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Abstract
Over the past two decades, incremental sheet forming (ISF) has advanced the development of flexible sheet metal forming, 
especially for small-to-medium volume and customized production. To be suitable for various applications, researchers 
have explored the deformation potential of different materials, such as metals, polymers, composites, and so forth. For these 
materials, ISF-formed shapes and performances of the final components including formability, geometric accuracy, surface 
roughness, strength, and fatigue, etc. have been extensively assessed via analytical, numerical, and experimental approaches. 
This review article attempts to summarize the composite materials that are recognized and processed by ISF so far. Besides, 
deformation and failure mechanisms and constitutive equations used to describe their mechanical behaviors during ISF are 
discussed as well. The presented summary is aimed at aiding the ISF researchers in designing and manufacturing composite 
material components with desirable shapes and performances while providing a reference for future material characteriza-
tions related to sheet forming research.

Keywords  Incremental forming · Composite materials · Properties · Deformation · Constitutive model · Formability · 
Roughness · Force · Accuracy · Strength

Acronyms
ISF	� Incremental sheet forming
SPIF	� Single-point incremental forming
TPIF	� Two-point incremental forming
DSIF	� Double-sided incremental forming
AISF	� Asymmetric incremental sheet forming
FSIF	� Friction stir incremental forming
ADSIF	� Accumulative double-sided incremental 

forming
Al	� Aluminum
Mg	� Magnesium
St	� Steel
Cu	� Copper or cuprum
FGM	� Functionally graded material

Ti	� Titanium
RVE	� Representative volume element
PP	� Polypropylene
FML	� Fiber metal laminate
ST	� Santoprene
PVC	� Polyvinyl chloride
SiCp	� Silicon carbide particles
PMMA	� Polymethyl methacrylate
f-MWCNTs	� Functionalized multi-wall carbon nanotubes
PLA	� Poly lactic acid
PA	� Polyamide
BFRP	� Basalt fiber–reinforced thermoplastic 

polymer
CFRP	� Carbon fiber–reinforced plastics
GFRP	� Glass fiber–reinforced plastics
FSTWB	� Friction stir tailor welded blank
FLD	� Forming limit diagrams
FFL	� Fracture forming line
FGBIT	� Fractal geometry–based incremental 

toolpath
SEM	� Scanning electron microscope
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1  Introduction

Sheet metal forming has an important position in the manu-
facturing industry and has been widely used in the fields, 
such as biomedical, automotive, and transportation. ISF is 
a new flexible sheet metal forming technology, which does 
not require a specific die, and uses the generic forming 
tool to move along the pre-designed tool paths to form the 
sheet metal through a series of localized plastic deforma-
tions [1]. Compared with the traditional sheet metal forming 
processes, such as drawing and stamping, ISF has a short 
development time and low economic cost, especially suitable 
for small batch or customized production.

In the early stage of ISF research, it is mainly referred 
to as SPIF. As shown in Fig. 1, only a simple tool, usually 
with a small hemispherical head [2], is applied to deform the 
materials in the SPIF. In recent years, many variants of ISF 
have been proposed including TPIF with a partial or full die 
[3–9] and DSIF with a supporting tool [10–16]. As shown 
in Fig. 2, in the TPIF process, a partial or full die is added 
on the back of the sheet metal to increase formability and 
forming accuracy. For the DSIF process, the support tool is 
placed on the back of the sheet material as a movable sup-
porting die with a specified trajectory.

Since Leszak [17] issued the first patent on the ISF pro-
cess in 1967, the ISF technology has attracted more and 
more attention from academia. Some scholars have pub-
lished a large number of relevant review articles. In 2003, 
Hagan and Jeswiet [18] described the evolution process of 
different incremental sheet forming techniques by comparing 
the traditional sheet metal forming methods (i.e., conven-
tional spinning and shear forming) with the ISF process. 
Jeswiet et al. [19] introduced the types, equipment, process 
parameters, and applications of asymmetric incremental 
sheet forming in 2005. To help other researchers under-
stand the development of ISF technology, Emmens et al. 
[20] introduced the development history of the ISF process. 

Behera et al. [21] reviewed the progress and the research 
trends of the SPIF process from 2005 to 2015. The review 
published by Li et al. [22] focused on the recent develop-
ment of the ISF process from the aspects of deformation 
mechanism, modeling methods, forming force prediction, 
and forming quality research. Gatea et al. [23] provided a 
review discussing the influence of parameters on the ISF 
process. Lu et al. [24] presented a review that comprehen-
sively introduced the strategies which could improve the 
geometric accuracy in the ISF process. The review of Ai 
and Long [25] is devoted to describing the possible fracture Fig. 1   The principle of the SPIF process [2]

Fig. 2   The principle of different variants of the ISF process. (a) TPIF 
with a partial die, (b) TPIF with a full die, and (c) DSIF [2]
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mechanisms to explain the different failure modes. In recent 
years, the processing of thermoplastics using ISF technology 
is a hot topic in the ISF field. Zhu et al. [10] provided a com-
prehensive summary of the ISF process of thermoplastics. 
To improve formability and forming quality, many variants 
have been developed. The review of Liu [26] focused on 
the development of heat-assisted incremental sheet forming. 
Peng et al. [27] conducted a review for the DSIF process 
based on the SPIF.

Composite materials have attracted scholars’ attention 
owing to their excellent physical and chemical properties 
and designability. As early as 1989, Strong and Hauwiller 
[28] fabricated thermoplastic composite laminate parts using 
the incremental forming method and compared the perfor-
mance with parts of the same shape formed by matched 
die molding. And then in 1991, they issued a patent that 
was named incremental forming of thermoplastic compos-
ites [29]. Over the past few years, scholars have studied a 
variety of composite materials formed by the ISF, including 
metal composites [30], fiber-reinforced metal composites 
[31], polymer composites [32], and composites of metal and 
polymer [33]. However, to the best of authors’ knowledge, 
there is still a lack of a detailed review that summarizes and 
discusses the deformation potential of composite materials 
by ISF. Therefore, this article provides an overview of the 
current status of the ISF process of composite materials to 
bridge this gap.

The structure of this article is as follows: following the 
introduction section, composite materials involved in this 
review are presented in Sect. 2. Section 3 reviews the process 
setup for composite materials. The deformation and failure 
mechanisms are introduced in Sect. 4. Section 5 introduces 
the constitutive laws and the finite element modeling for 
single-layer materials and composite materials. Section 6 
comprehensively reviews the formability of composite 
materials in ISF, including formability evaluation and the 
effects of process parameters on formability. The reasons for 
studying the forming force and the effects of process param-
eters on forming force are discussed in Sect. 7. Then, Sect. 8 
describes the forming accuracy, surface quality, strength, 
and fatigue in the ISF of composite materials. Section 9 has 
discussed the missing areas that have not been addressed so 
far as research directions for future work. The conclusions 
and research challenges about the ISF of composite materi-
als are summarized and discussed in the final section.

2 � Composite materials in ISF

In this review, we first discuss the composite materials that 
have already been used in the ISF process, which mainly 
include metal composite materials, composites of metal and 

polymer, fiber-reinforced composite materials, and other 
composite materials.

2.1 � Metal composites

The multi-metal composite sheets have an extensive range 
of applications in automotive, electrical, energy storage, and 
heat transfer because of the combined mechanical, physical, 
and chemical properties of different substrates [34–36]. In 
recent years, the SPIF of metal sheets has received the atten-
tion of many researchers. Neugebauer et al. [30] applied 
the incremental forming method to study the contact and 
forming conditions of Al–Mg composite sheets by finite ele-
ment simulation. The Ref [37]. referred to the study of the 
forming of Al-St composite sheets using AISF. The results 
displayed that the formability of composite material is lower 
than that of the two substrates. Abd Ali et al. [38, 39] inves-
tigated the effects of process parameters on the formability, 
failure modes, and surface roughness of Al-St composite 
sheets. Ghassabi et al. [40] analyzed the effects of process 
parameters such as step size, feed speed, movement strat-
egy, and spindle speed on the accuracy, forming force, thick-
ness distribution, and failure modes in the welding zone of 
Al-St composite sheets. Wu et al. [41, 42] numerically and 
experimentally analyzed the friction stir–assisted incremen-
tal forming with synchronous bonding of Al-St composite 
sheets. Liu and Li [43] studied the effects of various param-
eters on the formability, surface finish, thickness variation, 
and forming force of Cu-Al composite sheets by analytical, 
empirical, and numerical methods. The results displayed 
that the Al/Cu layer arrangement (Al/Cu layer arrangement 
is referred to the bilayer sheet in which the Al layer is in 
contact with the forming tool) has higher formability and 
larger forming force compared with the Cu/Al layer arrange-
ment. Gheysarian and Honarpisheh [44, 45], Honarpisheh 
et al. [46, 47], and Qin et al. [48] carried out mathematical, 
numerical, and experimental studies on the SPIF of Cu-Al 
composite sheets. Alinaghian et al. [49] focused on the study 
of effects of parameters including spindle speed, step size, 
and tool diameter on the residual stress of Al-Cu compos-
ite sheets by using the incremental hole-drilling method. 
Bouhamed et al. [50] first used homogenization of elasto-
plastic FGM based on the representative volume element 
to simulate the deformation behavior of Al-Ti composite 
sheets in the SPIF process. The Mori–Tanaka model and 
RVE were used to estimate the elastic effective properties 
of FGM composites. Sakhtemanian et al. [51–53] experi-
mentally and numerically analyzed the effects of parameters 
and ultrasonic vibration on SPIF process of St-Ti composite 
sheets. Hassan et al. [54, 55] investigated the formability and 
delamination of St-St composite sheets in the SPIF process. 
Ashouri and Shahrajabian [56] studied the effects of layer 
arrangement, step size, tool radius, and feed speed on the 
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formability of Brass-St13 composite sheets in the SPIF pro-
cess. Wei et al. [57] proposed a combination of parameters 
that had a controlling effect on the interior surface rough-
ness. Al1060 sheets and Cu-St composite sheets were used 
to verify this combination. Al-Ghamdi and Hussain [58–63] 
studied the effects of annealing temperature, tool diameter, 
feed speed, step size, and spindle speed on the formability, 
bulging defect, surface roughness, and residual stress-gra-
dient of Cu-St-Cu composite sheets in ISF. Shi et al. [64] 
experimentally studied the residual stress states of Cu-St-Cu 
composite sheets formed by the SPIF with the hole drill 
method. The results indicated that the wall angle and tool 
diameter had the greatest effect on the residual stress, while 
the spindle speed had the least effect on the residual stress. 
The parameter combination of small diameter, large wall 
angle, high feed rate, medium step size and spindle speed, 
and material rolling conditions (i.e., no annealing) resulted 
in high residual stress. Wei and Hussain [65] experimentally 
studied the effect of the ISF process parameters on the ten-
sile properties of Cu-St-Cu composite sheets. They found the 
deformation angle and annealing temperature were the most 
important parameters affecting the tensile properties after 
the ISF deformation. In addition to formability and failure 
behavior, the economic costs and energy consumption in 
the ISF of the metallic composite materials were also con-
sidered in some papers. Hussain and Al-Ghamdi [66] sys-
tematically analyzed the indicators including energy, cost, 
and productivity as functions of ISF parameters of Cu-St-Cu 
composites. They concluded that high step size and feed rate 
values, low wall angles, spindle speed, and annealing tem-
perature values should be used to reduce costs and energy 
requirements while increasing productivity. In another work, 
to characterize the carbon dioxide emissions during the ISF 
of the Cu-St-Cu composite sheet, Al-Ghamdi and Hussain 
[67] presented a forecast model of carbon dioxide emissions 
and environmental costs.

