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Analysis and modelling

Purpose: A theoretical model is developed for the air-bending process and V-die bending experiments are
conducted. Based on comparisons between springback ratios predicted using the developed theoretical air
bending model and the V-die bending experiments, a semi-empirical formula for predicting springback ratio in
V-die bending process is suggested. The validity of this formula is verified using finite element simulations as
well as comparisons with the results of two other independent sets of experiments.
Design/methodology/approach: A theoretical model for air bending is developed and compared with published
models. Experimental work on V-die bending is conducted. The experimental results are used in a correlation
analysis to develop a mathematical expression for predicting springback ratio of V-die bending as a correction
of the spring back ratio of air bending. These results are verified by comparisons with finite element simulations
as well as with other independent sets of experiments.

Findings: Springback ratios for V-die bending could be predicted using the developed semi-empirical formula.
For a given limit of the striking (coining) force, springback ratios are affected by sheet thickness, bend radius,
and material parameters.

Research limitations/implications: This work suggests a methodology for the prediction of springback ratio in
V-die bending. This work can be extended by studying the effect of anisotropy on the developed springback ratio.
Practical implications: The developed semi-empirical formula could be practically used in determining the
springback ratio for V-die bending. The selection of the sheet thickness and bend radius are critical parameters
that affect springback ratios.

Originality/value: A semi-empirical formula is suggested for the prediction of springback ratio in V-die
bending. This is viewed as a correction of the theoretically predicted air bending springback ratios. This formula
could be of help to those working in sheet metal forming industries.
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1. Introduction

Spring-back is a common phenomenon that occurs in sheet
metal bending after unloading due to elastic recovery. It could be
defined in terms of spring-back ratio K (the ratio between the
produced and desired bend angles). Various efforts were made to
analyse the spring-back phenomenon analytically, experimentally,
and numerically for different shapes, and process and material
parameters [1-8]. Most of the analytical studies focused on air
bending while limited work was done on V-die bending due the
inherent difficulties due to the coining action associated with this
problem [9]. Previous studies [9-11] conducted on spring-back in
V-bending showed that the material’s grain size had little effect,
while texture had relatively higher effect on spring-back. The
spring-back was also found to be influenced by the bend radius
and the process temperature with little effect of the punch speed.
Finite element method was used to study the effect of different
process parameters and validate analytical models in V-bending
process by many workers e.g. [12, 13]. They showed that the
spring-back was very much affected by punch radius, punch angle
and die-lip radius.

In this study, a theoretical model for predicting spring-back
ratio in air bending of an elastic-strain hardening material is
developed. In contrast to the previously developed air bending
models, the present analysis considers the true location of neutral
fibre and logarithmic true strain instead of engineering strain. The
spring back ratios obtained using this developed model is
compared with previously developed models available in
literature [1-3]. Furthermore, correlation analysis is used to
develop a semi-empirical formula to express the experimentally
measured spring-back ratio in V-die bending process. This
formula is developed in terms of the theoretical air bending
spring-back ratio, sheet thickness, bend radius and material
parameters (n, C, and E). This formula is validated through
comparisons with two independent sets of experimental results as
well as finite element simulations.

2. Theoretical air bending
model

The theoretical air bending models developed in the literature
commonly adopt the simplifying assumptions detailed in Lange
[14]; most notably that plane sections remain plane, mid fibre is
the neutral fibre, and engineering plane strain condition is
adopted. It seems interesting to assess if some of such simplifying
assumptions could be relaxed. Here, the neutral fibre position is
determined considering the continuity of the radial stresses [3].
Also the true logarithmic strain is adopted instead of the
commonly adopted engineering strain.

Referring to Figure 1; applying the equilibrium condition it
leads to [3]:

L= ) (D
dr r

The effective plastic strain and stress are given by [15]:
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Fig. 1. Equilibrium of forces

Substituting Equation (3) into (1) yields:
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For a strain hardening behaviour following Hollomon’s
formula, & = Cg", it can be shown that
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where 7, is the neutral fibre given by [3]:

r,=Alrr, ©)

The circumferential true stress is given by
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Referring to Figure 1; y = r-r,, thus dy = dr ®)
Assuming small elastic core, then the total bending moment is
given by [16]:

M=M,+M, =M,
o
Dy

o bydy + I
Substituting Equation (7) into (9) and integrating yields:
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Successive integrations by parts for Equation (10) yields:
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where §=C'br’ In"™"' B, B=r,[r,=r,/r,

Equation (11) is numerically evaluated using MATLAB by
considering a finite number of terms for each expansion so that
the change in the total bending moment obtained is less than 107,

Since unloading is elastic [2], change in circumferential stress
for ,<r<r, is:
, , r r
Ao =E'Ae =E'|In——In— (12)
ru r'u
Fig. 2. Spring-back phenomenon
Referring to Figure 2, the spring-back ratio K is given by:
o' r
K== : (13)
o r,
Substituting from Equations (8) and (13) into (12) yields:
K
Ao, =E'| In| Z41|-1n| X 41 (14)
ru rll
Using Equation (14), the change in moment is:
7o~ P, P
AM = I Ao bydy = E'bruz(P1 +P, +—32+;42J (15)
i K° K
where:
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In view of Equations (11) and (15) and since M-AM =0 after
spring-back; the highly nonlinear equation M-AM=f (K)=0
is numerically solved using MATLAB to obtain the exact value
OfKAir.

