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ABSTRACT
Review of Springback has been given major attention in sheet metal forming past
research with numerous studies being conducted to understand and solve the
problems. They range from inventing new designs of tooling, such as flexible and
warm tooling, Forming to improving the accuracy of springback prediction by
empirical and analytical methods and computer simulation. The survey of the
springback prediction by analytical and numerical simulation depends on constitutive
equations and material parameter identification. Thus, several studies have been
performed extensively on the matter. An attempt to review previous works is presented
and their advantages and disadvantages are discussed here. Based on the review, a
conclusion is drawn regarding a knowledge gap, which motivates the current
research.
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1. EMPIRICAL METHODS OF SPRINGBACK EVALUATION
Various experiments have been conducted to obtain empirical data on spring back, which
involved various bending processes such as 90-degree wiping, v-bending, air bending and
deep drawing as well as actual production processes. Based on the experiments, equations or
charts have been developed as a reference for product and tool design in sheet metal forming.
Several factors have been considered for the empirical equations such as material properties
and geometry, tool geometry and process parameters.(Merklein, Johannes et al. 2014)This
paper studied in empirical equations have been compiled in handbooks for industrial use it
.(Ablat and Qattawi 2017)studied the influence of material thickness, die gap, anvil radius and
prior cold work for high-strength steels subjected to 90-degree wiping bending. Several charts
were produced in relation to springback angle.(Zang, Lee et al. 2013) In general, it was
concluded that springback increased proportionally to anvil radius, die gap and material
strength, but decreased as thickness increased. (Chikalthankar, Belurkar et al. 2014)Besides, it
was found that springback can be reduced by increasing the ratio of thickness to radius of the
die to a value greater than 0.4. (Choi and Huh 2014)Using air bending and statistical
methods, a study of geometric parameter interaction with the material properties was
performed. (Singh and Agnihotri 2015)The study concluded that there were interactions
among the factors and the design of tools in air bending depended on material
properties.(Lunt and Korsunsky 2015)found similar outcomes when performing tests on vbending. (Abdullah, Salit et al. 2013) in addition also found that springback can be reduced by
maintaining the load longer on the materials. (Abdullah, Salit et al. 2013, Ahmed, Ahmed et
al. 2014)used a wiping tool with three different inserts, with a radius of 1/2, 3/8 and 3/16 inch,
to indicate the relationship of the Bauchinger effect to springback. Figure 1 shows their test
tool.

Figure 1 Wipping tool Effects

1.1. CYCLIC LOADING WAS PERFORMED ON THE SHEET METAL BY
THE FOLLOWING PROCEDURE:
Bending (B), reverse-bending (RB), bending-reverse-bending (BRB) and bending-reversebending-reverse (BRBR). Except for bending (B), the next processes require the sheet metal
to be turned over for bending in the opposite direction.(Kitayama and Yoshioka 2014)The
experimental materials were aluminium alloy, high strength steel, aluminium killed draw
quality steel and bake hard steel.

Figure 2 The effect of cyclic loading on springback
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Figure 2 shows the result of springback for aluminium alloy AA6111-T4. The bending
angle after springback decreases as the material is subjected to reverse loading. It was
concluded that cyclic loading affects springback. In other words, Bauschinger effect should be
considered in the analysis of sheet metal springback.

2. ANALYTICAL METHODS FOR SPRINGBACK PREDICTION
While providing useful information, empirical data tends to focus more on a limited set of
parameters in a specific bending process. Thus, there is a need to consider an alternative more
general method applicable to various bending processes with different parameters. An
approach based on the mechanics of sheet metal bending and plasticity theory has been
considered as an alternative analytical method. Several model assumptions are applied.
(Abdullah, Salit et al. 2013, Khal, Ruszkiewicz et al. 2016)They include pure bending or
tool bending of either non-hardening or hardening materials, transverse stress across the sheet,
neutral axis shifting, thickness reduction, anisotropy and strain reversal effect. Rigidperfectly plastic model was used for example by Hill in his analysis of sheet metal
deformation based on plane strain bending.(Narayanan and Dixit 2015) He assumed there
was shifting of neutral surface with no thickness reduction. (Zang, Lee et al. 2013) The results
showed that both formulas underestimate the extent of springback mainly due to the
assumption of only elastic stresses through the sheet metal thickness .(Song, Yang et al. 2013)
To consider anisotropy, (Leu and Sheen 2013)theory of plastic anisotropy and included
normal anisotropy R in his formula.