2.2 � Fiber‑reinforced composites

Fiber-reinforced composite materials, especially CFRP 
and GFRP, are widely used in aircraft, marine, automotive, 
civil, and biomedical fields owing to their excellent prop-
erties, such as low specific gravity, high specific strength, 
and excellent corrosion resistance [68–73]. Conte et al. [74], 
Ambrogio et al. [75], and AL-Obaidi et al. [76] performed 
the studies on the heat-assisted SPIF of glass fiber–rein-
forced PA6 composite sheets. Hou et al. [77] developed a 
heat-assisted SPIF method for jute fabric–reinforced PLA 
composite sheets. They also analyzed the effects of clamping 
mode, tool path, step size, and thickness on the formability 
of composites. Torres et al. [78] designed hot water–assisted 
SPIF process to form linen fiber–reinforced Solanyl compos-
ite sheets. And the effects of step size, forming temperature, 

and wall angle on the formability of composite plates were 
studied. Okada et al. [79] developed an incremental forming 
method for carbon fiber–reinforced PA6 composite sheets 
using a halogen lamp heating system. Simple spot-forming 
was used to evaluate the fundamental forming characteristics 
of the developed system. They evaluated the advantages of 
the developed method by using two-dimensional sheet-fed 
forming to obtain the shape profile of the formed product. 
Xiao et al. [80] numerically and experimentally investigated 
the ISF process of CFRP composite sheets. The results indi-
cated that it is possible to apply the ISF process to deform 
CFRP composite sheets with single or multilayer prepregs.

2.3 � Composites of metal and polymer

The composites of metal and polymer are relatively common 
composite materials, and their forming force, formability, 
and failure behavior have attracted scholars’ attention. Gal-
dos et al. [33] conducted a study on the formability, form-
ing force, and failure behaviors of St-Polymer-St composite 
sheets. According to the study of Harhash and Palkowski 
[81], the possibility of SPIF for St-Polymer-St sandwich 
composite sheets was investigated. The results have shown 
that the fracture of composite sheets occurs earlier than that 
of steel sheets in ISF. In the study of Jackson et al. [82], 
results have revealed that the St-PP-St and Al-PP-Al sand-
wich panels have similar forming force trends, through-
thickness deformation, and accuracy. A geometric model, 
sine law, could be also used to predict material thinning after 
the ISF. Girjob and Racz [83] formed the Al-PP-Al com-
posite sheets by the SPIF process. The preliminary results 
have shown that the suitable process parameters (such as 
feed speed, tool diameter, and spindle speed) and process 
trajectory can produce satisfactory parts. Liu and Chen [84] 
investigated the deformation behaviors and failure-tolerant 
characteristics of Al-PA composite sheets under different 
loading conditions. Their results indicated that four failure 
modes could be identified, including one-layer fracture, two-
layer fracture, delamination, and their mixed case in the ISF 
process. Davarpanah and Malhotra [85] investigated the 
effects of metal thickness, polymer thickness, and step size 
on the formability and failure mode of metal-polymer com-
posite plates during the SPIF process. They concluded that 
the higher polymer thickness led to the higher formability, 
and the failure mode depended on the metal thickness and 
the polymer thickness.

2.4 � Other composites

Given the current literature, the manufacture of some special 
composite material components by the ISF process is also 
promising. Walczyk et al. [86] manufactured the compos-
ite aircraft parts using reconfigurable tooling and surface 
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heating with the ISF. They demonstrated that this novel 
composite forming method could successfully produce com-
posite parts without dimples and wrinkles. Fiorotto et al. 
[31] formed the FMLs using the SPIF process. First, they 
assessed the possibility of rapidly and economically forming 
molds with complex geometric shapes made of aluminum. 
Then, the experiments of direct incremental forming of 
the FMLs were carried out. Different types of diaphragms 
made of aluminum and PVC were used to avoid the failure 
mode namely wrinkling and accelerate the adhesion of the 
composite. The results indicated that the specific stiffness 
and strength of composite laminates formed by SPIF were 
significantly improved. AL-Obaidi et al. [87] used the SPIF 
process supported by hot air heating to form FMLs into the 
desired shape. The results showed that a wall angle that 
was greater than or equal to 50° produced delamination and 
voids. Hernández-Ávila et al. [32] experimentally studied 
the SPIF process of PP-ST composite sheets. Through the 
characterization of the mechanical properties and fracture 
mechanism of 6092Al-SiCp composites (AMC), Gatea et al. 
[88] studied the feasibility of forming 6092Al-SiCp com-
posite sheets by the ISF process under the different heat 
treatment conditions. The results indicated that the compos-
ite sheets had the best formability under the heat treatment 
condition of O-condition annealing, and the formability 
improved with the low feed speed. Clavijo-Chaparro et al. 
[89] developed a composite material that was composed of 
PMMA used as base material, triacetin used as a plasticizer, 
and Cloisite 30B used as reinforcement. The experimental 
results of the SPIF revealed that the mechanical interlock-
ing effect between the Cloisite 30B and the PMMA chain 
could enhance the formability of the composites. In contrast, 
the results of Jackson et al. [82] have revealed that St-St 
fiber-St and Al-Al foam-Al could not be formed by the ISF. 
Borić et al. [90] studied the preparation and characteriza-
tion of polymer materials including a mixture of neat PA12, 
a nanocomposite with PA12 matrix and 1% Cloisite 93A, 
and a nanocomposite with PA12 matrix and 3% Cloisite 
93A, which were suitable for the SPIF process. Matsumoto 
et al. [91] applied the FSIF process to connect commercial 
molded nickel foams with PMMA sheets for manufacturing 
the porous metal–nonporous resin composite. The results 
showed that the joining strength between the foam and the 
sheet material exceeded the fracture strength of the foam. 
They also concluded that the sheet was mechanically inter-
locked (anchored) to the porous structure of the foam by the 
plastic flow of the heated and softened PMMA into the sur-
face pores of the foam. Lozano-Sánchez et al. [92] fabricated 
the PP-MWCNTs composite sheets using the SPIF process. 
They concluded that the mechanical strength of the polymer 
matrix is enhanced by the presence of small quantities (< 1 
wt%) of f-MWCNTs without affecting the formability of the 
polymer matrix.

2.5 � Summary

The composite materials involved in this review article are 
classified and summarized in Table 1.

3 � Process setup for composite materials

3.1 � Conventional ISF setup

The ISF setup for the composite materials is similar to that 
of the single-layer metal sheets which are composed of the 
positioning system, forming tool, clamping fixture, and sup-
port structure [94]. Liu and Li [43], Abd Ali et al. [38], and 
Sakhtemanian [51] used a milling machine with an experi-
mental setup for the ISF of Al-St, Cu-Al, St-Ti composite 
sheets. The equipment consists of the composite sheet blank, 
the blank holder, the backing plate with a hole, and the form-
ing tool. Hernández et al. [32] and Lozano-Sánche et al. [92] 
equipped a machining center to perform the SPIF experi-
ments to shape the PP-ST composite sheet and PP-MWCNTs 
composite sheet.

3.2 � Specific ISF setup

For many metal composites, ISF is possible at room tem-
peratures. However, for some composite materials that are 
difficult to deform at room temperatures, especially fiber-
reinforced composites, a special setup is needed to assist 
the ISF process.

3.2.1 � Heat‑assisted ISF setup

Some researchers have developed different heating methods 
to heat composite sheets to make them easier to deform. In 
this section, the ISF heating setups are classified and dis-
cussed according to the different types of heat sources.

Heat from thermal radiation  When forming the jute fabric–
reinforced PLA composite sheet, Hou et al. [77] used a ther-
mal radiation plate to heat the sheet, as shown in Fig. 3. To 
store heat, the hollow space inside the fixture was equipped 
with glass cotton. The heat generated by the heat radiation 
plate was regulated by a temperature controller with a tem-
perature sensor probe.

Heat from resistor  To form a composite sheet that was 
made of PA6 and short glass fibers, Ambrogio et al. [74, 
75] installed a 2-kW resistor to heat the air, which could 
transfer the heat to the composite plate in a thermal isolation 
chamber without much heat loss. The heating temperature 

2103The International Journal of Advanced Manufacturing Technology (2022) 118:2099–2137



1 3

was controlled by an external control unit connected to the 
resistor. The details of this SPIF equipment are presented 
in Fig. 4.

