the need to manufacture
conventional metal dies. Their advantage is the high profitability during the production of prototypes
and a small series of products when compared with the conventional methods of plastic forming.
This article provides an overview of the incremental forming capabilities of the more commonly
produced aluminium- and titanium-based laminates, which are widely used in the aircraft indus-
try. In addition, for composites that are not currently incrementally formed, i.e., aramid-reinforced
aluminium laminates, the advantages and potential for incremental forming are presented.

Keywords: aluminium alloy; bimetallic sheets; CARALL; composite sheets; GLARE; metal-based
composites; sheet forming

1. Introduction

Composite materials, depending on their structure and purpose, exhibit many advan-
tages over metallic materials [1,2]. These are, e.g., reduced weight, increased strength and
stiffness, wear resistance, resistance to thermal shock and fatigue processes, and resistance
to dynamic loads [3–5]. Moreover, they exhibit high resistance to environmental conditions,
including corrosion and fire resistance, and high durability [6–8]. Currently, the largest
beneficiaries of the use of composite materials are the transport industries, i.e., the auto-
motive [9] and aircraft industries [10,11]. Recently, with the popularisation of unmanned
aerial vehicles (UAV), composites allow for a desirable reduction of their mass allowing for
more efficient use of drives [12,13]. The use of composites can reduce overall UAV weight
by 15–45% depending on the extent of composite use [14].

The history of fibre-metal laminates (FMLs) goes back to the 1950s and 1960s [15].
The first FMLs were produced for aviation in the 1980s at Delft University of Technology
(The Netherlands) [16]. These laminates were a combination of aluminium alloys EN
AW-2024 and EN AW-7075 with aramid fibres. The resulting aramid–aluminium laminates
(ARALLs) were, however, characterised by a low strength of the fibre-matrix interface.
Hybrid composites of glass-reinforced aluminium laminates (GLAREs) are a solution
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consisting of 2 to 6 layers of EN AW-2024-T3 and EN AW-7475-T761 aluminium sheets
with a thickness of 0.2 to 0.5 mm. Between the metal layers lie alternating layers of glass
fibres bonded with epoxy resin. GLAREs have a stiffness that is lower than a single layer
of aluminium, which is attributed to the lower stiffness of the glass fibre layers [17,18].
FMLs with carbon fibres, commonly known as CARRALs (carbon-reinforced aluminium
laminates), are made of a composite of layers of a polymer-reinforced with carbon fibres
pre-impregnated with epoxy resin and layers of aluminium. CARRAL laminates show
an approximately 10% higher tensile strength than GLAREs for the same fibre volume
fraction [19]. CARRALs also offer a higher specific modulus, higher energy absorption,
and excellent fatigue resistance compared to ARALLs [20,21]. The more commonly used
interlacing composite layers in FMLs can be classified by their polymer matrices and
reinforcing fibres (Figure 1).
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In addition to aluminium alloys, sheets of other non-ferrous metals, i.e., titanium alloys
and magnesium alloys are used for the production of layered composites. Titanium-based
FMLs (Ti-FMLs) based on high temperature composites such as polyetherimide (PEI) and
polyetheretherketone (PEEK) have been considered as suitable candidates which satisfy
the requirements associated with these potentially aggressive loading environments [22,23].
Polyetherketoneketone (PEKK) offers the advantage that its processing temperature is
lower than PEEK whereas its glass transition temperature is higher [24]. In 1994 NASA
started to develop TiGr, which is an FML system consisting of titanium and graphite fibre-
reinforced polymer [25]. The use of magnesium-based FMLs is limited because Mg alloys
have poorer mechanical properties than Al. However, magnesium alloys have, in fact, an
average of 35% lower density than aluminium, and are also cheaper [26].

In the 20th century, FML components were commonly manufactured using bending
and lay-up techniques. These techniques have a major limitation—only components with a
simple geometry can be manufactured by this method. In the last two decades, research
interest has been drawn to producing complex-shaped FML components via die forming
technologies. In order to produce single curvature FML components, press-brake bending
processes are used [27]. However, such a method is limited by the low failure strain of
the embedded fibres. Large panel components are fabricated using incremental sheet
forming (ISF) [28,29] or the shot peening process [30,31]. The material is formed using an
indentation impact that creates plastic deformations. In laser forming, the surface of the
component is heated by laser beam irradiation and the resultant thermal stress leads to a
change of shape in the scanning path of the beam [32,33].

