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Abstract: An original plastic equivalent model was proposed to solve the problem of excessive FEM simulation time when
designing the press bend forming path and optimizing the process parameters of press bend forming of the integrally stiffened aircraft
panels. Based on the in-depth analysis of the mechanics of the bending and springback of the detailed model and the equivalent
model of the integral panels, the plastic equivalent model of the virtual material with special initial yield stress and hardening
coefficients was constructed. FEM results indicate that the objective of getting the similar contour with the same press bend forming
path is achieved with the error less than 6%, and the efficiency of FEM simulation is improved by more than 80%. The plastic
equivalent model is valuable and essential for the further research on the press bend forming process of large scale complicated

integral panels.
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1 Introduction

Because of the light mass, high stiffness, and high
structural efficiency, integrally stiffened aircraft panels
are widely used[1]. Press bend forming is a traditional
forming method used in the aircraft manufacturing. This
forming method has many advantages, such as low
tooling cost, short cycle time and adaptability to different
contours[2]. Based on the discontinuous three-point
bending principle, press bend forming process performs
multi-step bending with universal dies according to
planned path. The critical factor that forms the contours
of the integral panel is the press bend forming path,
which includes the bending position and the punch
displacement. So, designing the proper press bend
forming path is the key problem in the press bend
forming process.

In order to improve the forming quality, FEM
simulation is often adopted to design the press bend
forming path to replace the time consuming and costly
“trial and error” method. Establishment of the reliable FE
model is the key point for studying the complex forming
process[3—4]. However, there are several difficulties in

the FEM analysis of press bend forming process of the
aluminium alloy integral panel of aircraft. Firstly, the
dimensions of the integral panel of the new generation
aircraft are quite large, and the stiffeners are tall and
complicated, which lead to tremendous meshing and
calculating time. Secondly, this multi-step forming
process consists of multiple times of bending and
springback. Implicit algorithm is adopted to achieve
higher accuracy and avoid transferring between explicit
and implicit algorithms, but the complicated contact
condition may lead to convergence problems. So, it is
almost impossible to optimize the press bend forming
path with multiple times of FEM simulation if the
detailed model of the integral panel is adopted. And it is
essential to create an equivalent model for the press bend
forming of the integrally stiffened panel to improve the
efficiency of FEM simulation and process optimization.
Many researchers have studied and developed some
elastic equivalent models for the stiffened plates, the
honeycomb sandwich plates and the corrugated plates. In
1938, HUBER proposed an equivalent slab of constant
thickness having the same stiffness characteristic as the
stiffened slab, which is called “method of elastic
equivalence”[5]. Since then, many researchers carried
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out some further experiments and developed HUBER’s
theory[6—9].  Recently, = BRADLEY[10—-11] and
MUKHOPADHYAY([12] brought forward an equivalent
thickness model with the elastic modulus obtained from
the bending stiffness and orthogonal characteristics of
the detailed model to replace integral panels. Similarly,
the equivalent mechanical parameters of the honeycomb
sandwich plates[13—16] and the corrugated plates[17—18]
were obtained with mechanical analyses of the elastic
properties, and many equivalent models were proposed
and validated with the FEM simulation[19—20]. But all
of these equivalent models are applicable only to the
elastic deformation stage, while press bend forming is
based on plastic deformation. To create an equivalent
model for this forming process, plastic properties of the
metal need to be considered. But no equivalent model in
view of plastic properties has been reported yet.

In this study, the press bending and springback
processes were analyzed thoroughly. According to the
demand of the press bend forming path with FEM
simulation, a virtual material model was constructed by
strict mechanical derivation, and an original plastic
equivalent model for the press bend forming of integrally
stiffened panel was developed to improve the FEM
calculation efficiency. To verify the reliability of the
equivalent model, FEM simulations were carried out on
both the detailed model and the equivalent model. The
key problem of the FEM analysis of the press bend
forming process was solved, and a good foundation of
the process optimization was laid.

2 Establishment of equivalent model

Assuming that no stiffener buckling and cracking
occurs, the goal of developing the equivalent model is to
get the similar contours as the detailed model with less
modelling and calculating time in designing the press
bend forming path, which is the key problem of press
bend forming. After the press bend forming path is
decided, further research on the local part of the detailed
model will be carried out to prevent the occurrence of the
stiffener buckling and cracking. As stated before, an
elastic equivalent model is not applicable in press bend
forming analysis. It is necessary to analyze thoroughly
the plastic deformation mechanics and construct a virtual
material with special plastic characteristics to develop
the equivalent model. A plastic equivalent plate was
proposed to be the plastic equivalent model. Plastic
equivalent plate is made of a virtual material that forms
the similar contour as the detailed model when being
formed with the same press bend forming path. The
thickness of the plastic equivalent plate is the same as the

sum of the stiffener height and the skin thickness of the
detailed model, and the width of the equivalent plate is
the same as the skin width of the detailed mode, which
ensures the same contours of two models before forming
and the convenience of contrasts of the contours after
forming.