Heat from hot air  In the research of AL-Obaidi et al. [76, 
87], as shown in Fig. 5, a hot air pump heating device 
placed next to the holding fixture was used to heat the glass 

Table 1   The composite 
materials involved in this article

Material type Materials References

Metal composites Al-St  [37–42, 93]
Al-Cu
Al–Mg
Al-Ti
Cu-St
Cu-St-Cu
St-Ti
St-St
St-Brass

 [43–49]
 [30]
 [50]
 [57]
 [58–67]
 [51–53]
 [54, 55]
 [56]

Fiber-reinforced composites Jute fabric–reinforced PLA
Carbon fiber–reinforced PA6
Glass fiber–reinforced PA6
Linen fiber–reinforced Solanyl

 [77]
 [79]
 [74–76]
 [78]

Carbon Fiber-reinforced Epoxy Resin  [80]
Composites of metal and polymer St-Polymer-St

St-PP-St
Al-PP-Al
PA-Al

 [33, 81]
 [82]
 [82, 83]
 [84, 85]

Other composites PP-ST
Fiber-reinforced Metal Composites
Nickel Foam-PMMA
Plasticized and Reinforced PMMA
PP-MWCNTs
Al-SiCp
St-St Fiber-St
Al-Al Foam-Al
PA-Cloisite 93A

 [32]
 [31, 87]
 [91]
 [89]
 [92]
 [88]
 [82]
 [82]
 [90]

Fig. 3   The ISF setup with ther-
mal radiation plate heating [77]
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fiber–reinforced thermoplastic polymer (PA6GF47) com-
posite sheets and BFRP laminates consisting of basalt fiber 

fabric and aluminum sheets during the ISF. The heating 
device consists of resistance heaters with an air pump that 
was piped to deliver hot air to an insulated hot chamber 
located inside the fixture. The insulated hot chamber is made 
of silicate material to reduce heat loss between the internal 
laminate and the external environment. Furthermore, the 
heating temperature was controlled by an analog converter 
device connected with the thermocouples.

Heat from a halogen lamp  As shown in Fig. 6, Okada et al. 
[79] developed an optical heating system consisting of a 
halogen lamp. The halogen lamp was placed on one side of 
the carbon fiber–reinforced PA6 composite sheet to achieve 
local heating. A reciprocating spherical forming punch can 
form the heating area of the workpiece on the other side of 
the sheet.

Heat from hot water  According to the study of Torres et al. 
[78], the hot water–assisted ISF setup was developed to 

Fig. 4   The resistor heat-assisted setup [75]

Fig. 5   The ISF setup with a hot 
air pump [76]

Fig. 6   (a) Experimental setup 
using a halogen lamp and (b) 
schematic illustration of the 
process operation [79]
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globally heat the linen fiber–reinforced Solanyl composite 
sheets. As shown in Fig. 7, the composite sheet and clamp-
ing fixture are completely immersed in the water medium 
and the temperature of the water medium could be regulated 
by the external control unit with a thermocouple.

Heat from friction  When the friction heat is sufficient to 
soften the composites, the heating device may not need 
to be used. Li et al. [42] utilized a spindle speed of 3000–
6000 rpm to form and bond the aluminum alloy and steel 

laminated metal sheets. In the study of Matsumoto et al. 
[91], the PMMA sheet was joined with the open-cell nickel 
foam under the FSIF conditions with the rotation rate faster 
than 2000 rpm and the feed rate slower than 60 mm/min.

3.2.2 � Ultrasonic‑assisted ISF setup

For some metal composites which are difficult to be 
formed at room temperatures, the SPIF assisted by the 
ultrasonic vibration is also a good choice. In the study of 
Sakhtemanian et al. [53], ultrasonic vibration devices were 
used during the SPIF process of the St-Ti composite sheet, 
as shown in Fig. 8. The system includes an ultrasonic gen-
erator and a longitudinal transducer. An ultrasonic genera-
tor with a power of 2 KW and a frequency of 20 kHz plays 
a role in converting the frequency of 50–60 Hz current to 
the high frequency (20 kHz) current. Longitudinal trans-
ducers can convert the electrical energy into mechanical 
vibrations with longitudinal modes. Then, the vibration 
could be transmitted to the tool holder and further be 
amplified by the attached vibration tool.

Fig. 7   The hot water–assisted heating setup [78]

Fig. 8   The ultrasonic-assisted 
ISF setup [53]
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3.2.3 � Summary

The pros and cons of the specific ISF setup are summarized 
and discussed in Table 2.

4 � Deformation and failure mechanisms

4.1 � Deformation mechanism

The main deformation mode in ISF of metal composite 
sheets is the membrane strain caused by stretching [95–97]. 
The study on other deformation mechanisms including shear 
deformation and bending under tension that are applied in 
the analysis of ISF processing composites has not been 
found.

4.1.1 � Membrane strain

Some researchers propose that the main deformation mode 
during the ISF process is stretching leading to membrane 
strain. As shown in Fig. 9, Silva et al. [97] divided the pos-
sible forming paths into three basic deformation modes: (a) 
flat surfaces under plane strain stretching mode, (b) rotation-
ally symmetric surfaces under plane strain stretching mode, 
and (c) corners under equal biaxial stretching mode. Silva 
et al. [96] analyzed the membrane equilibrium conditions 
of the local shell element, as shown in Fig. 10. The simpli-
fied membrane analysis equilibrium equations along with 
the circumference, meridian, and thickness directions are 
shown as follows:

where �� , �∅, and�t represent the circumferential stress, 
meridian stress, and thickness stress respectively; � is the 
friction coefficient; t is the sheet thickness; r1 is the curva-
ture radius of the meridian at the element ( r1 = rtool ); rz is the 
element normal radius where it cuts the z-axis.

4.1.2 � Shear deformation

The experimental results for single-layer metal materi-
als indicate that the through-thickness shear exists in the 
ISF process, which may be one of the main reasons for the 
increase of formability. The study of Allwood et al. [98] 
demonstrated that the through-thickness shear exists in the 
ISF process. And then, Jackson and Allwood [99] investi-
gated the strain distribution through the thickness along the 
cross-sectional plane of the parts formed by the SPIF and 
TPIF processes. The experimental results revealed that for 
both SPIF and TPIF processes, the deformation mechanisms 
were stretching and shear in the radial–axial plane which 
was perpendicular to the tool direction as well as shear in 
the tool direction. Malhotra et al. [100] applied finite ele-
ment simulation model to forecast the fracture of parts. They 
concluded that through-thickness shear and local bending of 
the sheet around the tool greatly affects the fracture in SPIF. 

(1)d�� = −���t
rd�

t
≅ −���t

(2)
�t

t
+

�∅

r1
+

��

rz
= 0

(3)
d�∅

dr
+

�∅ − ��

r
+

�∅�t

tsin�
+

�∅

t

dt

dr
= 0

Table 2   The summary of specific ISF methods

Methods Research Materials Advantages Disadvantages

Thermal radiation plate heat Hou et al. [77] Jute fabric–reinforced PLA Easily controlled tempera-
ture

Complex the heating and 
heat preservation devices

Resistor heat Ambrogio et al. [74, 75] Glass fiber–reinforced PA6 Easily controlled tempera-
ture

Complex the heating and 
heat preservation devices

Hot air heat AL-Obaidi et al. [76, 87] Glass fiber–reinforced PA6 
and BFRP laminates

Uniform heating and easily 
controlled temperature

High hardware cost

Halogen lamp heat Okada et al. [79] Carbon Fiber-reinforced 
PA6

Simple operation Slow heating rate and 
uneven heating

Hot water heat Torres et al. [78] Linen Fiber reinforced 
Solanyl

Uniform heating and easily 
controlled temperature

Low forming temperature 
(up to 100 °C)

Friction heat Li et al. [42] and Matsu-
moto et al. [91]

Al-St and Nickel Foam-
PMMA

No additional equipment Low forming temperature; 
severe tool wear and 
poor surface quality of 
parts

Ultrasonic-assisted forming Sakhtemanian et al. [53] St-Ti Rapid increase in tool tem-
perature due to ultrasonic 
vibration

Complex devices
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Smith et al. [101] investigated the difference of deformation 
mechanism between SPIF and ADSIF by numerical simula-
tion. They found that the parts formed by the ADSIF process 
were affected by greater hydrostatic pressure, greater plastic 
strains and through-thickness shear strains than those formed 
by SPIF, which may be the reason for the improved form-
ability of ADSIF. In the study of Lu et al. [102], the effects 
of friction-induced through-thickness shear were discussed. 

The results showed that the effect of higher shear stress is to 
improve the deformation stability and stress triaxiality, but 
to reduce the formability.

4.1.3 � Bending under tension

Some researchers suggested that the bending under ten-
sion was also a deformation mode in ISF of single-layer 

Fig. 9   Schematic illustration 
of the volume element, and 
the basic deformation modes 
in SPIF: (a) flat surface under 
plane strain stretching mode; (b) 
rotationally symmetric surface 
under plane strain stretching 
mode; (c) corner under biaxial 
stretching mode. Note: the 
insets show pictures of typical 
cracks that occur in deformation 
modes (b) and (c) [97]
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metal materials. Emmens and Boogaard [103] performed 
tension tests with repetitive bending to simulate a deforma-
tion pattern in the ISF process called bending under ten-
sion. They concluded that a slight bending was enough to 
cause great uniform strains of the sheets. In a review [104], 

they describe the important role of the deformation mode of 
bending under tension in the ISF process. And they proposed 
that the occurrence of bending under tension in the ISF pro-
cess was difficult to determine directly. And the tensile force 
was affected by both tensile and bending strains. Fang et al. 

Fig. 10   Rotational symmetric SPIF process: (a) illustration of the shell element in perspective; (b) illustration of the shell element after being 
cut by an axial meridional plane and as it is seen from the top; (c) details of (b) showing the acting stresses [96]
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[105] described the localized deformation mechanism in the 
SPIF process considering both strain hardening and bending 
effect. The results indicated that the deformation occurs in 
the contact area and the wall near the contact area. Further-
more, fractures were more likely to occur at the transition 
area between the contact area and the formed wall.

The bending under tension was also mentioned in the ISF 
of composite materials. In the research of Al-Ghamdi and 
Hussain [62], the analysis of bending under tension revealed 
that the bulge was the result of bending moment applied to 
sheet metal by the forming tool during the ISF process. In 
addition, with the increase of bending moment, the height 
of the bulge structure increases linearly.

4.2 � Failure mechanisms

The failure behaviors of metallic materials have been exten-
sively investigated and reviewed, but there is still a lack of 
overview to summarize failure mechanisms of composite 
materials formed by ISF. In this section, the failure types of 
various composite materials are introduced and discussed.

4.3 � Failure analysis of metal composite materials

Different from monolithic sheets, the possible failure modes 
of bonded multilayer metal composites by SPIF are more 
complicated. According to the literature review, the three 
modes were identified as follows:

Mode 1: Fracture without delamination, as shown in 
Fig. 11.
Mode 2: Fracture with delamination, as shown in 
Fig. 12b.

Mode 3: The bulge defect, as shown in Fig. 13.