Die forming techniques of FML fabrication include stamping [34,35], hydroforming [36],
and electro-magnetic forming (Figure 2) [37]. Stamping involves forming the sheet of the
composite with a punch, while the sheet is between the die and the blank holder. This process
can be carried out in cold forming conditions or at elevated temperatures. Tools can also be
cooled. Hydroforming works by forming FMLs with the help of fluid pressure. This process
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is usually used to form tubular components with low formability and requiring superior
surface quality. The limitation of this method is the high cost of the stamping die compared
to conventional sheet metal forming. Electromagnetic forming (EMF) belongs to the methods
of forming at high speeds and using the Lorentz force generated in a pulsed magnetic field
generated by two circuits conducting a rapidly changing electric current [38,39]. During
EMF, the high dimensional and shape accuracy of the components and a high efficiency
are achieved, and it is possible to increase the plastic properties of the sheet using several
pulses of current, the first of which is used to heat the material. The formability of FMLs is
determined by the deformation behaviour of both the fibre-reinforced polymer (FRPs) layers
and the metallic layers. The understanding of the metal-FRP interfacial behaviour is less
adequate than that of metals; thus, forming defect-free FMLs remains a major challenge [40].
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Laminated ISFed metal sheets can be used in the fabrication of parts with different
inner and outer conditions such as mechanical strength, wear resistance, and corrosion.
In many applications, particularly for large pressure vessels designed for high pressure,
titanium clad steel construction can be very economical compared to solid construction [41].

The technique of incremental forming has been well known for more than half a
century, but after the popularisation of numerically controlled machines it found wide
application in the 21st century. Initially, incremental forming was used to form the sheet
metal, and then it was noticed that FMLs could also be dieless and formed relatively
quickly. Currently, no review has been found in the literature which is solely devoted to
the incremental forming of FMLs used in the aircraft industry (aluminium- and titanium-
based composites) nor are the limitations of ISF in this area reported. This article provides
an overview of the incremental forming capabilities of the more commonly produced
aluminium- and titanium-based laminates. In addition, for composites that are not currently
incrementally formed, i.e., aramid-reinforced aluminium laminates, the advantages and
potential for incremental forming are presented.

2. Incremental Sheet Forming Methods

Parts that are manufactured by the incremental forming process present some imper-
fections such as geometrical and dimensional defects, as well as poor surface roughness.
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These imperfections result from the employment of sheet forming methods and the use
of process parameters (e.g., tool diameter, vertical pitch, and trajectory, etc.). To prevent
imperfections, researchers and manufacturers have tried to optimise the process parameters
used in incremental forming using different methods to improve the geometry of the parts
produced and their surface quality.

For instance, we can cite incremental sheet metal forming using a simple small
tool, also known as “forming without a mould”. This method was patented in 1967
by Leszak [42] before it was applied in practice. Subsequently, it was adapted and utilised
by many researchers [42–47].

In fact, there are two types of asymmetric incremental forming (Figure 3):

- Two-Point Incremental Forming (TPIF);
- Single Point Incremental Forming (SPIF).
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Figure 3. Methods based on the ISF Process.

Two-point incremental forming or positive forming deforms sheet metal locally using
a hemispherical device, which moves on the convex surface of the part, and a counter tool
or a mould to make full or partial contact with the sheet [48–50] (Figure 4). The die and the
blank holder can move along the vertical axis.
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Single-point incremental forming or “negative forming” consists in deforming sheet
metal with a small hemispherical tip device, which follows a predefined track [52–54], to
obtain the final shape required [51,55–57]. This technique uses a blank holder and a die
without employing a counter die [48]. SPIF is illustrated in Figure 5.
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Although each of the processes mentioned above has its advantages, single-point
incremental forming has been widely used by scientists and researchers because it can be
easily applied using CNC machines or robots to produce parts having different shapes [58]
and is less expensive than two-point incremental forming. Moreover, it can integrate new
technologies such as a high-pressure water jet and lubrication.