2.1 Springback of plastic equivalent plate

Press bend forming is actually a three point
bending. When the punch displacement is rather small,
the bending radius of the inner surface is extremely large,
and the material deforms elastically. With lowering down
the punch, the inner surface wraps around the punch, and
the bending radius of the inner surface becomes the same
as the radius of the punch[21-22], as shown in Fig.1.

(a)

(b)
Fig.1 Press bending deformation process: (a) Extremely large
bending radius stage; (b) Local wrap-around stage

When choosing the section of the plastic equivalent
plate that wraps around the punch as the investigation
object, the contours before and after springback are
shown in Fig.2. L; and L, are the arc lengths of the inner
and outer wraps around section before springback,
respectively; L; and L) are the arc lengths of the
inner and outer wraps around section after springback,
respectively; a; and a, are the bending angle of the wrap
around section before and after springback, respectively;
R and R, are the bending radii of the outer surfaces of
the plastic equivalent plate before and after springback,
respectively; and ¢ is the thickness of the plastic
equivalent plate.

Before springback, the ratio of the outer arc length
to inner arc length is
Lo R ()

L, Rg-—t

After springback, the bending radius of the inner
surface of the plastic equivalent plate becomes larger,
while the bending angle becomes smaller. The inner and
outer arc lengths of the wrap around section are as

follows:
Li =L expe; = (R — )ty ()
Ly=Lyexpes =Rypa, 3)
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Ry

Ly
(b)
Fig.2 Contours before and after springback: (a) Before
springback; (b) After springback

where & and &) are the tangential strains of the inner
and outer surfaces of the wrap around section caused by
springback, respectively.

The ratio mentioned above can also be expressed as

L, Ry expé| (4)
Ly (Ryp —t)expe)
From Eq.(1) and Eq.(4),
Rpt ;
Ry = IELCRP 72 (5)

Rip(expe) —expe)) +texpe|

Thus, the bending radius of the outer surface of the
plastic equivalent plate after springback is

Riptexp(— 928
R = E =
C Riplexp(- 725 - exp— T )]+ rexp(— IE)
1E E E E

(Rp +1)exp(~ %)

(6)
o o o
Ry + H)[exp(——2E) — exp(——E)] + rexp(— —E
(Rp )[p(E) p(E)] p(E
where g and o, are the inner and outer normal bending
stresses of the plastic equivalent plate before springback.
The relation between the strain and the stress of the

material can be calculated with the following formula

[23]:

o (7

| {EIEI, lo| <o

o +K|e"|", |o|>0;

where o is the true stress; E is the elastic modulus; ¢ is
the true strain in the elastic deformation stage; o; is the
initial yield stress; ¢ is the plastic strain; K is the
hardening coefficient; and  is the hardening exponent.
Assume that the stress condition of the bending is
linear, namely only the normal bending stress works and
the other two major stress components are ignored. This
may greatly simplify the derivation without too much
error, and can meet the demand of the engineering
analysis[24—25]. In the plastic deformation stage, the
true strain is the sum of the elastic strain and the plastic
strain. Assuming that the position of the neutral surface
does not change during bending and springback stages,
with Eq.(7), the normal bending strain of the inner and
outer surface before springback can be expressed as

RP — GIE + (_ GIE _ O-SE )I/HE (8)

| &g = [In———
Ry +1/2 E Ky Kg

|5 |: In RP +1 — O2E + (0-2E _ OsE )l/VlE (9)
U Ry +12| E Ky Ky

where &g and & are the normal bending strains of the
inner and outer surfaces of the plastic equivalent plate
before springback, respectively; o is the initial yield
stress of the virtual material of the plastic equivalent
plate; ng is the hardening exponent of the virtual material
of the plastic equivalent plate; and K is the hardening
coefficient of the virtual material of the plastic equivalent
plate.