3. FINITE ELEMENT SIMULATIONS FOR SPRINGBACK
PREDICTION
Analytical methods of solving bending problems can be applied to simple shapes and
idealized process conditions. Nevertheless, for complex shapes of actual products and real
bending processes the analytical methods have a limited use. With advances in computing
technology, finite element simulation provides an alternative solution.(Barros, Oliveira et al.
2013) reliability and accuracy of the finite element approach is still a challenge. Therefore,
further developments of the methods are required. Among them are the improvements in the
finite element formulation (new type of elements), the robustness of the numerical methods
used and the quality of the constitutive models describing the deformation behavior of the
sheet metal. (Ling, Abdullah et al. 2016, Zajkani and Hajbarati 2017)This review papers is
only concerned with the last aspect of these improvements and, in particular, the hardening
rules used in material models, such as isotropic hardening, linear kinematic hardening,
nonlinear kinematic hardening and combination of isotropic and kinematic hardening.(Lajarin
and Marcondes 2015)Isotropic hardening for example was used by several researchers to
determine geometrical effects of die gap, sheet thickness and die radius on the springback
angle and to show that computer simulation can provide a better prediction of the final sheet
metal shape.(Noma and Kuwabara 2014)conducted a v-bending test to prove that finite
element simulation is a better method of predicting springback. (Khal, Ruszkiewicz et al.
2016)The simulation applied simple elastic plastic isotropic hardening data from a tensile test.
Materials tested were aluminium, stainless steel and low carbon steel of various grades and
thicknesses. (Ruszkiewicz, Grimm et al. 2017) the simulation results underestimated the
springback angle when compared with experimental data, the study concluded that the
simulation could be used to predict springback. (Teng, Zhang et al. 2015) performed an
experimental and simulation study using v-bend and u-bend on a CK67 steel sheet. The
simulation used a similar material model as that used.(Broggiato, Campana et al. 2013,
Wagoner, Lim et al. 2013) the simulated springback angles were greater than the experimental
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ones. UsingHollomon’s isotropic hardening model, Samuel focused on understanding the
stress strain distribution for sheet deformation due to a draw bead with 5 mm radius. (Singh
and Agnihotri 2015, Stoudt, Levine et al. 2017) author claimed that the drawing force and the
blank holding force obtained by the simulation were accurately predicted. (Xue, Liao et al.
2015)Finite element simulation using complex hardening models has been considered to
improve simulation of sheet metal forming. This, in particular, refers to the case when
accounting for a reversal loading in which Bauschinger and the hardening transient effects are
present. A study by (Nguyen, Adragna et al. 2013, Chikalthankar, Belurkar et al. 2014) for
example, found that including Bauschinger effect can improve springback prediction. Thus,
several (Pal and Rao , Yenice, Karşı et al. , Oya and Naoyuki Doke 2013, Seo, Kim et al.
2017)studies were attempted using kinematic hardening or more complex hardening models,
to improve the accuracy of the simulation. Some of the studies are presented here for
reference.(Gupta and Balasubramaniyan 2016)studied straight flanging and found that using
kinematic hardening produced better results in terms of springback prediction compared to
isotropic hardening .(Abdullah, Salit et al. 2013, Wang, Lang et al. 2017) a presented
Simulations of hemispherical punch stretching, cup drawing and bending drawing tests were
performed by Moreira and Ferron to investigate the impact of various types of hardening
modelling in sheet metal forming. The isotropic hardening model was found to provide good
simulation for the first two tests but not for the bending drawing test.(SOLFRONK,
SOBOTKA et al.)They concluded that the kinematic hardening model should be considered to
simulate stress reversals in the process of bending-unbending. (Lugnberg and Netz 2016) did
a similar study and found that the kinematic hardening model provided fourfold improvement
in springback prediction compared to the isotropic hardening model. Isotropic hardening
produced up to one hundred percent relative errors while the kinematic hardening model
showed seventeen to twenty percent relative error in terms of overall dimensional
accuracy.(Hingole)emphasised the importance of including the Bauschinger effect in
springback prediction but found that anisotropic effect was quite small, with only 1 degree
difference between the experimental results and the simulation results for different material
orientations; the(Gupta and Reddy 2017)study was conducted using a draw-bend test for
stainless steel 410 . On the other hand, a study on high strength steel performed by (Gautam
and Kumar 2017) indicated that orientation has a significant influence on springback. Average
simulation errors were 25% for 0 degree, 32% for 45 degree and 23% for 90 degree
orientations. However, the study was based on an isotropic hardening model, which meant the
Bauschinger effect was neglected. (Paithankar and Varade)It is believed that this could
contribute to a bigger discrepancy between simulation and experimental results. The influence
of the hardening model has also been investigated in (Chaudhari and Patil , Ab Karim 2013,
Esener, Yenice et al. 2015, Toros 2016, Maia, Ferreira et al. 2017)compared the influence of
the material model on springback prediction of a u-shape profile. The hardening laws used for
the study were the isotropic hardening Swift law and the Voce law, a combination of Swift
hardening with nonlinear kinematic hardening and a combination of Voce hardening with
nonlinear kinematic hardening. The nonlinear kinematic hardening was represented by the
Lemaitre-Chaboche law. The study concluded that each of the constitutive laws provides
different results due to different predicted through-thickness stress gradients. The authors
further concluded that the strain-path changes identified in the u-shape are very important and
should be considered in the springback investigation. For that, the use of a bending-unbending
test to characterize material data is required.
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4. EGGERTSEN AND MATTIASSON STUDIED AND COMPARED 5
HARDENING LAWS
Holloman isotropic hardening law, a combination of Holloman isotropic hardening and
Ziegler kinematic hardening law, Armstrong and Frederich hardening law (A-F), Geng and
Wagoner hardening law (G-H) and Yoshida and Uemori hardening law (Y-U). Parameters of
the hardening laws were determined using the inverse method based on a three-point bending
proposed by(Chaudhari and Patil) The quality of hardening rules was evaluated based on two
bending processes. The first process was a three-point bending experiment, in which the
performance was measured by trying to get the best fit with the experimental forcedisplacement curve. The findings indicated that the isotropic hardening produced the worst
result. The A-F hardening model fitted well the lower part of the curve but was unable to
produce a good fit for the upper part, which is the permanent softening region. The Y-U
hardening law provided the best results, but due to its mathematical complexity the preferred
hardening law was that slightly less perfect one proposed by Geng and Wagoner (G-W). The
second process was a Numisheet’93 standard benchmark test as in Figure 3.