2.1. Water Jet Incremental Forming (WJIF)

Water Jet Incremental Forming (WJIF) combines the SPIF process with water jet tech-
nology as an alternative method of incremental forming [59–67]. The main difference
between SPIF and WJIF is that, instead of using a rigid tool, the former uses a high-pressure
and high-velocity water jet as the forming tool. The major benefit of WJIF is that it does
not include any rigid contact between the tool and the part and does not utilise any type
of lubricant. Indeed, WJIF was first suggested by Iseki as a means of deforming 0.3 mm
aluminium sheets by applying a simplified predictive model [68]. Jurisevic et al. [59]
showed that the WJIF process employs “relative water jet diameter” that represents the
ratio between water jet diameter and sheet thickness. Moreover, Lu et al. [66] developed a
prototype System ISF-WJ machine by designing different nozzles. They proved that the
ISF-WJ process can enhance the surface finish of the deformed parts without lubrication.
Figure 6 shows an example of a device used to carry out the ISF-WJ process developed by
Lu et al. [66].
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2.2. Hot Incremental Forming

Hot incremental sheet forming methods were developed for forming hard-to-deform
sheets in conditions of cold working. The technique consists of heating the sheet metal using
various methods: the frictional interaction of the tool, the induction heating method—with
the use of hot working fluid—and hybrid heating by a combination of several methods.
Typical materials formed at elevated temperatures are titanium alloys, magnesium alloys,
aluminium alloys, and stainless steels. Warm single point incremental forming (WSPIF)
consists of implanting a cartridge into the device die during the forming tests (Figure 7). In
order to have a contact surface that allows it to be heated by conduction, the blank should
be placed on the die during this process. Indeed, this technique is intended to enhance
sheet formability and reduce the forming forces of titanium [69], AZ31 magnesium alloy,
and EN AW-5055 aluminium alloy [70].
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2.3. Ultrasonic Assisted Incremental Sheet Forming

In the ultrasonic-assisted incremental sheet forming (UISF) process, high frequency
vertical vibration is applied to the tool tip. The vibration amplitude of the forming tool is
checked by the ultrasonic generator and the ultrasonic transducer is attached to the spindle
of the machining centre. This method is intended to improve the quality of the surfaces [71],
minimise the forming forces [72,73], and increase the formability of the sheets [74]. Figure 8
shows the experimental configuration of an ultrasonic incremental forming process.
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3. Achievements in SPIF of Metal-Based Composites

Over the years, the ISF technique has mainly been applied to metallic materials.
Different non-metallic materials were considered for ISF in the first ten years of the 21st
century. The mechanical and formability characteristics of metal-based composite sheets
were promising.