2.2 Springback of single stiffener specimen

Taking the I-section specimen as an example, the
dimensions are shown in Fig.3. The neutral surface of
bending is also assumed to stay at the same position,
which is represented by “Z.” in Fig.3. The position of the
neutral surface can be calculated with the cross section

dimensions:
_ bh(h + m) (10)
" 2(bh+ Bm)

Similar to the derivation of the plastic equivalent
plate, there is

R |
&l =|In P =
el Rp +h+m/2—Z,|
Oip , ,~ 91D ~Osp\l/n
~ 91 | (291D Z 9D ylimy 11
z ( K, ) (1
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Fig.3 Dimensions of I-section specimen

Rp +h+m

D ~ %D )l/nD
Rp +h+m/2—

Kp

| o o
|82D|:ln Zm|: lZ?D_'_( 2

(12)

Ropy = (Rp + o+ m)(h+ m)exp(—=22) [{(Rp + h+m)-

[exp(— %) - exp(—%)] +(h+m) exp(—%)} (13)

where ¢p and ¢,p are the normal bending strains of the
inner and the outer surfaces of the detailed model before
springback, respectively; o;p and o,p are the normal
bending stresses of the inner and the outer surfaces of the
detailed model before springback, respectively; oyp is the
initial yield stress of the material of the detailed model;
np is the hardening exponent of the material of the
detailed model; Kp is the hardening coefficient of the
material of the detailed model; and R,p is the bending
radius of the outer surface of the detailed model after
springback.

In the case of the specimens with other geometries,
the derivation methods are similar.
2.3 Parameters of virtual material

equivalent plate
2.3.1 Yield stress of plastic equivalent plate

The detailed model and the equivalent model should
yield at the same punch displacement to ensure the same
contours after springback. Taking the total thickness of
the single stiffener specimen as the thickness of the
equivalent plate, and supposing the bending radii of the
inner surfaces of the detailed model and the equivalent
model are identical when they begin to deform
plastically, the initial stress of the virtual material of the
plastic equivalent plate o can be derived from Eq.(14)
and Eq.(15):

of plastic

_R_
R+1/2

Op
=B 14
E (14

| :‘m

R | O
E (13)

|ng|:lnR+h+m/2—Zm|

where R is the bending radius of the inner surface of the
detailed model and the equivalent model.
2.3.2 Hardening parameters of plastic equivalent plate

It is rather important to choose the proper hardening
parameters to ensure the accuracy of the equivalent
model. In order to get the similar contours after
springback, Eq.(16) needs to be satisfied:

Rop=Rsp (16)

Assuming Kg=Kp, with the o, calculated previously,
and the np and Kp values from the uniaxial tensile test,
ng is easy to be solved by numerical method using all the
equations mentioned above.

3 FEM simulation

In order to validate the effect of the equivalent
model, a number of FEM simulations need to be
conducted on the press bend forming of detailed model
and the corresponding equivalent model. Single stiffener
and multi-stiffener specimens are designed according to
typical cross section structures of the integrally stiffened
aluminium alloy aircraft panels. The lengths of the single
stiffener specimens and multi- stiffener specimens are
400 mm and 280 mm, respectively. The dimensions of
the cross sections are shown in Fig.4.

The material of the detailed model is 7B04-T7451
aluminium alloy, the properties of which listed in Table 1
were calculated with the uniaxial tensile test data. The
yield and hardening parameters of the virtual material
calculated with the method mentioned above are listed in
Table 2, which are used to create the stress and strain
data for FEM analysis.

Table 1 Material properties of aluminium alloy 7B04-T7451
(Detailed model)

Property Value
Elastic modulus, £/GPa 69
Poisson ratio, v 0.33
Initial yield stress, o,n/MPa 447.51
Hardening exponent, np 0.86
Hardening coefficient, Kp 1220.21

The simulations of the detailed models and the
equivalent models were carried out using the commercial
code ABAQUS. Press bend forming is a multi-step
process, and the springback takes place continually. Both
of the forming and springback processes were simulated
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with ABAQUS/Standard. The specimens were modelled
with solid elements C3D8R. The number of the element
layers along the thickness direction of the stiffener and
the skin is four. The radii of the punch and the die corner
are 35 mm, and the die gap is 165 mm. The thickness of
the plastic equivalent plate is the same as the sum of the
stiffener height and the skin thickness of the detailed
model, and the width of the equivalent plate is the same
as the skin width of the detailed model. Because the
forming of the specimen is symmetric, half of the model
was constructed. The assemblies of the detailed model
and the equivalent model are shown in Fig.5 (by taking
the I-section specimen as an example). Considering that
the punch displacements of the practical manufacturing
are around 5 mm, the range of the punch displacement in
the FEM simulation is 3—7 mm.

4 Results and discussion

4.1 FEM simulation results and verification

FEM simulation results indicated that with the same
punch displacement, the contours of the detailed model
and the equivalent model after springback were very
close. Taking the I-section specimen as an example,
when the punch displacement is 5 mm, the final
contours, the Mises stress distribution and the equivalent
plastic strain distribution of the two models are shown in
Fig.6, Fig.7, and Fig.8, respectively.