Figure 3 Numisheet’93 benchmark (a) experimental set -up (b) definition of the angles

Table 1.1 shows the detailed results. Simulations of u-bending showed that all the
hardening laws underestimated the springback angle, best prediction of the springback angles
was obtained for the A-F hardening law.
Table 1.1 Comparison between springback angles predicted by using various hardening rules and

the experimental angles for material

Based on these results, we are able to say that the spring predictive ability of multiplesurface based hardening rules (G-W and Y-U) is not as good as in the case of the one-surface
based hardening rules.(Zang, Lee et al. 2013, Abvabi, Mendiguren et al. 2014, Leu and
Zhuang 2016) and others conducted experimental validations to evaluate springback
simulation based on the isotropic hardening law, kinematic hardening law and combination of
the two laws. Additionally they used a new non-quadratic anisotropic yield function.
Materials tested were aluminium AA5754-O and AA6111-T4 grades and a DP-steel. Material
parameters were determined using a cyclic tension and compression test. They used three
bending processes, u-bending, unconstrained cylindrical bending and double-s rail bending;
the last two processes are shown in Figure 4 For unconstraint cylindrical bending the overall
simulation results overestimated springback.
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Figure 4 (a) Unconstrained cylindrical bending (b) double-s rail (Lee et al.2005a)

For u-bending and double-s rail, the joint hardening provided the best results in
comparison to isotropic or kinematic hardening (Miyagi, Tanaka et al. 2013, Dinovitzer, Fredj
et al. 2014, Khal, Ruszkiewicz et al. 2016, SANDIYAPPAN, GOPALAN et al. 2017)Cyclic
Loading Experiments The simple and efficient monotonic tensile test was used extensively in
early study on hardening. (Minh 2015, Beulich, Craighero et al. 2017) The need to describe
the actual forming procedure, which entails bending-unbending demands the tensile test to
execute cyclic or reverse loading, which is very difficult to work for sheet materials. Several
unique design specimens and apparatus are developed in an effort to include the reversal
effect in tensile tests for sheet metal. The apparatus developed by (Choi, Kulinsky et al. 2014,
Qu, Jiang et al. 2015, Behrens, Bouguecha et al. 2017) is shown at Figure 5