In Abd Ali et  al. [38], regardless of the Al/St layer 
arrangement or the St/Al layer arrangement, the fracture 
started from the stiffer and thinner St layer because the area 
of the St layer decreased less than that of the Al layer. Com-
pared with the St/Al layer arrangement, the fracture in the 
Al/St layer arrangement occurred earlier because the thin-
ner and lower ductility St layer located on the outer side 
of the Al/St layer arrangement underwent greater stretch-
ing deformation. Furthermore, the authors found that the 
delamination occurred only in the St/Al layer arrangement, 
as shown in Fig. 12b. It was concluded that the delamina-
tion occurred after the fracture. Liu and Li [43] found that 
different layer arrangements of Cu-Al composite sheets had 
different failure behaviors. For the Al/Cu layer arrange-
ment, cracks appear first in the Cu layer and then in the 
Al layer, which was due to the thin but strong Cu layer 
in the outer layer withstood more stretching deformation, 
thereby delaying the fracture occurrence of the composite 
sheet. However, in the Cu/Al layer arrangement, the crack 
was simultaneously observed in both the Cu layer and Al 
layer because the bonding strength between the two layers 
was strong. Hassan et al. [54] performed the delamination 
analysis in the SPIF of the steel/steel composite sheet. The 
authors found no delamination of the materials at a depth 
of 7 mm which was the maximum forming depth in their 
experiments. Then, they performed finite element simula-
tions and revealed that if the material formability was high 
enough, then the delamination would occur at a depth of 
8.4 mm. In another paper [55], they showed that the failure 
mode of steel–steel composite sheets prepared at different 

Fig. 11   The failure mode of 
fracture without delamination 
for Al/Cu layer arrangement 
[43]
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pre-rolling temperatures is two-layer fracture rather than 
delamination. The bulge structure is also considered a fail-
ure mode because it causes faster tool wear and geometric 
inaccuracy. AL-Ghamdi and Hussain [62] investigated the 
influence of forming conditions and bending on the bulge 
in the ISF of Cu-St-Cu composite sheet. The results have 
shown that the use of high step size, large tool diameter, and 
moderate annealing temperature was beneficial to reduce the 

height of the bulge. Furthermore, the analysis of bending 
under tension has shown that the height of the bulge was 
the result of the bending moment exerted on the sheet by the 
forming tool during the ISF process. Moreover, the height of 
the bulge could decrease by reducing the bending moment. 
In the research of Li et al. [42], the layer arrangement was 
the most important factor influencing the height of bulge, 
and the height of bulge for the Al/St layer arrangement was 

Fig. 12   Interface morphology 
of composite sheets. (a) The Al/
St fractured part, (b) the St/Al 
fractured part, and (c) the St/Al 
successful part [38]

Fig. 13   The failure mode of 
the bulge defect. (a) Schematic 
of bulge defect and (b) bulge 
defect in actual part [48]
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larger than that of the St/Al layer arrangement because the 
material flow of AA5052 was easier than DC05 at elevated 
temperatures. In addition, larger spindle speed also resulted 
in the greater height of bulge, which could be explained that 
more friction heat caused the material to flow more severely 
and then led to the higher bulge structure. In the study of Qin 
et al. [48], the bulge defect is caused by the inconsistency 
of stress states on the upper and lower surfaces of the com-
posite sheet. They concluded that the most important factor 
affecting the height of the bulge structure was step size. With 
the increase of step size, the height of the bulge structure 
also increased. Tool diameter and the coefficient of friction 
between the tool and the composite sheet also affected the 
height of the bulge structure. Large tool diameter and coef-
ficient of friction reduced the height of the bulge structure.

4.4 � Failure analysis of fiber‑reinforced composite 
materials

For the fiber-reinforced composite materials, the modes of 
possible failure by SPIF could be summarized as follows:

Mode 1: Circumferential cracks (see Fig. 3(b) in Hou 
et al. [77])
Mode 2: Oblique cracks (see Fig. 3(c) in Hou et al. [77])
Mode 3: Wrinkle, as shown in Fig. 14
Mode 4: Void, as shown in Fig. 16

According to Hou et al. [77], the stretching mechanisms 
due to meridional tensile stresses led to the circumferential 
crack, which was similar to the in-plane fracture mechanism 
of the PVC sheet [106] and the metal sheet [97]. The oblique 
crack might be related to the debonding at the interface of 

the composites because the fibers elongate significantly. 
When the forming angle of pyramidal parts was greater than 
60°, Xiao et al. [80] found that the wrinkle was more likely 
to appear at the wall area and corner, as shown in Fig. 14. 
In the study of AL-Obaidi et al. [76], the largest cracks in 
the samples occurred in the walls with wall angles of 50° 
and 55°, which was due to the increase in the displacement 
increasing the tensile fabric fibers. As shown in Fig. 15 a and 
b, no completely longitudinal cracks were observed, but the 
cracks grew longitudinally, while the fiberglass did not frac-
ture at all. It could be seen that cracks were caused by the 
excessive elongation and delamination between woven fibers 
in Fig. 15c. The crack voids were triggered by the growth of 
small cracks which were observed at the boundaries of the 
glass fibers as illustrated in Fig. 16. However, the air voids 
occurred during heating and gradual cooling.

4.5 � Failure analysis of composites of metal 
and polymer

In the study of Liu and Chen [84], the failure modes of 
PA-Al composite sheets were very complex, including frac-
tures of single layer, two layers, delamination, and the mixed 
situation. Figures 17 and 18 show the failure modes of PA-Al 
laminates under the 2D groove deformation path and the 
3D trunk-cone deformation path respectively. The authors 
found that the various degrees of delamination between the 
Al layer and PA layer could be seen in all the experimental 
cases, which was mainly due to the weak adhesion between 
the Al layer and PA layer. Only the cracking of Al layer 
with no visible delamination could be observed in Fig. 18 a 
and b, which indicated that the composite sheet has under-
gone synergistic deformation and could further improve its 

Fig. 14   The wrinkle in the wall 
area and corner of a CFRP pyra-
mid part [80]
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anti-failure ability. Figure 17 a and b have shown that only 
the cracking of Al layer with serious delamination occurred 
when the PA layer contacted the tool under the 2D groove 
deformation path, and a similar phenomenon could be 
observed in Fig. 18 c and d when the Al layer contacted the 
tool under 3D truncated-cone deformation path. The failure 
mode of cracking in two layers with serious delamination 
could be found when the Al layer faced the tool under the 
2D groove deformation path.

Davarpanah and Malhotra [85] investigated the influ-
ence of the thickness of the Al layer and PA66 layer on the 
failure modes of PA66-Al composite sheets when the PA66 

layer was in contact with the tool. Figure 19 shows the three 
failure modes including delamination at the metal-polymer 
interface, the Al-layer tearing along the circumferential 
direction, and the PA66 layer galling in contact with the 
forming tool. The results indicated that the failure mode with 
a small thickness of the PA66 layer and Al layer was delami-
nation, while the failure mode with a large thickness of the 
PA66 layer and a small thickness of Al layer was metal tear-
ing. This phenomenon might be due to lesser bending in the 
unformed region (central region) of the thicker PA66 layer, 
which reduced the risk of PA66 layer and Al layer interface 
separation, thereby reducing the possibility of delamination. 

Fig. 15   SEM examination of 
cracks in 55° wall angle sample: 
(a) detected by a high-definition 
backscattered electron detector, 
(b) enlarged view from (a), 
(c) was scanned by the second 
detector of topographic contrast, 
and (d) enlarged view from (c) 
[76]

Fig. 16   Cracks and voids in 
magnified SEM image [76]
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The failure mode of galling occurred in the condition of the 
thick Al layer and PA66 layer.

4.6 � Failure analysis of other composite materials

AL-Obaidi et al. [87] developed a hybrid laminate that com-
bined an aluminum sheet with basalt fiber–reinforced ther-
moplastic polyamide 6. The failure modes of the hybrid lam-
inate are delamination and void. It could be seen in Fig. 20 
of zone I that the percentage of voids and delamination rate 
was increased with a larger profile wall angle. The greatest 
delamination was observed between the aluminum plate and 
BFRP because the plastic properties of the aluminum sheets 
were different from those of the BFRP during the forming 
process. A higher percentage of voids and delamination was 
observed in zone I because the laminates underwent much 
greater stress in zone I than in the other two zones.

Hernández-Avila et al. [32] found the appearance of wrin-
kles on the cone walls of the parts, as shown in Fig. 21. 
In their study, compared with the spindle speed of 0 rpm, 
more wrinkles were observed in the samples manufactured 
with the spindle speed of 2000 rpm, which was due to the 

increase of the sheet temperature caused by the spindle 
speed. Furthermore, Franzen et al. [106] found that wrinkles 
were more common in conical parts, where it was difficult to 
withstand the twisting of radial cross-section caused by the 
motion of the forming tool. The wrinkle was related to the 
twist of the radial cross-section plane which was triggered 
by the movement of the forming tool along the helical tool 
path, which was expected to start in thinner sheet parts [97]. 
As stated by Yang et al. [107], the increase of wall angle led 
to the obvious increase of the appearance wrinkle.

5 � Numerical modeling and simulation

Due to the high localization and non-linearity, it is dif-
ficult to understand the deformation mechanics of the ISF 
process only through experiments. Therefore, numeri-
cal simulation of the ISF process is essential to under-
stand the deformation behaviors, process investigation, 
and its optimization [22]. Since there are few studies 
on the numerical simulation of fiber composites and 

Fig. 17   Failure modes of PA-Al 
composite sheets under 2D 
groove deformation path with 
d = 20 mm [84]
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other composites, this section mainly involves the con-
stitutive models and finite element simulation of metal 
composites.

5.1 � Constitutive models

The constitutive law has a great influence on the correct 
prediction of deformation and failure behavior of materi-
als. This section reviewed the constitutive models com-
monly used for single-layer sheets and composite sheets.

5.1.1 � Constitutive models for single‑layer sheet

Different material constitutive models were tested during 
the single-layer sheet simulation in SPIF. Some commonly 
used constitutive models are introduced. Other special con-
stitutive models including the Kim–Tuan model, modified 
Mohr–Coulomb (MMC3) model, CPB06 constitutive model, 
and Cowper–Symonds constitutive model could be referred 
to Ref. [108], Ref. [109], Ref. [110], and Ref. [111].