3.1. Glass-Reinforced Aluminium Laminates

Aluminium alloy layers are used to create FMLs, of which Glass Laminate Aluminium
Reinforced Epoxy (GLARE) is the most common. Thin layers of aluminium sandwiched
between layers of glass fibre prepregs make up GLARE, which is held together by epoxy
resin acting as the matrix. GLARE was created at Delft in 1987 and a patent for GLARE with
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the number US5039571 A was issued in 1988 [76]. Instead of aramid fibre, this invention
focuses on aluminium layers mixed with glass fibre-reinforced layers. GLARE is a unique
material for aircraft applications [77] and is now mainly used to construct modern aircraft
fuselages. The initial tests of GLARE, created at Delft in 1987, took place aboard the
Airbus A380 superjumbo on May 16, 2001 [78]. GLARE has different grades based on
the aluminium type, the glass fibre prepreg, and the resin. The most common type of
aluminium used in GLARE laminates is 2024-T3. Only the Grade 1 laminates of GLARE
employ a distinct kind of aluminium; nevertheless, this kind of GLARE is not typically used
in the aircraft sector. These aluminium layers typically have a thickness of 0.3 or 0.4 mm [79].
The possibility of using SPIF as a technique to produce the double-curved aluminium sheets
used in GLARE laminates in a dieless manner has been examined in a master’s thesis from
Delft University of Technology. To determine whether this approach could accomplish the
needed speed and accuracy, a small-scale experimental setup was deployed and translated
to a large-scale production line, such as the Airbus A320. The results of the studies indicated
that accuracy could be attained using Micari’s suggested corrective procedure [80]. Three
different typologies of error can be detected in the final component when the SPIF tool
action is removed (Figure 9): sheet bending, sheet springback [81], and the pillow effect.
Sheet bending can be easily reduced or eliminated with a simple backing plate. Elastic
springback of the deformed material reduces the height of the drawpiece when the punch
action is relaxed. The pillow effect changes the curvature of the drawpiece bottom.
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The biggest problem, however, is with the processing speed, which necessitates a
high feed rate and small step size. As a result, the manufacture of the Airbus A320’s
fuselage panels cannot use the incremental sheet forming method. However, due to the
lower production volumes needed for the leading edges and empennage, it is possible to
create these parts using this method [79]. A new product was formed using incremental
sheet forming (ISF) fabricated from the GLARE composite of Alclad 2024-T3 aluminium
alloy sheets to create a thin-walled structure with a longitudinal rib as a stiffener. The
product was evaluated using five different composite testing techniques. In the uniaxial
compression test of GLARE-based rib-stiffened panels, an evident increase in the critical
force at which buckling occurs has been clearly proven. The critical force for GLARE-based
rib-stiffened panels was an average of 15,370 N, whereas the critical force for the non-
embossed variation was 11,430 N, representing a 34.5 percent increase in critical force [82].
In studies on the application of SPIF on composite materials, an aluminium sheet was
formed into a mould using the SPIF technique, and the mould was then used to make
composite parts. Kevlar, Glass, and Kevlar were layered over the mould and then rolled
into the form using plastic rollers. The results showed that the FML did not pass the test.
The collapse of the SPIF components was caused by a crack that started to appear and
grow. The core material protected the aluminium layer below from stress. Because the core
material cannot be squeezed, the bottom sheet’s thickness was only decreased by a small
amount. The formability of the SPIF components was limited by the formation of creases
along the sloping wall [83].
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3.2. Carbon-Reinforced Aluminium Laminates

Lightweight bodies are more and more frequently being developed for the aircraft
and the automotive industries in order to save energy. For the promotion of this trend,
it is necessary to form metallic sheets with a high strength-to-weight ratio. Fibre metal
laminates (FMLs) are bonded together to create a material with these unique properties
from the original materials. Carbon Fibre Reinforced Aluminium (CARALL) is one class
of FML which has grown in importance across a wide range of industries as a practical
way to address this growing demand. The first tests on laminates that were reinforced
with carbon and aramid fibres, that included flight simulation, were conducted in 1978 [84].
Later, FMLs with high strength qualities and significantly stiffer laminates were in demand,
and CARALL was researched and produced from ARALL [85]. CARALLs have not found
application in the incrementally formed components.

3.3. Aramid-Reinforced Aluminium Laminates

The composites used in aviation [86] have also developed in the direction of combined
aluminium shells (plates) with an aramid-reinforced matrix as the core material. The aramid
material is a shortened term for aromatic polyamide, which is commonly used in the form
of long, heat-resistant polymer fibres. The polymer’s chain molecules are strongly oriented
along the fibre axis with significantly better mechanical properties in the longitudinal than
in the transverse direction [87]. Through this a proper structure, frequently woven in 2D or
even 3D [88], needs to be applied to the composite material (Figure 10).
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Figure 10. Schematic 3D diagram of the structure of fibre reinforced composite with fibres oriented in
the matrix in three orthogonal directions: longitudinal (type 1), crosswise (type 2), and through the
thickness of the matrix (type 3) (adapted with permission from Ref. [88], Copyright 2021 Elsevier Ltd.).

The so-called aramid-reinforced aluminium laminate has already been known as a light
composite material for decades [89], having been first presented in 1982 by the Aerospace
Department of Delft University of Technology in the Netherlands. The ARALL abbreviation
is also used for the first commercial aluminium-based aramid composite developed by the
ALCOA company. These laminates are obtained by bonding thin aluminium layers and
prepregs of aramid layers as presented in Figure 11 [90]. In the first ARALL materials, the
high strength aramid fibre was inserted into the structural epoxy adhesive, which served
as a matrix for the prefabricated prepregs.