The contrasts of the arc heights of different
specimens after springback between the two models are
shown in Fig.9. Arc height is defined as the distance
from the lowest point of the outer surface of the specimen

4 10
b} .
i 20, | | 4 | ru:
[ I i
R4 |i o o i =~ o ! i oo
i S R4\Ij?f &l oo R{\J: ol @
| I I
55 64 64
(a) (b) (c)

Fig.4 Dimensions of specimens: (a) I-section specimen; (b) T-section specimen; (c) J-section specimen; (d) Parallelly stiffened

specimen; (e) Crossedly stiffened specimen (unit: mm)

(a)

Fig.5 Assemblies of I-section specimen: (a) Detailed model; (b) Equivalent model

(b)
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Table 2 Virtual material properties (Equivalent model)

419

Elastic modulus, Poisson ratio,

Specimen

Initial yield stress,

Hardening exponent,

Hardening coefficient,

E/GPa v o,s/MPa ng Kg
I-section 69 0.33 299.61 0.63 1220.21
T-section 69 0.33 367.97 0.72 1220.21
J-section 69 0.33 317.97 0.65 1220.21
Parallelly stiffened 69 0.33 353.86 0.70 1220.21
Crossedly stiffened 69 0.33 308.02 0.63 1220.21

(a)

(b)

Fig.6 Vertical displacement graph of I-section specimen after
springback: (a) Detailed model; (b) Equivalent model

Mises stress/MPa
(Avg: 75%)
5246 102
4.809 102
4 i

(a)

Mises stress/MPa
(Avg: 75%)

1628 10°
IA\P X107

(b)

Fig.7 Mises stress distribution of I-section specimen after

springback: (a) Detailed model; (b) Equivalent model

to the horizontal surface of the die. The largest
differences between the two models of different
specimens formed with different punch displacements
were as follows: I-section specimen 2.15%, T-section
specimen 5.05%, J-section specimen 5.38%, parallelly
stiffened specimen 5.44%, and crossedly stiffened
specimen 4.56%. It can be noted that the equivalent
model is accurate enough to be “equivalent”.

Compared with the detailed model, the efficiency of
FEM simulation calculated with the equivalent model

Equivalent
plastic strain
20

(A o) .
6217% 1072
5.600% 1072
5080 107

) .
2627% 107
2408 % 1072
2089 107!

- 1.970% 1072
17511077

(b)
Fig.8 Equivalent plastic strain distribution of I-section
(a) Detailed model; (b) Equivalent

specimen after springback:
model

has been improved by more than 80%. The contrast of
the calculating time of the two models formed with
different punch displacements is shown in Fig.10.

4.2 Error analysis

1) Because the height-to-thickness ratio of the
stiffener of the detailed model is quite large, the stiffener
buckles when the punch displacement is too large. In
addition, small concave surface exists at the top of the
stiffeners because of the punch force. Therefore, the
actual punch displacement of the detailed model is
smaller than the equivalent model, which causes smaller
arc heights for the detailed model.

2) The virtual material parameters are calculated
under the assumption that the neutral surface does not
move during the bending and the springback.

3) The hardening parameters of the detailed model
fitted with the uniaxial tensile test data may contain
erTors.

4) The equivalent model is established according to
the wrap-around section, and the section that doesn’t
wrap around the punch will magnify the arc height
erTors.
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Fig.9 Arc heights of detailed model and
equivalent model after springback: (a) I-
section specimen; (b) T-section specimen;
(d) Parallelly
stiffened specimen; (e) Crossedly stiffened

(c) J-section specimen;
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Fig.10 Contrast of FEM calculating time between detailed model and equivalent model
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5 Conclusions

1) With the comprehensive analysis of the press
bend forming and springback mechanics, a plastic
equivalent plate made of a virtual material is constructed
in order to solve the problem of press bend forming path
optimization with FEM simulations.

2) Plenty of FEM simulation results indicate that the
calculated errors of equivalent models are less than 6%,
while the calculating efficiency is improved by more
than 80%. The accuracy and efficiency of the proposed
equivalent model make it convenient and indispensable
in the future press bend forming path planning and
process optimization.

3) By applying the method of plastic equivalent
model to the large scale integrally stiffened panel with
compound curvature contour, the optimization time of
the press bend forming path with FEM analysis will be
greatly reduced, and the virtual material properties can
be calculated with the geometrical dimensions of the
cross sections in the main bending direction.

4) This study also provides a good notion for the
FEM simulations of other complicated forming process,
and it is worth developing further.
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