For simplicity of the finite element simulation, many 
researchers only used the hardening law as the material 

Fig. 18   Failure modes of PA-Al composite sheets under 3D truncated-cone deformation path with d = 20 mm [84]

Fig. 19   Modes of failure. (a) 
Delamination, (b) metal tearing, 
and (c) galling [85]
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constitutive law. The hardening law, also known as the flow 
stress law of materials, refers to the flow stress � that is 
a function of the real strain � . This function approximates 
the flow stress curve measured. The widely used hardening 
laws include the power law (the Holloman hardening law), 
the Swift hardening law, the Voce hardening law, and the 
Ludwik hardening law.

The power law is the most commonly used hardening 
law in single-layer metal materials, which indicates that the 
material grows in the form of a power of constant hardening 
coefficient during the whole process of deformation. The 
equation can be expressed as follows:

where K is the strength coefficient and n is the work harden-
ing exponent. The power law is widely used for the numeri-
cal simulation of single-layer metal materials, such as alu-
minum alloy sheets [112–125], magnesium alloy sheet [126, 
127], steel sheets [128, 129], titanium alloy sheets [129], and 
Cu sheets [130].

The Swift hardening law can be given by the following 
commonly used formula:

(4)� = K�n

Fig. 20   The half-formed conical 
shape and divided into three 
enlarged zones [87]

Fig. 21   Cone-shaped parts 
fabricated from bilayer sheets of 
PP–ST [32]. (Lay-ST is referred 
to the bilayer sheet in which the 
ST is in contact with the form-
ing tool)
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in which K is the strength coefficient, n is the work harden-
ing exponent, and �P and �0 are the equivalent strain and 
yield strain respectively. By summarizing the previous 
papers, the Swift hardening law can also be applied to the 
finite element simulation for the ISF processing of aluminum 
alloy sheets [131, 132], steel sheets [133, 134], and magne-
sium alloy sheets [135].

The equation of the Voce hardening law is as follows:

where K is the strength coefficient, t is a material parameter, 
and �P is the equivalent strain. To make the hardening behav-
ior of the aluminum alloy sheets more suitable for the ISF 
process, Shamsari et al. [136], Nourmohammadi et al. [137], 
and Ai et al. [138] implemented the Voce hardening law. In 
order to accurately simulate the water jet incremental micro-
forming process, the Voce hardening law was implemented 
to explain the work hardening behavior of the stainless-steel 
foil by Shi et al. [139].

Some scholars used the Ludwik hardening law to describe 
the hardening behavior of materials, such as Wen et al. [140] 
and Movahedinia et al. [141]. The equation can be given as 
follows:

in which K is the strength coefficient, n is the work harden-
ing exponent, and �s is the yield stress.

To simulate the deformation behavior of materials more 
accurately, many scholars combine the yield criterion with 
the hardening law. The common combinations include the 
isotropic hardening law with the Von Mises yield criterion 
[142, 143], the isotropic hardening law with the Hill’s 1948 
yield criterion [144, 145], the Holloman hardening law with 
the Von Mises yield criterion [146], the Voce hardening law 
with the Von Mises yield criterion [147, 148], the Swift 
hardening law with the Von Mises yield criterion [149–154], 
and the Swift hardening law with the Hill’s 1948 yield cri-
terion [155, 156].

Besides, the Johnson–Cook material model is a consti-
tutive law for predicting the plastic flow stress, which is 
related to the given temperature conditions, strain as well 
as strain rate. This model can be implemented by the fol-
lowing equation:

where �P is the equivalent strain, and A, B, and C are the 
yield stress, the hardening modulus, and the strain rate coef-
ficient respectively.𝜀0 denotes the reference strain rate, n is 
the hardening exponent, m is the temperature exponent, and 

(5)� = K(�0 + �P)
n

(6)� = �s + K(1 − e
−t�P)

(7)� = �s + K�n

(8)𝜎 = (A + B𝜀n
P
)(1 + Cln

𝜀̇

𝜀0
)(1 − T

m)

T is the homologous temperature. The constitutive law is 
not only applied in ISF at the room temperature [157–159], 
but also used in ISF of sheet metal preheated at different 
temperatures [160], electric hot ISF [161–164], and laser 
heating ISF [165, 166].

Henrard et al. [167] compared the ability of several con-
stitutive models to predict forming forces. The authors con-
cluded that the material model with the highest prediction 
accuracy of forming force was the von Mises yield criterion 
with the mixed isotropic–kinematic (Voce–Ziegler) harden-
ing model. Esmaeilpour et al. [168] applied the Voce hard-
ening law with three different yield criteria including Barlat 
Yld2004-18p, Hill’s 1948 and von Mises criterion to simu-
late the SPIF process of the AA7075-O sheet. The results 
have shown that the forming quality of the conical parts 
simulated by the three yield criteria is very similar, but the 
calculation time of the Barlat Yld2004-18p criterion is the 
longest, while the calculation time of the von Mises criterion 
is the shortest. Han et al. [169] studied the influence of dif-
ferent yield criteria (von Mises and Hill48) and hardening 
laws (Armstrong–Frederick, isotropy, and kinematics) on 
the prediction accuracy of straight flanging by ISF. They 
drew a conclusion that the Hill48 yield criterion with the 
Armstrong–Frederick hardening laws after correction had 
the best prediction accuracy of sectional shape and form-
ing force in different yield criteria, correction methods, and 
hardening laws.

There are relatively few papers on material damage mod-
els, which may be due to the complexity of material damage 
constitutive models, which also increases the time required 
for simulation. As reported by Said et al. [170], the constitu-
tive model based on quadratic yield criteria of Hill’48 with 
the mixed isotropic/kinematic hardening law could predict 
ductile damage in SPIF more accurately compared with the 
isotropic hardening law. Jin et al. [171] proposed an elas-
toplastic constitutive model which combined a mixed iso-
tropic kinematic hardening law with the Lemaitre damage 
model to accurately predict the deformation and formability 
of the sheet metal in the ISF process. Basak et al. [172] 
utilized the Hill’48 plasticity theory to modify seven dif-
ferent plastic damage models. The Bao–Wierzbicki fracture 
criterion incorporating the Hill48 anisotropic yield model 
was considered to be the most appropriate model to predict 
the fracture behavior of AA6061 material during the ISF 
process because its average error is the smallest. According 
to the study of Gatea et al. [173, 174], the GNT damage 
constitutive model was applied to predict the effects of main 
parameters on the formability and fracture of titanium sheets 
in the ISF process. Guzmán et al. [175] applied the modi-
fied GTN model which was extended to shear to predict the 
damage during SPIF. They came to a conclusion that the 
predicted maximum forming angle is smaller than the actual 
maximum forming angle for complex parts like the cone.
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5.1.2 � Constitutive models for composite materials

For the numerical simulation of ISF, the constitutive law 
of composite materials can usually be inherited from the 
constitutive law of single-layer materials. The constitutive 
law of Al-St [38, 40], Cu-Al [43, 46–48], St-Ti [51, 52], 
and St-St [54] composite materials is the isotropic harden-
ing laws. Bouhamed et al. [50] first used the Mori–Tanaka 
model to estimate Young’s modulus, density, and Poisson’s 
ratio of Ti–Al composite sheets containing different volume 
fractions of Ti particles, and then applied RVE to obtain 
the Ludwik hardening law’s parameters of Ti–Al composite 
sheets containing different volume fractions of Ti particles. 
Finally, the finite element method is applied to simulate the 
ISF process of composite sheets based on the obtained mate-
rial properties data. For the finite element simulation of the 
FSTWBs as shown in Fig. 22, Marathe et al. [176] applied 
the isotropic hardening law to simulate the SPIF process. 
Sakhtemanian et al. [53] used a modified Johnson–Cock 
material constitutive model to investigate the influence of 
ultrasonic vibration on the SPIF process of St-Ti composite 
sheets. Wu et al. [93] applied the Johnson–Cock constitutive 
model to numerically simulate the friction stir–assisted ISF 
process of synchronously bonding Al-St composite sheets.

The constitutive models mentioned above are mainly 
aimed at metal materials. Due to less research on ISF of 
fiber-reinforced composites, there are few examples of finite 
element simulation. However, we can refer to the constitu-
tive models of fiber-reinforced composites in stamping [177, 
178] and impacting [179]. For example, Liu et al. [177] 

used a non-orthogonal constitutive model to characterize 
the anisotropic material behavior of GFRP in thermostamp-
ing process. A convected coordinate system, whose in-plane 
axes are coincident with the weft and warp yarns of woven 
fabrics, is embedded in the shell elements. Contravariant 
stress components and covariant strain components in a 
constitutive relation are introduced into the convected coor-
dinate system. The transformations between the contravari-
ant/covariant components and the Cartesian components of 
the stress and strain tensors provide a method for deriving 
the global non-orthogonal constitutive relations for woven 
composite fabrics. By taking advantage of the tensile–shear 
decoupling in the constitutive equation under the convected 
coordinate system, the material characterization of woven 
fabrics is simplified. Tang et al. [179] established a mechani-
cal model based on the CFRP laminates, which considers 
the effect of hygrothermal diffusion on a ballistic impacting 
process. The model solves the Luikov equations by means 
of the differential quadrature method. The failure and partial 
failure of a projectile with high velocity into the composites 
were studied based on the conservation of energy. Further, 
as hygrothermal deformation reaches equilibrium, the effect 
of hygrothermal effects on the ballistic impact event was 
investigated.

5.2 � Finite element modeling

Since the finite element simulation of other composite mate-
rials has not been found, this section mainly introduces the 
finite element simulation of metal composite materials and 
fiber-reinforced materials. How to simulate the composite 
sheet is an important aspect of the finite element analysis of 
composite materials.

In the finite element modeling of composite materials, 
explicit analysis and shell elements are widely applied 
because they can greatly reduce computation time. Although 
both shell element and solid element have the ability in 
predicting the displacement field, the shell elements can-
not accurately predict the stress/strain field in the thickness 
direction. Therefore, a detailed study of SPIF requires the 
use of three-dimensional solid elements [94].

For multi-layer metal composite materials, the most com-
mon approach is to define a section for each single layer. 
The material properties of each sheet were assigned to each 
section. Then, both sections were attached using the tie con-
straint [47, 51–53]. To simulate the delamination phenome-
non on SPIF of the steel–steel composite sheet, Hassan et al. 
[54] used the surface-based cohesive interaction to simulate 
the interface between two St sheets. Qin et al. [48] adopted a 
similar method for Cu-Al composite sheets. Solid elements 
C3DR8 were used to simulate the Cu layer and Al layer, 
while cohesive elements COH3D8 were adopted to simulate 
the interface, as shown in Fig. 23. And the determination 

Fig. 22   The simulation of the sheet (BM and WM represent the base 
metal and welding material respectively) [176]
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of the cohesion element parameters was also explained in 
detail.