Sinmazçelik et al. have presented a strict manufacturing procedure for ARALL ranging
from proper preparation of the aluminium sheets to the adhesive bonding of aluminium
layers using the thermoset adhesive system [90]. The layers of aluminium plates and
aramid fibres in the matrix are normally bonded together at elevated temperatures in a
press or an autoclave to bind the prepreg material with the aluminium sheets. A vacuum
chamber can be applied [91] while some authors [92] also report that a vacuum-assisted
resin transfer moulding process (VARTM) is used.

In the first period of their use in the aviation sector there was no idea of forming these
composites into the final shape of the part. These parts are produced by classical composite
manufacturing techniques and applied in various aviation applications. However, Vogele-
sang had already analysed the composite plasticity, formability, and impact strength, as
well as the possibility of machining the material for the final finishing of the part and had
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also found some parallels with metals. Hai et al. [93] have determined that failure under
tensile loading is dependent on the amount of aramid resin. In particular they show that
ARALL laminates have a high resistance to the growth of fatigue cracks and express a
high tensile yield strength. Through this, the load/mass relationship is favourable for their
application in the aviation sector. It is reported that up to 30% mass can be saved by the
use of ARALL [94,95] in airplane wings.
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Figure 11. Schematic presentation of ARALL fibre metal laminates (adapted with permission from
Ref. [90], Copyright 2011 Elsevier Ltd.).

However, the ARALL matrix from thermosets that is the most used is less appropriate
for further processing by incremental forming and other deformation processes since they
express small strains up to the breaking point [96]. For this purpose, the matrix from
thermoplastic-like polypropylene (PP) was applied [97]. In comparison with the commonly
used epoxy matrix, higher strains are also attainable with the use of PP (Figure 12).
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Figure 12. (a) The structure of Al-PP–aramid composite and (b) a comparison of the flow curves of
the Al, composite core, and FML material (adapted with permission from Ref. [97], Copyright 2017
Elsevier Ltd.).

In recent years the aramid–epoxy structure was replaced by epoxy incorporating
aramid nano-fibres. Jung and Sodano [98] have shown that the strength of epoxy resin can
be improved by using a nano-filler of aramid fibres (Figure 13a) thus enabling sufficient
strains to form during incremental forming. At the same time, the tensile stress of the
material was also increased. A similar improvement in mechanical properties as a result of
enrichment of the polymer matrix with nanoparticles without degradation of formability
has been demonstrated by Borić et al. [99] for the PA66 material. The influence of material
formability is also dependent on the type of aramid nanofibres [100,101] ranging from 5%
elongation, at break for epoxy-reinforced with aramid pulp (AP) fibres as the reference
material, and 100% larger elongation in the case of aramid nanofibres (ANF) (Figure 13b).
Kuang et al. [101] have obtained a 60% increase in tensile strength by incorporating the
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ANF into the polyurethane matrices. However, in addition the elongation at break did not
exceed 2.8% in this example.
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Ref. [98], Copyright 2020 Elsevier Ltd.) and (b) enhancement of attainable strains of ANF versus AP
(adapted with permission from Ref. [100], Copyright 2017 American Chemical Society).

