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Abstract: The theoretical analysis of springback in rotary stretch bending process of L-section extrusion was studied. The models for
characterizing the springback angle after unloading were established based on the stress and strain distributions in the cross-section
of the part. With the proposed model, analysis of the effect of pre-stretch force and post-stretch force on springback angle shows that
springback decreases as the pre-stretch force or post-stretch force increases. Comparative study with experiments clearly
demonstrates that the prediction of springback can resort to the current model without the loss of accuracy.
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1 Introduction

Stretch bending is an important process for
fabricating aircraft parts with large curvature in
aerospace industry. In actual fabricating process,
springback can lead to poor geometric accuracy and is
often difficult to be controlled. It is thus of great
importance to study the springback principle of stretch
bending and the influence of process parameters on final
shape of the part.

In recent decade, many research efforts have been
focused on the issue. Experiment, theoretical analysis
and finite element analysis are three main methods for
predicting springback. MILLER et al [1-3] adopted the
three means to investigate the effects of tension, internal
pressure and friction on springback of rectangular
aluminum tubes. Based on the experiment and finite
element analysis, CLAUSEN et al [4—6] pointed out that
the main factors that influence the springback include the
yield criterion, material parameters (i.e., yield stress,
strain  hardening, plastic anisotropy), geometry
parameters (i.e., die radius and wall thickness of section)
and tensile sequence. PAULSEN and WELO [7] used
commercial finite element software to study the effect of
strain hardening and axial load on springback. Based on
theoretical method, DU [8] analyzed bauschinger effect

whereas ELSHARKAWY and EL-DOMIATY [9]
explored the influence of the web thickness of T-section
extrusions on springback. Furthermore, some researchers
[10—12] used total strain theory to study the influence of
external stretch force on springback. Besides, the
software PS2F, which was specially developed on a
perturbance analytical method for stretch bending, was
also used in studying the springback [13, 14]. Recently,
ZHU and STELSON [15] developed a simplified
two-flange model for predicting the springback in stretch
bending process. Verification showed that their model
can lead to right variation tendency of the effect of
pre-stretch force and post-stretch force on springback
and indicated that the springback could be accurately
controlled if control algorithm can be successfully
applied to a stretch bending machine.

The present work is dedicated to a comprehensive
study of the effects of pre-stretch force and post-stretch
force on springback in rotary stretch bending (RSB)
process of L-section extrusions. There are few works
focused on modeling RSB. One available work is from
YU and LIN [16], who analyzed the effect of pre-stretch
force and side-pressure on springback in RSB using
FEM. Although FEM is well known for its convenience
of analyzing the sheet metal forming process, it behaves
the feature of low efficiency with regard to real time
control. To efficiently calculate the springback of RSB
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and further realize
establishment of a
springback is necessary.

The process of RSB is schematically illustrated in
Fig. 1, from which it can be found that the two ends of
the fabricated extrusion are gripped by the pre-stretch
jaw and the post-stretch jaw, respectively. The working
principle of RSB process is described as follows. Under
a consecutive pre-stretch force loaded by pre-stretch jaw,
the extrusion is continually bended as die and
post-stretch jaw turn with rotary platform. Once the
rotary platform turns to the designed position, an
appropriate post-stretch force is applied to the extrusion
through post-stretch jaw to accomplish the RSB process.
This process consisted of pre-stretch process, bending
process and post-stretch process. Springback will occur
when the pre-stretch jaw and the post-stretch jaw are
relaxed. The geometry of the L-section part is shown in
Fig. 2.

close-loop control of RSB,
simply computing model of

Fig. 1 Principle of RSB process: 1 — Pre-stretch jaw;
2 — Fabricated extrusion; 3 — Die; 4 — Rotary platform;
5—Post-stretch jaw (P: Pre-stretch force; w: Angular velociety)

Fig. 2 Cross-section geometry (b: Width of extrusion section;
t: Thickness of extrusion section)

2 Theoretical model

To develop the theoretical model of springback in
the RSB process, the following assumptions are used.

1) The stress state is assumed to be uniaxial by
ignoring the stress across the thickness of the section.

2) The cross-sectional shape does not change during
the RSB process.

3) Bauschinger effect is neglected and the material
property of the part is isotropic.

4) Friction effect between the part and the die is

ignored.
5) The relationship between the stress ¢ and strain &
satisfies

o=K¢" (1)
where K and » indicate the strength coefficient and the
strain hardening exponent, respectively.

2.1 Analysis of pre-stretch process

The pre-stretch process is usually carried out by
applying an axial tensional force 7, to the end of the part.
Once this process is completed, the induced longitudinal
stress or and longitudinal strain et meet the following
relationship:

T,=Aor 2)
or =Kefp 3)

where A is the area of the part cross-section.

2.2 Analysis of bending process

When the bending process is completed, the
longitudinal stress in the cross-section will distribute like
a piecewise function of the strain, as shown in Fig. 3.
The symbols R, r., r,, r; and r, in Fig. 3 mean the radius
of curvature of die, lower limit of the elastic compression
position, part outer surface, part inner surface and the
position where the stress and strain are or and er after
bending.
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Fig. 3 Stress and strain distribution in cross-section after
bending process

If r,<r<r,, oy and g4 can be expressed as
oy =K(er+&)" =0 (4)

where » means the radius of a certain position of the
cross-section; gy stands for the increment of longitudinal
strain corresponding to r.