Abd Ali et al. [38] selected a composite layup choice to 
simulate the Al-St composite sheet. The two types of layer 
arrangement are shown in Fig. 24. To simulate the FSTWBs, 
Marathe et al. [176] divided the sheet into three sections in 
the horizontal direction, as shown in Fig. 22. Then, the mate-
rial properties of each section were assigned. The properties 
of the welding material were the average of the two base 
metals. Liu et al. [43] applied a new method that defined 
the composite sheet as a whole. The mechanical properties 
of the Cu-Al composite sheet including Young’s modulus, 
Poisson’s ratio, yield stress, and ultimate tensile strength can 
be calculated by the equation in Ref. [180], as shown below

where �Cu−Al , �Cu , and �Al refer to the Young’s modules, Pois-
son’s ratios, yield stresses, and ultimate tensile strengths.wCu 

(9)�Cu−Al = wCu�Cu + wAl�Al

and wAl are the percentage fractions of metallic components 
in a composite sheet.

Xiao et al. [80] built a FE model of the CFRP sheet in the 
ISF based on the mesoscopic scale. Each bundle of carbon 
fiber was simulated by the yarn which was drawn by CATIA 
software and imported into ABAQUS for assembly, and each 
bundle of yarn is assigned material properties. Figure 25 
shows the mesoscale model used to simulate the fabric and 
discrete rigid tool surfaces, using a quarter geometry to 
reduce simulation time.

Due to the scarcity of finite element simulation for fiber-
reinforced composite materials in ISF, this section also intro-
duces the simulation of fiber-reinforced composite materials 
in other forming process for reference.

In order to simulate the stamping process of carbon 
fiber–reinforced polypropylene sheets, Wang et al. [181] 
established a finite element model as shown in Fig. 26. In 
the finite element model, shell elements S4R were used to 
simulate CFRP sheets, and the full CFRP sheet was divided 
into 5700 elements. The punch and holder were defined as 

Fig. 23   Finite element model of 
the Cu-Al composite sheet [48]

Fig. 24   The layer arrangements of Al-St composite sheets. (a) Al/St and (b) St/Al [38]
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rigid bodies and meshed using R3D4 elements with dimen-
sions of 15 × 15 mm.

To reproduce the impact experiment of the CFRP lami-
nate, Kazemi et  al. [182] established the finite element 
model as shown in Fig. 27. The mesh size of the impact 
zone of the CFRP laminate is 0.25 × 0.25 mm, and the coarse 
mesh is used in other areas. In order to simulate the initiation 
and development of delamination in the interface between 
adjacent plies of the laminate, the model applied a surface-
based cohesive contact method. Figure 28 illustrates the 
schematic of the load transfer behavior of the surface-based 
cohesive contact method.

Fu et al. [184] established a finite element meso model of 
CFRP sheets to analyze the mechanism of induction heat-
ing of plain weave as shown in Fig. 29. Based on the finite 
element mesoscopic model, the induction electricity-mag-
netic-eddy current–temperature multi-field coupling analysis 
model of plain weave CFRP is established. The coupling 
and distribution rules of the electro-magnetic-eddy current 
field during induction heating were studied. Furthermore, 
the heating history and temperature distribution of carbon 
fiber composite materials during heating were analyzed, and 
the correctness of the finite element mesoscopic model was 
verified through experiments.

Fig. 25   The mesoscale model 
used to simulate the ISF of the 
CFRP sheet [80]

Fig. 26   The finite element 
model for stamping process of 
CFRP sheets [181]
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6 � Formability of composite materials

6.1 � Formability evaluation

The formability of composite materials in ISF is often 
characterized by the maximum drawing angle and the 
maximum forming depth. When the selected geometry of 
the part is a frustum pyramidal shape that has variable wall 
angles along the forming depth [38, 39, 77] or a truncated 
cone with variable generatrices [43, 60, 61], the maximum 
drawing angle is regarded as an indication of formability. 
When two shapes (groove [43, 44] and truncated cone with 
variable generatrices [47, 89]) are selected, the maximum 
forming depth is regarded as an indicator to characterize 
the process formability of composite materials. The influ-
ence of parameters on the maximum drawing angle and 
the maximum forming depth was studied by changing the 
process parameters.

FLDs are also used to characterize the formability of 
composite materials in the ISF process. The limit strain of 
the fault area is an important part of an FLD. According 
to the study of Abd Ali et al. [38], the FLD was applied 
in ISF to investigate the formability by using major and 
minor strains of Al-St composite sheets. Figures 30 and 
31 describe the influence of step size, layer arrangement, 
and tool diameter on the FLD. To measure the major and 
minor strains on the external layer of the composite sheets 
after ISF, two sections were created on the external layer, 
including two deformation modes, namely biaxial stretch-
ing in the corners of formed parts and plane strain at the 
wall of the formed part. The fracture strains were obtained 
according to the method used in the research of Centeno 
et al. [185]. The FFL was acquired based on the SPIF pro-
cess of the truncated pyramid shape, which was one of 
the shapes suggested by Isik et al. [186]. For both layer 
arrangements, the maximum strain on the external layers 
was measured with the condition of small tool diameter 

Fig. 27   The finite element 
model for impacting test of the 
CFRP laminate [182]

Fig. 28   The schematic of load transfer behavior of surface-based cohesive contact method [183]
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and small step size, which is shown in Fig. 30a. Moreo-
ver, the major strain of the St/Al layer arrangement was 
larger than that of the Al/St layer arrangement under the 
same conditions. In the case of the same layer arrange-
ment, increasing the tool diameter and step size led to a 
slight improvement in formability. Therefore, according to 
the maximum stable strain before fracture, the method to 
promote the formability of the Al-St composite sheet was 
determined. In both conditions of parameters in Fig. 30 
and Fig. 31, the necking before fracture of both layers 

was observed. The layer arrangement is a very important 
parameter affecting the formability of metal composite 
sheets. Therefore, under different parameters, the fracture 
with necking of composite sheets for both layer arrange-
ments is more obvious than that of the monolithic sheets, 
and Silva et al. [187] observed the same trend in the case 
of the large tool diameter. But, Centeno et al. [185] found 
that the behavior under the two tool diameter ranges was 
same, which meant that the failure mechanism of metal 
composite sheets is the same as that of the single-layer 
metal sheets.

Fig. 29   Process chart for estab-
lishing a meso geometric model 
[184]

Fig. 30   FLD for both layer arrangements with Δz = 0.15 mm. (a) d = 10 mm and (b) d = 20 mm [38]
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6.2 � Effects of process parameters

It was reported that the tool radius, spindle speed, feed 
speed, initial sheet thickness, step size, forming tempera-
ture, and wall angle are important process parameters, 
which affect the formability of composite materials in ISF. 
Except for fiber-reinforced composite materials, the layer 
arrangement is also a very important process parameter 
that affects the formability.

6.2.1 � Tool radius

Tool radius is considered a significant process parameter 
in ISF of composite materials, which has been extensively 
studied. As reported in Abd Ali et al. [38], they found that 
the increase of the tool radius reduced the formability of 
the Al-St composite sheet in ISF, which was the same as 
the case of monolithic metal sheets, and a similar conclu-
sion was also derived by Raneen et al. [39] and Liu and 
Li [43]. According to the studies by Ghamdi and Hussain 
[58], the formability of composite sheets was reduced with 
the increase of the tool radius. The authors mentioned that 
if the tool size was further increased, it tended to approach 
the stamping formability because this will enlarge the 
deformation area and thus changing the property of defor-
mation from local (SPIF) to global (stamping). In the study 
of Ashouri and Shahrajabian [56], the formability (fracture 
height and fracture angle) decreased when increasing the 
tool diameter. Larger tool diameters can result in greater 
tensile strain, so that the sheet metal fractured at lower 
heights. It can be concluded that the influence of the tool 
radius on the formability of the composite sheet is the 
same as that of the single-layer sheet.

6.2.2 � Spindle speed

Spindle speed is also a key factor that can influence the 
formability of metallic composite materials during the ISF. 
Many researches have been carried out to study its effects. 
In the research of AL-Ghamdi and Hussain [61], under 
the conditions of small tool diameter, step size, and feed 
speed, as well as low annealing temperature (e.g., 6 mm, 
0.2  mm, 1000  mm/min, 400  °C), the formability was 
improved with the increase of the rotation speed. How-
ever, when the material annealing temperature was higher 
(e.g., 700 °C) and the values of parameters were lager, the 
increase of the rotation speed decreased the formability of 
Cu-St-Cu composite sheets. In contrast to the monolithic 
sheet, the formability of composite sheets is not neces-
sarily improved with the increase of rotation speed, since 
other process parameters may also affect the formability. 
This observation proved that the effects of process param-
eters were highly complex and interactive.

6.2.3 � Feed speed

Feed speed is also an important process parameter affect-
ing the formability of metallic composite materials. 
Ghamdi and Hussain [61] indicated that the formability 
of the composite sheet decreased with the increase of 
feed speed for high annealed temperature (e.g.,700 °C). 
In the research of Ashouri and Shahrajabian [56], with the 
increase of feed speed, the deformation and displacement 
opportunities of the material decreased, so the sheet was 
more prone to fracture. Liu and Li [43] came to the same 
conclusion in the ISF of the Cu-Al composite sheet.

Fig. 31   FLD for both layer arrangements with Δz = 1 mm. (a) d = 10 mm and (b) d = 20 mm [38]

2123The International Journal of Advanced Manufacturing Technology (2022) 118:2099–2137



1 3

6.2.4 � Initial sheet thickness

Different from the ISF of monolithic metal sheets, the influ-
ence of the thickness of composite sheets on formability 
was less studied. Furthermore, for multi-layer metal com-
posite sheets, the thickness of different layers might also be 
an important parameter affecting the formability, but it had 
not been studied. Hou et al. [77] found that the increase of 
initial sheet thickness led to the increase of the forming limit 
because the strain in the direction of thickness decreased 
with the increase of thickness. Okada et al. [79] came to the 
same conclusion when forming carbon fiber–reinforced PA6 
composite sheets.

Furthermore, in the research of Davarpanah and Malhotra 
[85], the influence of PA66 layer thickness on the formabil-
ity of PA66-Al composite sheets was studied. Their results 
have shown that the formability increased first and then 
decreased with the increase of PA66 layer thickness.