Since ISF processes have developed in parallel with the early ARALL laminates and
are primarily being applied to metals, there were no applications of ISF in the early stages
of finding applications of ARALL. With the increased complexity of aviation parts follow-
ing the minimisation of the strength/mass ratio, more advantageous and less common
manufacturing technologies were also sought to form the composite workpieces into their
final shape. In particular, the behaviour of laminates must be well understood in order
to apply forming processes on these structures [102,103]. For this purpose, research work
focused on understanding the failure mechanisms of ARALL structures under various
loading conditions which appear during ISF processes. In the work of Liu et al. [104] a
comprehensive overview was presented of the incremental forming of various composite
materials ranging from fibre metal laminates, carbon fibre-reinforced plastics, glass fibre-
reinforced plastics, multi-metal composites, and the Al-PP-Al composite. The deformation
criteria as well as material rupture were shown and correlations with particular loading
conditions were sought. Membrane strains, as well as through-thickness shear strains,
are the main deformation criteria appearing during ISF. Both criteria are critical for the
definition of an attainable strain state without fracture. Fracture of the ARALL material ap-
pears in the form of delamination or as fracture without delamination [96]. Silva et al. [105]
have emphasised the problems of various stress states appearing during the ISF process.
During the incremental forming process, the main stress conditions are shear, bending, and
tensile loading of the material. In particular, shear loading is emphasised on the surface of
the formed material [106] while the entire sheet is locally exposed to tensile loading and
bending during the forming process. Hassan et al. emphasised three typical failure modes
observed in polymers [107]. However, those failure modes are not directly transferred to
the aluminium-based composite materials. The failure modes of such composite structures
need to be further analysed.

The early stage ARALL materials [108] consisting of aluminium sheets and aramid
fibres in epoxy matrices have relatively small strain potential and lower strength in com-
parison with other fibre metal laminates. Therefore, they are currently only used in the
aviation sector in those applications where the main consideration is a decrease in the
mass of the part. On the other hand, aluminium-based composites with thermoplastic
matrices and aramid nanofibres are very promising materials with larger deformation
potential. Ding et al. [109] have analysed the formability temperature range of various
thermoplastics and defined their applicability range (Figure 14). Such materials can also be
formed incrementally at elevated temperatures, which can increase their formability.
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3.4. Aluminium-Based Bimetallic Sheets

A bimetal sheet is a multi-layer sheet that combines two or more layers of metal [110].
Rolling and explosive welding are the most popular methods of manufacturing bimetallic
sheets. The most heavily investigated bimetallic sheet, Al-Cu, offers the advantages of both
copper and aluminium [111]. Copper offers high corrosion resistance, and high electrical
and thermal conductivity. Aluminium is stiffer and cheaper than copper.

During SPIF of bimetallic aluminium-based sheets the most heavily investigated
phenomenon is the effect of the layer arrangement on the delamination and formability
of the workpiece material. Gheysarian and Honarpisheh [112] investigated the fracture
depth of explosively welded Al/Cu bimetallic sheets in SPIF. Various tool diameters, sheet
arrangements, and tool paths were analysed using an analysis of variance (ANOVA). It
was found that the formability of this sheet increased by decreasing the tool diameter
by about 5% and by decreasing the step-down by about 12%, because the strain on the
sheet decreased. The formability was also improved by about 3% when Cu was the top
layer, because more stress occurs at the underside aluminium layer. Gheyserian and
Honarpisheh [113] also undertook mathematical analysis of the incremental forming of
explosively welded Al/Cu bimetals. Tool path, vertical step, tool diameter, and layer
arrangement were the input parameters. Surface roughness (Ra and Rz parameters),
forming time, maximum variation of thickness, and mean forming force were the outputs. It
was found that the value of the surface roughness parameters increased with the decreasing
the tool diameter, by increasing the vertical step, and by using Al as the top layer. On the
other hand, increasing the tool diameter and vertical step using Al as the top layer caused
an increase in the forming forces. In another paper, Honarpisheh and Gheysarian [114]
experimentally studied the process parameters in SPIF of truncated pyramids from Al/Cu
bimetallic sheets. They found that formability increased with increasing tool diameter,
a spiral tool path, and when Cu formed the top layer. Honarpisheh et al. [110] have
carried out multi-response optimisation of SPIF of Al/Cu bimetal drawpieces with a
hyperbolic profile using response surface methodology (RSM). The interaction of the
rotational speed, tool diameter, sheet arrangement, and step-down were evaluated in
relation to wall thickness at fracture and fracture depth using an ANOVA. The main effect
plots revealed that a higher level of step-down with a smaller tool diameter and SPIF
forming from the Cu side, provided a greater fracture depth. On the other hand, a greater
thickness was obtained when tool rotational speed and step-down were greater, and the
sheet arrangement was Al. A comprehensive study on the deformation behaviour of
SPIFed Cu/Al composite sheets has been provided by Liu and Li [115]. Investigations were
carried out on Al1060-O aluminium and C10100 copper composite sheet fabricated by cold
roll bonding. In order to improve the surface finish of the drawpieces the authors tested
different strategies with regard to scallop height. The Al/Cu layer arrangement exhibited