&y =(r—n)/r, (5)
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If r.<r<r,, the part is in elastic compression state
and oy can be written as

oy=Egy+or =0, (6)
Due to the fact that the Bauschinger effect is not

considered, o, equals —or when r achieves r.. In this case,
with the aid of Eq. (6), &y can be calculated as

£y A, =207 /E (7)

where F is the elastic modulus of the part.
The substitution of r=r, and Eq. (7) into Eq. (5) will

give

re=n(l+e) ®)
If ri<r<r., the part is in yield of compression and gy

meets

oy =—K(er+5,- &) =03 (9)

According to the equilibrium of internal force and
external force, one can have

T, = bI: o,dr+ tJ.rRO'Idr + tf:" o,dr+ tf: oydr (10)

where g, 0, and o3 stand for the stress obtained from Eqgs.
(4), (6) and (9). r, and r; are calculated by

(11)
(12)

Now, by resorting to Eq. (10), the value of », can be
solved. Subsequently, the longitudinal stress and strain

distribution in a certain cross-section can be determined
based on r,.

r, =R+t
r,=R-b+t
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2.3 Analysis of post-stretch process

At the initial stage of post-stretch process, the force
on the post-stretch jaw has the same magnitude as the
one on the pre-stretch jaw due to the fact that the friction
is ignored. For the purpose of convenience, the
post-stretch force 7}, means the force increment applied
to the post-stretch jaw. That is, the total force on the
post-stretch jaw is the sum of the post-stretch force and
the pre-stretch force. Under this definition, 7, will
directly correspond to strain increment ¢,. According to
Ref. [10], &, is assumed to be uniformly added to the part
cross-section. One can have the following three
stress-strain relationships based on the actual value of &,.

If 0<gp<—e., re<rey<ry, the stress—train relationship,
as shown in Fig. 4 (a), can be mathematically written
as

ifr, <r<r,

K(€T+€9+€p)né0'a, o <

oy =1E&, +0, Aoy, ifreSrSrep (13)
Ee,+o3A0,, if n<r<r,
with r, =r,(1-¢,) (14)

where 7, represents the radius of the elastic-plastic
interface after post-stretch process.
The equilibrium of internal force and external force

gives rise to
7, R Tep 7,
T,+T, = bIR o,dr+ tj.rcp o,dr+ tfrc oy + tj.ri o.dr (15)

If —e.<ep, 1<rep<re, the stress—train will have the
distribution form as shown in Fig. 4 (b) and can be
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Fig. 4 Stress and strain distributions in cross-section after post-stretch process: (a) 0<g,<—&, ¥<ry<ty; (b) —&=ep, 1<rep<re
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expressed as

K(er+ey+e)" Aoy, if r,<r<r,

oy = Kler+e.—&y+ (&, — &))" Aoy, if ry <r <

E€p+0'320'c,ifri Sr<r,

(16)

where ¢, is the strain increment of the section loaded
from the yield of compression to the yield of tension. It
can be written as

gep:2K(gT+ge—59)"/E (17)
The relationship between ¢, and 7, is

g, = 2Kl[er + &1y =1 )/ 11"/ E (18)

Similarly, according to equilibrium principle, the
internal force and external force will follow

T,+T, = bI: o,dr+ II Raadr + II “ oy + II " odr (19)
", Fep P

Once the post-stretch force is large enough, 7., will
be less than r;. In this case, one can have

K(er+ey+e )" Ao,,if r,<r<r
Gy = T 0 p/ ="%a e o (20)
Klep +e,—&+(g,— &))" Aoy, if n<r<r,

The equilibrium equation of internal force and
external force is

7, R 7,
T,+T, =bIR° O'adr+t'[rc O'adr+t'[ric oy (21
Now, as long as post-stretch force T, the geometry
parameters of the part and the radius of die are given, &,
can be easily solved from Egs. (15), (19) or (21).
Subsequently, the longitudinal stress—strain distribution

in the cross-section after post-stretch force can be
determined based on &,.

2.4 Analysis of springback process

Springback phenomenon will occur once the
pre-stretch jaw and post-stretch jaw are relaxed.

1) If no post-stretch force is loaded, the bending
moment M can be written as

M =bI1:°al(r—rz)dr+tjfal(r—rz)dr+

tj. n o, (r—rz)dr+tf e oy(r—r,)dr (22)

where r, is the curvature radius of the centroid of the
L-section extrusion before the force is unloaded.