Figure 5 Yoshida’s specimen holder to prevent buckling in compression

Figure 6 Boger’s schematic representation of the sheet metal specimen anduniaxial
tension/compression tool
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(Bashah, Muhamad et al. 2013) apparatus are almost similar. The sheets are packaged
together and encouraged by lateral plates to prevent buckling. In accordance with 0.25 and
0.13 compressive strains were listed because of low carbon steel and strength steel . (Rossi,
Degee et al. 2013, Maia, Ferreira et al. 2017) on the other hand used two comb-shaped dies to
prevent buckling. Using a servo-controlled hydraulic cylinder A, the decrease die-2 moves
left and right so that a continuous tensile and compression reverse load can be applied to the
sheet metal specimen. Compressive strains of 0.15-0.2 were listed. Due to the requirement to
curtail the sample in the depth direction to prevent buckling, all raw stress-strain results need
corrections to frictional and biaxial effects arising from this encouraging force. (ul Hassan,
Maqbool et al. 2016) asserted that none of the methods were effective at curbing buckling
entirely as a result of inevitable exposed area of the specimen. In the first two methods, the
exposed regions were identified between the expires and knobs of the electrical system; and in
the latter method, between each set of their 'fingers' of the die.To improve the standard
support on the entire specimen region during cyclic loading, they created a four-block wedge
with pre-loaded spring. (Khadra and El-Morsy 2016) Despite solving the buckling problem,
the biaxial influence and the frictional effect between the die and specimen still exist. An
additional frictional effect was also acknowledged between wedge spring and plates . (Ma)In
conclusion, preparing a tensile test for alteration loading is quite hard. Among the advantages
of cyclic torsion is its capacity to extend to large strain deformation.The tool, however, totally
deviates from the true sheet forming process and the sheet needs to be welded, which would
affect the material properties. (Prakasam and Thangavel2013)he sliding influence on the other
hand is the principal problem from the cyclic simple shear test. Furthermore, the measurement
of the local strain is quite difficult due to the limited field of the shear zone. The test however
is quite simple to setup and utilize it.Using a cyclic bending evaluation was considered as yet
another favored alternative, contemplating its capability and flexibility to execute reverse
loading to examine the Bauschinger effect and its resemblance to industrial bending
processes. (Huang, Fu et al. 2017) Moment and curvature connection in association with all
the springback phenomenon found in the procedure can be utilized to derive a fundamental
understanding of the stress-strain behaviour during elastic-plastic deformation. Motivated by
this connection, substantial experimental research has been conducted to develop and validate
stress-strain modelling in terms of moment-curvature relationship. In (Khal, Ruszkiewicz et
al. 2016) a comparison analysis of kinematic hardening parameters, derived from the bendingunbending evaluation and by the shear test was conducted on 1mm thick trip steel and
aluminum metal. The bending tests along with a specimen used are displayed at Figure 7.

Figure 7 Kuwabara’s comb-shaped device to prevent compression buckling (a) comb shape dies and

(b) testing machine (Kuwabara et al. 2009)
The aim was to assess the functioning of the parameters identified in one test in finite
element simulation of the results obtained in another test. The material parameters established
from the bending-unbending test, when used in the shear test simulation, also provided very
good description of the experimental shear data. This outcome is shown in Figure 7 (b) when
shear derived material parameters were used, the capability to describe the experimental
bending-unbending information was worse. This outcome is shown in Figure 8.
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Figure 8 Cao’s tension and compression tool

The study conducted an experiment to capture deformation behavior of steel and
aluminium sheet at a forming operation, focused particularly on the attraction beads. authors
meant to show the Baushinger effect as a function of strain amplitude, pre-strain and sheet
thickness. They discovered that Bauschinger effect decreased as strain amplitude increased
and there were no significant changes due to thickness decrease; therefore the moment
throughout the sheet thickness has been carried by an individual layer in an identical manner.
On the other hand, the end is restricted to thin sheets with 3 mm thickness and less. Pre-strain
on the other hand showed a significant influence in the Bauschinger effect and hastened the
development of a steady-state hysteresis loop. It was found that pre-strain increased the very
first cycle Bauschinger effect factor. The apparatus is shown in Figure 9