6.2.5 � Step size

Many studies have shown that step size has a significant 
influence on the formability of metallic composite materials 
in ISF. According to the studies by Liu and Li [43], when 
forming the shape of a truncated cone with a variable gen-
eratrix, the increase of step size decreased the formability 
(maximum drawing angle), but the situation was the oppo-
site when forming the shape of the groove. For groove tests, 
the larger step size resulted in more material being stored 
between two adjacent tool paths to withstand stronger tensile 
deformation, thereby enhancing the formability. However, 
for forming the shape of a truncated cone with variable gen-
eratrices, the larger step size led to more tensile deformation, 
which leads to fracture. In the research of Ashouri and Shah-
rajabian [56], with the step size increasing, the influence 
of the forming tool on the sheet from one path to another 
becomes larger and larger, and the material displacement is 
greater than that of the smaller step size, so the formabil-
ity of bilayer hybrid brass-St13 sheets decreased. However, 
Conte et al. [74] and Torres et al. [78] came to the oppo-
site conclusion. The better formability in the ISF of glass 
fiber–reinforced PA6 and linen fiber–reinforced Solanyl 
composite sheets was obtained when forming at a higher 
step size.

6.2.6 � Forming temperature

For composites, especially fiber-reinforced compos-
ites, the temperature has a great effect on the properties 
of the materials. Therefore, the forming temperature is 
a parameter that cannot be ignored in the ISF process. 
In the research of Hou et  al. [77], when the tempera-
ture was higher than the melting point, the decrease of 

the forming temperature reduced the formability of the 
jute fabric–reinforced PLA composite sheets, because 
the thermal stability of the PLA matrix will soon be lost 
if the temperature is too high. Conte et al. [74, 75] con-
cluded that the formability of glass fiber–reinforced PA6 
composite sheets increased with increasing the forming 
temperature. In the study of Torres et al. [78], the high 
forming temperature decreased the formability of the linen 
fiber–reinforced Solanyl composite sheets.

6.2.7 � Wall angle

The wall angle is also a very important parameter affecting 
the formability, but it is rarely studied in the ISF of com-
posites. In the study of Torres et al. [78], the larger wall 
angle decreased the formability of linen fiber–reinforced 
Solanyl composite sheets. Conte et al. [74, 75] concluded 
that the formability of glass fiber–reinforced PA6 com-
posite sheets decreased with increasing the wall angles.

6.2.8 � Layer arrangement

For multilayer composites, layer arrangement is a pro-
cess parameter worthy of studying. Abd Ali et al. [38, 39] 
indicated that the layer arrangement of Al-St influences 
the forming force during the SPIF process of composite 
sheets. When the forming tool was in contact with a harder 
material, the forming force is less than the opposite. Thus, 
better formability could be obtained when the stiff but thin 
layer (St layer) is contacted with the forming tool. Ashouri 
and Shahrajabian [56] came to a similar conclusion that 
the formability of the St13 layer in contact with tools was 
better than that of the brass layer because the formabil-
ity of St13 was higher than the brass sheet. Honarpisheh 
et al. [47] reported that the formability with Cu/Al layer 
arrangement was better than that of Al/Cu layer arrange-
ment. However, Liu and Li [43] drew a different conclu-
sion. Compared to the Cu/Al layer arrangement, the Al/Cu 
layer arrangement had better formability and larger form-
ing force because the outer thinner but stronger Cu layer 
was able to bear more stretching deformation. The differ-
ent conclusions drawn by Liu and Li [43] and Honarp-
isheh et al. [47] may be attributed to the difference in the 
thickness ratio of the Al layer to the Cu layer. According 
to the study of Liu and Chen [84], the layer arrangement 
played a significant role in the formability of PA-Al com-
posite sheets. Because of the weak bond between the PA 
layer and the Al layer and the weak PA layer, when the 
PA layer contacted tools, the composite sheet was easy to 
delaminate in the early stage of forming, which reduced 
the formability of the composite sheets.
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7 � Forming forces

In this section, firstly, the reason for studying the form-
ing force is explained. And then the influence of contact 
conditions and process parameters on forming force of 
composite materials in ISF is reviewed.

Forming force is a key parameter that helps selecting 
suitable machine equipment and forming tools, avoiding 
forming damage, and reducing wear between the tool and 
sheet, as well as determining energy consumption and final 
formed shape [188–203]. It is also a significant factor in 
ISF that provides an understanding of the deformation 
mechanics, monitoring the forming process, and prevent-
ing the failure prediction.

7.1 � Effects of process parameters

Liu and Li [43] investigated the influence of some sig-
nificant process parameters, including the layer arrange-
ments, layer thicknesses, wall angle, and tool diameter, as 
well as step size, on the forming force in the SPIF process 
of Cu-Al composite sheets. The results indicated that the 
forming force of Al/Cu sheets was higher than that of Cu/
Al sheets and the vertical force increased as the thickness 
of the Cu layer in the composite sheets increased. In addi-
tion, they found that the vertical forming force increased 
with increasing the tool diameter and step size, while the 
vertical forming force first increased and then decreased 
with increasing the wall angle. Haghpanahi et al. [46] 
and Gheysarian et al. [45] agreed with the results that 
the increase of step size and tool diameter increased the 
vertical forming force. Moreover, Haghpanahi et al. [46] 
also found that the greater the thickness of the compos-
ite sheets, the greater the forming force. Hernández-Avila 
et al. [32] and Lozano-Sánchez et al. [92] came to the same 
conclusion that the increase of spindle speed decreased 
the forming force, which was attributed to the softening of 
the sheet due to the heat generated by friction between the 
forming tool and the sheet when forming PP-ST composite 
sheets and PP-MWCNTs composite sheets, respectively. 
Sakhtemanian et al. [51, 52] indicated that the increase 
of step size had a negative effect on the forming force 
of St-Ti composite sheets, which was due to the increase 
of the work hardening caused by the application of the 
higher step size. In another work [53], they found that the 
application of ultrasonic vibration significantly reduced 
the forming force because the ultrasonic vibration reduced 
the friction coefficient between the tool and the sheet sur-
face, and increased the temperature of the sheet which led 
to the decrease in the flow stress of the materials. Ghas-
sabi et al. [40] found that for the ISF of Al-St composite 

sheets, the spindle speed does not affect the forming force, 
and the feed speed only has little effect on the forming 
force. Davarpanah and Malhotra [85] found that the large 
thickness of the PA layer would increase the forming force 
while the large thickness of the Al layer did not affect 
forming force for PA66-Al composite sheets.

8 � Forming quality

The forming quality is mainly assessed through the shape 
(forming accuracy, surface quality) and performance 
(strength, fatigue) of the final formed composite material 
parts.

8.1 � Forming accuracy

The forming accuracy of single-layer sheets in ISF has been 
investigated extensively [204–220]. There are few works on 
the forming accuracy of composite parts in ISF, but it is very 
important to ensure the forming accuracy of composite parts 
manufactured by the ISF process meets the requirements. 
Forming accuracy is the difference between the expected/
designed geometry and the formed geometry of the com-
posite materials after ISF.

Romina et al. [74] observed that the forming accuracy of 
composite parts could be improved by increasing the step 
size and forming temperature. As investigated by Ghassabi 
[40], the spindle speed and economic speed did not affect the 
accuracy, but the large step size decreased the accuracy and 
the tool path also affects the forming accuracy of the part. 
Li et al. [42] found that the layer arrangement of aluminum 
alloy and steel composite sheets had a great influence on the 
forming accuracy of parts. Since AA5052 is more prone to 
material flow than DC05 at high temperatures, Al/St layer 
arrangement tends to have a higher bulge structure than the 
St/Al layer arrangement; that is, the accuracy of the St/Al 
layer arrangement is higher.

8.2 � Surface quality

Surface quality in ISF is mainly characterized by the val-
ues of surface roughness [221–235]. In general, the surface 
roughness is obtained by measuring the morphology of the 
surface with a profilometer.

In general, the use of lubricants can reduce the friction 
between the tool and the workpiece to improve the surface 
finish. The grease and liquid lubricants are generally used 
types of lubricants for composites in the ISF. In addition to 
suitable lubricants, certain forming parameters also affect 
the surface finish. In the research of Wei et al. [57], a combi-
nation of parameters named dsinθ/2pt (where θ is the form-
ing angle, d is the tool diameter, p is the step size, and t is 
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the sheet thickness), which had a controlling effect on the 
roughness of the inner surface, was proposed. The value of 
surface roughness decreased with the increase of parameter 
combination value. To produce high-quality Cu-St compos-
ite sheets, it is recommended to maintain an optimal value 
of 20 mm−1. Hou et al. [77] found that reducing the step 
size increased the surface quality of the formed composite 
part when the forming depth was large. The results of Liu 
and Li [43] showed that the values of surface roughness of 
Cu-Al composite sheets in the SPIF could be obtained by the 
small step size, the large diameter of forming tool, and large 
initial drawing angle. In the research of Sakhtemanian et al. 
[52], the scratches on the sample surface became deeper and 
the quality of the sample surface decreased by increasing 
the step size, which was consistent with the conclusion of 
the aluminum alloy sheet investigated by Liu et al. [236]. 
Similar to the results of Raneen et al. [39], Gheysarian and 
Honarpisheh [45] found that the large diameter of forming 
tool and small step size decreased the surface quality of 
metal composite parts, and the diameter of forming tool had 
the greatest influence on the surface roughness. The increase 
in tool diameter indicates that the forming quality of the part 
was enhanced by reducing the stress because the contact 
area between the forming tool and the inner layer increased 
[237]. With the decrease of the step size, the height between 
the two adjacent tool paths also became smaller, which led 
to the decrease of surface roughness value and the better 
surface quality [238–240]. For multilayer metal compos-
ites, the layer arrangement also affects the surface quality 
of the formed parts. As investigated by Raneen et al. [39], 
St/Al layer arrangement had a better surface quality than 
Al/St layer arrangement. In the research of Gheysarian 
and Honarpisheh [45], the surface roughness value of the 
Al/Cu layer arrangement is greater than that of the Cu/Al 
layer arrangement. Al-Ghamdi and Hussain [63] studied the 
effects of normal strain, sheet strength after forming, resid-
ual stress, and forming force on the free-surface roughness 
of Cu-St-Cu composite sheets in ISF. The results demon-
strated that the average roughness value of the free surface 
increased nonlinearly with the increase of normal strain for 
the free surface. They also found that the roughness value 
on the free surface increases linearly as the sheet strength 
after forming, residual stress, and forming force increased. 
Their analysis showed that the roughness of the free surface 
was inversely proportional to the roughness of the contact 
surface and that the forming angle had the greatest influence 
of all parameters.