J. Compos. Sci. 2022, 6, 295 12 of 19

greater formability and a larger forming force compared to the Cu/Al layer arrangement,
because the exterior, thinner but stronger, Cu layer could endure more deformation due
to stretching. This can be explained by the fact that the deformation mode of layer-up
sheet tends to a compression state and that of layer-down sheet tends to a stretching state.
The formability of aluminium alloys in SPIF can be increased significantly by providing
a tool with which to minimise the friction material by adjusting the rotational speed to
the feed rate [116]. Alinaghian et al. [117] investigated the residual stress distribution of
Al/Cu bimetallic drawpieces produced by the SPIF process. The results of the incremental
hole-drilling method revealed that smaller step-down values produced smaller residual
stress in the SPIF of Al/Cu bimetal. Moreover, step-down can be considered as the most
effective parameter with which to increase or decrease residual stress.

Jajali et al. [118] developed the forming limit diagram of Al/brass (65 wt.% copper)
roll-bonded sheets through SPIF. It was concluded that the formability of brass/Al (brass
was the upper layer and aluminium was the bottom layer) was more than that of Al/brass.
In the following paper, the ISF parameters such as forming limit angle, step-down, and
thickness distribution were investigated.

3.5. Titanium-Based Bimetallic Sheets

The mainstream of incremental sheet forming titanium composites focuses on explo-
sively welded sheets. In recent years, the post treatment of explosively welded materials
has been an interesting field which has opened up a new area of scientific research. In
established research, only commercially pure titanium with low-carbon steel is considered.
Such a composition allows one to reduce the cost of the final part while simultaneously
meeting the required design criteria—high strength, wear, and corrosion resistance. In this
regard, these products are increasingly being used in a variety of fields, such as aerospace,
automobiles, heat exchangers, and pressure vessels [119].

Sakhtemanian et al. [120] investigated an explosively welded low carbon steel (St)/
commercially pure titanium Grade 2 (CP-Ti G2) bilayer ISF with a numerical approach
and experimental verification. The authors applied a novel algorithm for tool movement
through the sheet surface, where the boundary conditions for the forming tool were pro-
cessed from the Automatically Programmed Tool file from computer-aided manufacturing
software. Vertical stepdowns of 0.1 mm, 0.2 mm, and 0.3 mm were selected and a constant
tool feed rate of 700 mm/min was applied. The steel layer was on the tool contact side
of the frustum shaped 45◦ pyramid, that was the desired product. It was found that the
vertical step-down mainly affects the forming forces; however, it decreased forming time.
Elevated force can be associated with distortion of ferritic grains and the creation of fibrous
structures. The finite element method, in addition to exhibiting good agreement with the
experiment, resulted in about a 15% higher force, leaving a safe margin for implementation.
The authors also measured specimen strength and micro-hardness; it was found that a
larger vertical step-down contributed to its growth. This phenomenon has been confirmed
by microstructural studies showing a grain size reduction as vertical step-down increased.
SEM analysis revealed surface scratches that deepened with vertical step-down rings. In
further research [41], the authors considered the layer arrangement of CP-Ti G2/low-carbon
steel. Consideration was given to the friction coefficient between the tool and the sheet
composite. It was found that the low-carbon steel/CP-Ti G2 configuration resulted in
lower friction throughout the entire scope of the experiment. Furthermore, contact of the
tool with the Ti layer caused deterioration of surface quality. It caused greater adhesion
compared to the steel layer, resulting in surface chipping, while only scratches appeared
in the steel layer. The arrangement of steel/CP-Ti G2 affects force reduction by up to 25%
compared with the converse. Grain size reduction has been noted with steel/CP-Ti G2;
however, the density of twins did not change in the Ti layer. However, in the case of CP-Ti
G2/low-carbon steel, the twinning density in the Ti layer increased strongly (Figure 15),
but the grain size of the steel layer remained unchanged.
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(St—steel) (adapted with permission from Ref. [41], Copyright 2017 Springer-Verlag London Ltd.,
part of Springer Nature).