B=-

3. Experimental work
3.1. Material

V-die bending experiments are conducted on 38 mm x100 mm
annealed steel specimens cut from 1000mm x 2000 mm
commercially available cold rolled low carbon steel sheets having
thicknesses of 0.7, 1.5, and 2.5 mm. The specimens are cut in such a
way that their length directions are normal to the rolling direction
for better bendability. Two other sets of specimens are cut from as
received commercially available cold rolled low carbon steel sheets
and as received commercially available aluminium sheets. These
sets will be used for the validation of the V-die bending spring-back
formula presented in Section 5. The mechanical properties obtained
from uniaxial tension tests are given in Table 1.

Table 1.
Mechanical properties of work materials

As Received Steel

t(mm) E(GPa) v (Nfga) (l\(/fff’ta) C(MPa) n
0.7 207.69 0.3033 33532 503.27 653.72 0.1594
1.5 20791 0.3038 306.15 495.88 636.84 0.1597
2.5 207.83 0.3035 300.45 438.18 551.54 0.1405

Annealed Steel

t(mm) E(GPa) v (Nﬁia) (l\j’ﬁ;fa) C(MPa) n
0.7 207.14 0.3005 290.58 467.49 664.34 0.2499
1.5 207.12 03011 288.97 466.83 666.85 0.2480
2.5  207.10 03002 276.86 459.06 663.74 0.2441

As-received commercially pure Aluminium
E* * Oy Oult
¢t (mm) (GPa) % (MPa) (MPa) C (MPa) n

0.7 70 027 9218 1522 2369 0.108

1.5 70 027 6625 1279 3751 0253

2.5 70 027  60.10 1040 1446  0.083
* Ref. [14]
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3.2. V-bending experiments

A semi closed 90° V-die is designed and used to conduct
bending process. The die assembly consists of a die having a
1 mm die valley radius, and a punch having four inserts with
different nose radii of 1, 3, 5, and 8§ mm. The die assembly is
installed on the compression side of a 100 KN universal testing
machine (WDW-100D). The V-die bending processes are
conducted under constant coining force of 100 kN.

For experimental measuring the spring-back, a digital PC
camera is fixed on the die assembly and connected to a laptop as
shown in Figure 3. The camera is adjusted so that it is normal to
the V-die opening. The spring-back produced is measured by
taking two images for the fully loaded and unloaded bent
specimens [17]. The images are then imported into a drafting
software in which two straight lines are drawn on the V-profile of
both the upper and lower sheet surfaces and bend angles 6 and 6’
shown in Figure 2 are measured.

I
i 1 @
| |
Ol l | r —~®
A
T |
@— '\/ ; !
L 1: Punch holder 4 |
2: Punch N
3: Punch insert
4: Die A e e
5: Guiding bar @ ® ©
6: Camera stand

Fig. 3. The experimental setup for the V-die bending

Three experiments are conducted for each sheet thickness-
bend radius combination. The loaded and unloaded bend angles
are measured three times on each of the upper and lower sheet
surfaces for each experiment and then averaged. The resultant
spring-back ratio for each sheet thickness-bend radius is then
obtained by averaging the values of the spring-back ratios for the
three experiments.

4. Finite Element Modelling

Finite element simulations for V-die bending were carried out
using ABAQUS/Explicit and ABAQUS/Standard modules. The
loading stage was simulated using ABAQUS/Explicit module
while the unloading stage and spring-back calculations were
carried out using ABAQUS/Standard [17]. Due to process
symmetry, only one half of the tools and workpiece are modelled.
Punch and die were modelled as analytical rigid parts and plane
strain condition was assumed. The material model used was as
isotropic linear elastic-work hardening material with properties
determined as per the tensile experiments. The friction coefficient
between the sheet and the tooling surfaces was initially adjusted
in such a way that the load and displacement obtained from the
finite element simulations agreed with those obtained
experimentally.
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Fig. 4. Spring-back calculation

The amount of spring-back was determined using the
coordinates of six nodes distributed along the inner sheet surface
[17] as shown in Figure 4. The slopes of straight lines connecting
the node pairs (1, 4), (2, 5), and (3, 6) were obtained and averaged
to calculate spring-back ratio Ky,,..