8.3 � Mechanical strength

Tensile strength and yield strength are considered to be 
important indexes of the ISF-ed part because they deter-
mine the service performance of the part. In recent years, 

more and more scholars pay attention to the research on the 
strengths of single-layer metal parts [241, 242] and polymer 
parts [243]. The tensile test is a common method to meas-
ure the values of strengths. The sample that was cut from 
the side wall of the part was used for the tensile test with 
the aim of obtaining the stress–strain curve and calculating 
the values of yield strength and tensile strength. The effects 
of important parameters (such as forming temperature, step 
size, feed speed, tool diameter, spindle speed, sheet thick-
ness, and wall angle) on yield strength and tensile strength 
were investigated [244–251]. In contrast, the strength of 
composite materials has been less studied. Al-Ghamdi and 
Hussain [63] concluded that the strength of the Cu-St-Cu 
composite parts formed by ISF increased, which was con-
sistent with single-layer metal materials. The research of 
Matsumoto et al. [91] showed that the joining strength of the 
PMMA sheet and the nickel foam by friction stir ISF was 
larger than the fracture strength of the nickel foam. Accord-
ing to the study of Sakhtemanian et al. [52], the tensile 
strength of the St-Ti composite parts increased with increas-
ing the step size, which was attributed to the transition of the 
grain structure from the equiaxial state to the fibrous state 
and resulted in the texture formation in the microstructure. 
The result was consistent with the case of aluminum alloy 
material studied by Li et al. [245]. Wei and Hussain [65] 
investigated the influence of parameters on tensile strength 
and yield strength of post-ISF Cu-St-Cu parts by analysis 
of variance on the measured tensile properties. The result 
indicated that the wall angle and annealing temperature of 
the material were the most important parameters affecting 
yield strength and tensile strength. The mechanical strength 
could be promoted under the condition of intermediate val-
ues of rotation, step size, low annealing temperature, high 
tool diameter, and low feed rate.

8.4 � Fatigue

The fatigue properties are the most important index to 
determine the service life of parts. The fatigue proper-
ties of single-layer metal materials have been studied by 
some scholars. Xu et al. [252] found that parts formed by 
the ADSIF process had longer fatigue life than the original 
material. According to the study of Emmens and Boogaard 
[253], fatigue was only slightly present in the ISF process 
compared to the bending tests. In the research of Agrawal 
et al. [254], the fatigue life of the parts manufactured by 
the three processes including deformation machining, SPIF, 
and conventional bending was compared. The conclusions 
indicated that the parts manufactured by SPIF had signifi-
cantly longer fatigue life. Nirala et al. [255] found that the 
FGBIT resulted in metal parts with a higher fatigue life and 
better ratio of strength to weight compared to conventional 
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spiral toolpath. Unfortunately, there are no fatigue studies 
on composite materials of the ISF process.

8.5 � Summary

According to the relevant investigations presented in the 
literature above, the effects of different parameters on the 
forming quality of composite materials are summarized to 
provide clearer reference information for readers. Table 3 
gives detailed results of the influences of parameters on dif-
ferent aspects for composite materials in ISF. To be more 
comprehensive, the influences of process parameters on 
formability as well as forming force are also included in 
Table 3. The upward arrow (↑) represents the increase of 
process parameters or a positive influence on the resulting 
effects. The downward arrow (↓) and the horizontal line 
(—) mean the negative influence and the negligible influ-
ence on the resulting effects, respectively. The special mark 
(↑ + ↓) indicates that the resulting effects first increase and 
then decrease with the increase of process parameters. In 
the row of “Layer arrangement,” Al/Cu means that the 
forming force/formability/accuracy/surface finish of Al/Cu 
layer arrangement is larger or better than that of Cu/Al layer 
arrangement, and the same applies to others.

9 � Future trends

It has been seen that the ISF proved itself as a novel flexible 
forming technique to produce composite material compo-
nents. Many developments have been done in ISF over the 

last two decades. However, there is still a lot of potential in 
ISF that needs to be developed to adapt it to new composite 
materials forming. Some of the future research trends are 
recommended as follows:

•	 New heating technology associated with the ISF can 
open new possibilities for processing composite materi-
als effectively and efficiently.

•	 The existing theories should be modified to better explain 
the deformation and failure mechanisms of various com-
posite materials processed by the ISF.

•	 Multi-scale numerical models are needed to understand 
the thermo-mechanical deformation behaviors of com-
posite materials, especially fiber-reinforced ones.

•	 The physical explanations about the influences of key 
process parameters require further investigation based 
on extensive experimental work.

•	 During the heat-assisted ISF, the surface quality of final 
formed parts is a big concern, especially for metal com-
posites since most lubricants cannot endure high tem-
peratures. Therefore, lubrication and material wear may 
be a focus in the future.

•	 Fatigue affects the service life of formed composite mate-
rials parts. There is little work on this aspect that should 
be emphasized in future studies.

•	 Online monitoring and control platform can be estab-
lished to improve the forming quality during the ISF of 
composite materials.

Even though ISF has developed significantly for the 
last two decades, various aspects like the deformation and 

Table 3   Effects of process parameters on different aspects of composite materials in ISF from reviewed publications

Process parameter Resulting effects

Forming force Formability Accuracy Surface finish Strength

Tool radius ↑ ↑ [43–46] ↑ [44, 79]
↓ [38, 39, 43, 56, 58]

↑ [39, 43, 45]

Step size ↑ ↑ [40, 43, 45, 46, 51, 52] ↑ [74, 75, 78]
↓ [38, 39, 43, 56]

↑ [74, 75]
↓ [40]

↓ [39, 40, 43, 45, 52, 77] ↑ [52]
↑ + ↓ [65]

Spindle speed ↑ ↓ [32, 92]
— [40]

— [40] ↓ [32] ↑ + ↓ [65]

Feed speed ↑ ↓ [40] ↓ [43, 56, 61] — [40] ↑ + ↓ [65]
Sheet thickness ↑ ↑ [46] ↑ [77, 79]
Forming temperature ↑ ↑ [74, 75]

↓ [77, 78]
↑ [74, 75]

Wall angle ↑ ↑ [42]
↑ + ↓ [46]

↓ [74, 75, 78] ↓ [74, 75] ↑ [65]

Layer arrangement Al/Cu: [43–45]
St/Al: [38]
Ti/St: [51]
ST /PP: [32]

Al/Cu: [43]
Cu/Al: [44]
St/Al: [38, 39, 42]
St/Ti: [51]
St/Brass: [56]
Al/PA: [84]

Cu/Al: [44, 45]
St/Al: [39]
St/Ti: [51]
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failure mechanisms adapted to different materials still need 
more understanding. A lot of studies on the ISF of compos-
ite materials have been done by various researchers at the 
laboratory level, but due to the low speed of processing, 
ISF is not popular in industrial applications. There are many 
applications in industries where ISF can be used instead of 
traditional methods without expensive dies. Hence, efforts 
are required to make ISF a cheaper and more industrial-
friendly process in the processing of composite materials.

10 � Conclusions

With the diversified applications of composite material 
parts, ISF provides a promising solution to forming such 
materials. However, its development is still at an early stage. 
In this article, we have provided an overview of the recent 
advancements and discussions on the scientific and tech-
nological issues in the shapes and performances of various 
composite materials manufactured by ISF. This forms a 
guideline and reference for further exploring the deforma-
tion potential of new composite materials. To have a deep 
understanding of ISF processing composite materials, con-
clusions are drawn as follows:

•	 Much special auxiliary equipment is applied to process 
composite materials that are not easy to deform at room 
temperature. However, in the heat-assisted ISF process, 
how to achieve economical and uniform heating of com-
posite materials is still a challenge in future research. To 
solve this, new analytical models could be developed to 
predict the influence of forming temperature or ultrasonic 
heating on the stress distribution of composite materi-
als in the heat-assisted ISF or ultrasonic-assisted ISF, 
thereby enhancing the heating and forming efficiency and 
quality.

•	 There have been a large number of papers on the defor-
mation and failure mechanisms of the single-layer sheet 
(metals or polymers), but those of composite materials 
are more complicated. Most researches are focused on 
the failure mode of fracture-related deformation mechan-
ics on a macro scale. In the future, it is necessary to 
develop new analytical frameworks incorporating other 
failure modes into deformation mechanics and taking 
multi-scale factors into account.

•	 At present, the constitutive and damage models of 
metal (or polymer) composite materials are similar 
to those of single-layer metal (or polymer) materials, 
whereas there are few constitutive and damage models 
to accurately describe and predict the material behav-
iors of fiber-reinforced composite materials and other 
composite materials in the ISF process, which leads 
to little attention paid to numerical studies of these 

composite materials. Therefore, the future focus is to 
develop suitable constitutive and damage models to 
accurately simulate and predict the thermo-mechanical 
deformation behavior and forming quality of composite 
materials.

•	 For single-layer sheets (metals or polymers), membrane 
analysis has been successfully applied in the explana-
tion of deformation mechanics. And this method could 
be extended to metal or polymer composite materials. 
Besides, other mechanisms, such as through-thickness 
shear and bending under tension mechanisms, could be 
also considered. However, for fiber-reinforced compos-
ite materials, it is not applicable due to the obvious ani-
sotropy. Therefore, other analytical mechanics models 
should be developed to characterize the deformation 
mechanics related to the ISF process.

•	 The influences of key process parameters (including 
step size, tool radius, feed speed, sheet thickness, and 
spindle speed) on formability, forming force, accu-
racy, and surface quality have reached an agreement 
by experimental methods, but the physical explanations 
behind these results require further investigation.

•	 The influences of tool diameter, spindle speed, layer 
arrangement and feed speed on formability, forming 
force, and forming quality are not always consistent, 
which may be due to the coupling interaction of param-
eters. These special cases need to be further investi-
gated.

•	 The forming accuracy, surface quality, and strength of 
composites have been studied by some researchers, but 
the fatigue properties of composite materials are very 
scarcely investigated, which affects the service life of 
formed parts. The fatigue properties after the ISF would 
be a research focus in the future.

•	 In the ISF process, there are few reports on the mechani-
cal behaviors and microstructure changes of composites, 
especially fiber-reinforced composites. In the future, 
more researches can be focused on these aspects.
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