Figure 9 The bending device and a four-piece specimen (Carbonniere et al. 2009)

Utilized the three-point bending and the results of Zhao and Lee to discover material
parameters for their proposed hardening equation according to a modification of the
Chaboche constitutive equation. The modification accounted for a permanent offset in the
flow stress. It was discovered that the parameters describing bending were similar to
parameters derived from tension-compression and fitted well the permanent offset of the
experimental curve. Generally, they reasoned that both the three-point bending and tensioncompression may be used to identify material parameters to your suggested. The authors used
an optimization procedure based on iterative multipoint approximation to identify material
parameters for isotropic and nonlinear kinematic hardening which would provide satisfactory
agreement between the experimental and analytical moment-curvature outcomes for several
cycles. Verification was performed by comparing the stress-strain curves derived from the
cyclic tests with all the experimental curves obtained by tensile testing. They found that a
good match supplied the material parameters for bending-unbending were based on
experimental outcomes for over 1 cycle. In (Minh 2015) the authors used a four-point bending
test to study cyclic loading and the least-square optimization to identify parameters for
isotropic-nonlinear kinematic hardening of the Lemaitre-Chaboche equation. Materials used
were 0.8 mm thick of aluminium alloy and low carbon steel. They indicated that it was
enough to consider the very first cycle and monotonic loading to the material parameters of
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the constitutive equation to be established. Verification has been conducted. Figure 10 reveals
the three-point bending evaluation utilized by (Ruszkiewicz, Grimm et al. 2017, Zajkani and
Hajbarati 2017). Instead of using the moment-curvature connection, the tool provided a forcedisplacement chart for its cyclic study. 83 used the instrument to compare hardening
legislation for cyclic loading together with the one derived from tension-compression test.
Materials for the study were aluminium alloy 6022-T4, high-strength low-alloy steel (HSLA)
and drawing-quality silicon-killed steel (DQSK). They discovered that the constitutive models
obtained by fitting the reverse-bend evaluation and tension-compression test reveal substantial
differences when evaluated in regard to their stress-strain responses after a pressure reversal
and the nonlinear kinematic hardening law which has been unable to match the Bauschinger
effect at strains larger than 0.02. (Stoudt, Levine et al. 2017) conducted finite element analysis
of this cyclic bending with isotropic, nonlinear kinematic and joint corrosion for low carbon
steel (SPCEN) and higher strength steel (SPRC). Combined hardening can demonstrate the
predictable Bauschinger effect accurately. They utilized a genetic algorithm to identify
parameters to the joint hardening. Continued with that work using a redesigned three-point
bending instrument for high strength steels ZSte340 and DP600 and aluminium metal
AA5182. Two parameters for each of the isotropic hardening and nonlinear kinematic
hardening were identified by reducing the amount of square differences between experimental
and finite element results using the response surface method of an advertising code.

5. CONCLUSIONS
Despite various attempts to boost sheet metal forming true spring back prediction and
substance modelling, there remains works for advancement of understanding in this area was
reasoned within this inspection functions. More precise constitutive laws describing substance
behavior have to enhance the quality of the analytic and finite element simulation results in
order they can better reflect the actual deformation procedure. Property information obtained
in the uniaxial tensile-compression evaluation is no longer adequate. An effort to paper
reviewed for the Baushinger result in experimental testing of sheet confronts a buckling
problem and suffers from friction because of the side most aid. Cyclic bending test was able
to create far better outcomes but they frequently refer to an perfect three-point bending
instead of actual industrial bending procedures. This gap in the wisdom of plastic deformation
demands further functions. Experimental identification of material parameters utilizing
reverse method demands an efficient optimization strategy. To tackle the above-mentioned
issues from the present study, a plain-strain pure bending instrument was created to do
experiments on a choice of substances, with a view to identifying substance parameters such
as constitutive equations for a variety of thicknesses. It's anticipated that this study will
enhance the predictive capacity of sheet-metal forming professionals, so the throughput times
can be lowered.
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