A novel ultrasonic-assisted approach has been presented by Sakhtemanian et al. [73].
Ultrasonic vibration induces heat generation in the tool contact zone, which leads to a
reduction in forming force and friction coefficient. The authors investigated numerical
modelling with experimental verification within the parameter range of vertical step-
downs of 0.1–0.3 mm and tool feed rates of 400–1000 mm/min. To verify the differences
in ultrasonic-assisted forming, similar runs have been undertaken without tool vibration.
The truncated pyramid of the geometry of the specimen was chosen to be formed from
a steel/CP-Ti composite with a top layer of low carbon steel. The authors proposed a
theoretical model explaining the correlation of the tool and the sheet temperature with
the ultrasonic generator, which revealed a rapid increase in the tool temperature, then
stabilisation at a constant level. Ultrasonic vibrations, which were also affected, reduced
both the coefficient of friction, by up to 37%, and the formation force, compared to those
without ultrasonic treatment. Furthermore, the ultrasonically formed specimens showed
equiaxed fine grains along the primary grain boundaries and should be considered as the
reason for continuous dynamic recrystallisation causing material softening.

Further FEM analysis carried out by Abdelkader et al. [121] focuses on an arrangement
which includes a low carbon steel composite layer and CP titanium grade 2. The titanium
layer was found to have contact with the tool to reduce the maximum forming forces.
The significant effect of the vertical step-down on the thinning of the composite was
emphasised; the greater the vertical step-down, the greater the thinning that took place.
In addition, a thicker wall was achieved for the CP-Ti G2/steel composite. The research
was extended to compare steel/CP-Ti G2 composites with an independent single CP-Ti
G2 sheet [122]. The experiment covered 3 levels of the following parameters: wall angle,
sheet thickness, vertical step-down, and layer arrangement. Bilayer composite variants
induced lower forming forces than a single CP-Ti G2 sheet. In addition, the bimetallic sheet
was characterised by an improved surface quality compared to the single-layer sheet. The
layered composites showed less thinning than the monolayer of titanium (Figure 16), as
well as a more homogenous thickness distribution.
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4. Conclusions

This article presents the current state of knowledge and the results of research related to
incremental forming of metal-based composites including bimetallic sheets. ISF technology
enables the dieless production of components in a cost-effective small series and the forming
of products from materials with limited deformation in conventional sheet metal forming
processes. Although the methods of ISF are not yet widely popularised in the field of
metal-based composites, a limited number of studies already indicate some limitations
and advantages:

• The main problem to be solved when forming composite materials is the accumulation
of resin in the bottom of the drawpiece. The cyclic circumferential movement of the
tool causes non-uniform distribution of the resin in the walls of the component;

• Single point incremental forming allows an increase in the strength and improvement
in the specific stiffness of FML components;

• The composite core of FMLs prevents local load transfer to the bottom plate—this is
the main cause of wrinkling;

• One limitation in the use of ISF is the relatively long processing time. It is suggested
that multiple forming tools could be used to work simultaneously on the same compo-
nents. This effect can be achieved by using multi-tool heads or robots;

• Many authors draw attention to the shortcomings of predictive models for incremental
forming processes. It turns out that due to many phenomena and forming parameters
simultaneously affecting the formability and accuracy of SPIF-ed components, the
predictive models developed for various materials are too general;

• Single point incremental forming of ARALLs is of limited application due to the low
strength of the fibre-matrix interface;

• The behaviour of the composite sheet during the ISF process differs from monolayer
sheets and depends on the arrangement of the layers. The positioning of layers plays
an important role in grain size and twinning density. Friction conditions between
the surface of the forming tool and the bimetallic sheet affect the surface quality, the
forming force variations, and the formability of the sheet metal;

• Improvement of the formability of bimetallic sheets can be obtained by using the
ultrasonic vibration tool, which additionally allows the user to reduce the value of
the coefficient of friction by up to several dozen percent depending on the process
conditions. During SPIF with and without vibration, the forming force decreases due
to the application of ultrasonic vibration to the tool.
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