5. Results and discussions

Figure 5 shows comparisons between spring-back ratios
predicted using the developed theoretical air bending model K ;.
and spring-back ratios predicted using other published theoretical
air bending models [1-3]. As shown in Figure 5, the spring-back
ratios predicted using various approaches do have general
agreement despite of the seemingly different assumptions made in
analyses.
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Fig. 5. Present theoretical spring-back ratio in comparison to other
published models for annealed steel
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Fig. 6. Present theoretical spring-back ratio for air bending (Ka;, )
and experimental V-die spring-back ratios (Kgy,) for annealed
steel

The effect of the coining stage in V- die bending process on
increasing the spring-back ratio as compared to air bending is
shown in Figure 6. For a specific sheet thickness t, increasing the
bend radius 7, decreases the spring-back ratio in V-die bending. It
is worth noting that negative spring-back ratios (K >1) are
frequently obtained when bending to the smallest bend radius (as
reflected with 7,=1 mm). Generally, for a specific bend radius 7,
increasing the sheet thickness the spring-back ratio in
V-die bending is increased. This means that increasing the sheet
thickness, the bend angles quality is enhanced reducing the
spring-back generated.

5.1. A formula for Springback ratio
in V-die bending

Based on Figure 6 and using correlation analysis, a semi-
empirical formula is developed to determine the spring-back ratio
in V-die bending process. The material and process parameters
are selected similarly to those used by Yuen [18] where a;, a;, a3
and a, are fit constants determined using the built in curve fitting
schemes in MATLAB. The spring-back ratio in V-die bending K.
gie» Equation (16), is expressed as a correction of the theoretical air
bending spring-back ratio K ;.

Ky e =K a1+a2(£j &l (16)
E'N r

u

For the present analysis, with a coining force of 100 kN, the
constants produced by MATLAB are a; = 1.0045, a, = 1.12,
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a;=1.0, and a, = 1.02 respectively. To determine the validity of
the developed equation for predicting spring-back ratio in V-die
bending K. 4., the predicted values are tested over a wide range of
material’s parameters (£, C, and n) and compared against finite
element simulations. Moreover, the two independent sets of
experimental results for the as-received steel and aluminium are
compared with those obtained using the developed Equation (16).
Figures 7 to 9 show V-die spring-back ratio from Equation (16)
and finite element simulations are in good agreement. In these
figures, lines represent Equation (16) while symbols represent
results of the finite element simulations.
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Fig. 7. Effect of Young’s modulus "E" on spring-back ratio
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Fig. 9. Effect of Strength Coefficient "C" on spring-back ratio

Figures 10 and 11 show comparisons between experimental
results for V-die bending conducted on as-received steel and as-
received aluminium. As shown in these figures, Equation (16)
agrees well with experimental results for these two independent
sets of experiments. The results depicted in Figures 6 to 10
suggest that the developed formula is validated for different
materials and thicknesses with a coining force of 100 kN and in
the range of the present working conditions. Similar formulas
could be developed for other working conditions following
similar methodology.
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Fig. 10. Comparison between spring-back ratio obtained experi-
mentally and using Equation (16) for as-received steel
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Fig. 11. Comparison between spring-back ratio obtained experi-
mentally and using Equation (16) for as-received aluminium

6. Conclusions

A theoretical model for air bending has been developed using
true strain and neutral fibre position that satisfy continuity of the
radial stress. This was found to compare it well with the published
models. Experimental work on V-die bending of annealed steel
has been conducted on specially designed die. The experimental
results have been used in a correlation analysis to develop a semi-
empirical formula for predicting spring-back ratio in V-die
bending process, Kj.4., as a correction of the theoretical spring
back ratio of air bending, K,;. The results of this formula have
been verified, for a given coining force and working conditions,
by the agreement about comparisons with finite element
simulations as well as about other independent sets of
experiments made on as-received steel and as-received aluminium
of various thicknesses.

Nomenclature

bt Sheet width and thickness

C’ Plane strain Strength coefficient; C'= C(Z/ ﬁ )Hl

E’ Plane strain Young's modulus; E'=E/(1-v%)

K Spring-back ratio; k=670

M Total bending moment

M, M,  Elastic and Plastic portions of the bending moment

n Strain hardening exponent

r Radius of curvature at distance "y" from neutral plane
i o Radii of curvatures at the inner and outer surfaces

T Radius of curvature for the middle plane under loading
r,' Radius of curvature for the middle plane after unloading

Analysis and modelling

7 Radius of punch insert (bend radius)

7y Radius of curvature for the neutral plane under loading

r,' Radius of curvature for the neutral plane after unloading

y Distance from neutral plane

AM Change in bending moment due to elastic unloading

& Circumferential true strain

& Effective strain

6, 6' The bend angle under loading and after unloading

v Poisson's ratio

Ou Uniaxial ultimate strength

Oy Circumferential true stress

oy Radial true stress

oy Uniaxial yield stress

o Effective stress

u Coefficient of friction
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