2) If post-stretch force is loaded, M can be
expressed as

bL:O Gﬁ(r_rZ)dr+[Li O'a(r—rz)dr+
(f o=

Ve

r, )dr + Z‘[:e o (r—r,)dr,

o

I/\
I/\

C

bI o, r r)dr+lI r r)dr+
ZI eO'b(r—rZ)dr+tJ' epO'C(r—rz)dr, @)
Tep i

r.< <

bI o, r r)dr+lI

ZIqe O'C(r—rz)dr, Tep ST

}" }")d}"+

3) Calculation of springback angle. Assume
that axial strains are negligible during unloading
according to Ref. [6]. Thus, the following equation can
be obtained:

o,r, = ok (24)

where a, and oy, are the bending angles before and after
the force is unloaded, as shown in Fig. 5; », is the
curvature radius of the centroid of the L-section
extrusion after the force is unloaded. The springback
angle Aa can be written as

Aa=a,—ay =(1-1,/n)a, (25)
The relationship between r, and 7, can be expressed

as

V/r,=1/n =M/(EI) (26)

By reviewing Eq. (25) and Eq. (26), the relationship
between Ao and M can be derived as

Aa =r,a,M /(EI) 27
where [/ is the inertia moment of the L-section.

Curves through
section centroid

Geometry before unloading

Fig. 5 Definition of springback angle
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3 Experiment of RSB process

Experiments are performed on the RSB machine
with the curvature radius of the die of 200 mm, as shown
in Fig. 6. The part material is aluminum alloy
LY12M-XC111-37 with strength coefficient K=276.21
MPa, strain hardening exponent #=0.123, and elastic
modulus £=72986.01 MPa. The parameters related to the
L-section of the part are: b=30 mm, =2 mm, r,=193.76
mm, /=10195.91 mm*. The length of the profile is 1 500
mm. The angle of the rotary platform turning (o) is 90°.
oy, 1s measured on the outer surface of the flange. Then,
the springback angle Aa can be calculated by Eq. (25).
The experiment results and the parameters of pre-stretch
force and post-stretch force are listed in Table 1.

Y
i S i % » J ‘
= r U
e -
= !
Fig. 6 RSB machine
Table 1 Experiment results
T,=0N T,=16 kN T,=13 kN
T,/kN  Aa/(°)  T,/kN Aa/(°) T/kN  Aa/(°)
16 4.36 1 3.40 5 3.71
17 3.50 2 3.99 6 3.11
18 3.10 3 3.37 7 2.54
19 2.50 4 2.51 8 2.13
20 2.10 5 2.26 9 1.75

4 Results and discussion

4.1 Comparison between experimental and
theoretical results without post-stretch force

Before the post-stretch force is applied, the
relationship between springback angle and pre-stretch
force shows that there is a relatively good agreement
between the experiment results and the theoretical ones,
as shown in Fig. 7. As the pre-stretch force increases,
both the measured and predicted springback angles show
decrease tendency whereas the deviation between both
results will increase. The reason can be attributed to the
following fact. In the theoretical analysis procedure, the
cross-sectional shape is assumed to be not changed
during the RSB process, whereas in the actual process,

the area of the cross-section decreases as the pre-stretch
force increases. As a result, the actual stress of the
cross-section will be larger than the theoretical one, and
the deviation between the experiment stress and
theoretical one will increase as the pre-stretch force
increases.
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Pre-stretch force/kN

Fig. 7 Springback varying with pre-stretch force

4.2 Comparison between experimental and
theoretical results with post-stretch force
Figure 8 shows that the post-stretch force can also

Springback/(°)
w
S

20+ = — Theoretical results I
) * — Experimental results
15 | 1 | 1
0 1 2 3 4 5
Post-stretch force/kN
4.0
(b)
L
35¢F
530
8
K
-a 2.5
»n
2.0 = — Theoretical results
* — Experimental results
1.5 I L |

5 6 7 8 9
Post-stretch force/kN

Fig. 8 Springback varying with post-stretch force at different
pre-stretch forces: (a) 16 kN; (b) 13 kN
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lead to the reduction of springback. If the post-stretch
force is small, the experiment results are larger than the
theoretical ones, as shown in Fig. 8(a). The cause of this
may be due to the following point. On the one hand,
when the post-stretch force is applied to the extrusion
after bending, the friction will weaken the transmission
of the post-stretch force from the post-stretch jaw to the
extrusion. As a result, the actual value of stretch is less
than the theoretical one. On the other hand, the effect of
friction on the actual stress is greater than the effect
induced by the reduction of the cross-sectional area, as
discussed in Section 4.1. As the post-stretch force
increases, the calculated results are in a very good
agreement with the experiment ones, as shown in
Fig. 8(b). This may be due to the fact that the positive
effect of cross-section area reduction and the negative
effect of friction are in an equilibrium state. Besides, the
springback angle at 1 kN, as shown in Fig. 8(a), is less
than the predicted one due to the drift of the setup in the
process.

5 Conclusions

1) The calculated results of springback angle are in
a relatively good agreement with experimental one based
on the proposed method. The springback shows decrease
tendency as the pre-stretch force or post-stretch force
increases.

2) Stress and strain distributions in cross-section are
presented based on the theoretical model. This can be
helpful to understand the forming theory of RSB. The
theoretical model of L-section extrusion could be
extended to other sectional extrusions such as U-section
and T-section.

3) The model might be suitable for closed loop
control in the future.
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