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Nomenclature 4 t/b
x r/b

A Area Subscript
a Width of the tube e External side of the cross section
b Height of the tube i Internal side of the cross section
E Elastic modulus | Lateral side of the cross section
h Position of bending natural axis of the section r Radial d."ffjt.'o" .
* relative to the external face t | ;anglefntla Irection
| Second moment of area total ot_al do_rce .
K Strain hardening coefficient z Axial direction
K (2138 .
M Pure bending moment 1. Introduction
n Strain hardening power
R B i i . . . . iy .
= Aigf;;ge Lﬁ';isng i Due to their high quality in transmitting electrical
T Circumferential stress resultant force signals, low weight and good vibration absorption
to Initial thickness - . . . .
Total Total circumferential stress resultant force capability, aluminum cross sections are widely used in
Ze :4 2um of spring back aviation, aerospace, satellite ground stations, radars, etc
€ Strain [1]. Bending process of these cross sections is based on
£ Equivalent strai . . .
. hfft':'a ent straim the theory of a large and sufficient force used for creating
0 Angle of bending a tension beyond the elastic limit of the material which
P R/b should not exceed the ultimate strength of the material;
o Equivalent stress i i . i i
o Stress otherwise, it will lead to workpiece failure [2].
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By the middle of the twentieth century, bending
profiles with rectangular cross sections for microwave
equipment were so hard and costly, resulting in their
slow improvement. Later, with an increase in aerospace
equipment, the need for the bending techniques became
much more considerable. Therefore, nowadays,
applying a process by which uniform products with
closed tolerances can be produced in a limited period of
time is considered to be an important matter in profile
bending.

Four prevalent methods are used in profile bending
with rectangular cross sections: rolling, stretch,
compression, and drawing. Choice of the method
depends on the number of components, profile
dimensions, wall thickness, profile material, radius and
the number of bends in addition to the required accuracy,
the determined quality, and the available facilities [3]. In
addition to the above-mentioned methods, rotary-draw
bending, which is called RDB, is a new method. Apart
from being economical, it is a unique method for
bending small radiuses in a rectangular cross section
profile with thin walls.

Rotary-draw bending which is used for the accurate
bending of such kinds of profiles with thin walls in NC
numerical systems, has a major functionality in leading
industries such as aviation, aerospace, radars, and
satellite communications [4]. Using this process in
bending, such kinds of profiles with electromagnetic
wave transmission lines will decrease the costs. It also
leads to an increase in the quality and uniformity of the
products [5, 6].

Rotary draw bending process is a plastic geometry
deformation process with nonlinear material behavior
and nonlinear boundary conditions. It has numerous
effective parameters which deform large strains and
cause failures in the workpiece. In recent years, the
bending rectangular cross section profile has been
studied widely in different papers. Most of them focus
more on the stretch bending process and less on the
rotary draw bending process [7].

Rotary draw bending process has four dies: Bending
Die, Wiper Die, Pressure Die, and Clamp Die which can
be observed in Fig. 1. In the bending process, the
rectangular cross section profile is placed in the inner
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canal of the wiper die; and the clamp die holds the profile
against the bending die. When the profile rotates around
the bending die, the pressure die makes a linear
movement along the profile and stops the rotating
profile. The process ends when the bending angle
reaches the desirable size.

S Pressure Die

Wiper Die
Bending Die

Sl

Fig. 1. Different dies in the rotary draw bending process.

Clamp
Die

Liu et al. [8], in a numerical experimental research
based on the distortion ratio of the cross sections,
evaluated the effects of different die parameters on this
ratio. Their results indicated that with the increase of the
bend radius, the clamp pressure, the number of mandrel
cores and the distortion ratio decrease. On the other
hand, the increase of the bend speed and angle, the
increase of the protrusility of the mandrel, and the
increase of the clearance between the profile and the
pressure die will lead to the increase of this ratio.
Furthermore, the effects of the bending die and mandrel
cores on the cross section are important factors, while
the effects of the clamp die and pressure die are minimal
[8].

Tian et al. [9], evaluated the effects of the
geometrical ratios with rectangular cross sections in the
wrinkling phenomenon. By defining the maximum
height of the wrinkling wave of the inner arch and the
side wrinkling of the bend, they concluded that the
increase in the height and width of the rectangular cross
section profile leads to the increase of the maximum
height of the wrinkling wave in the inner arch and the
side wrinkling of the bend. Furthermore, the increase in
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the ratio of the bending radius to the height of the
rectangular cross section profile leads to a decrease in
the height of the wrinkling wave of the inner arch and
the side wrinkling of the bend. This research with
bending ratio of 2.87 on aluminum profiles does not
focus on the geometrical dies [9].

Xing etal. [10], in his research, simulated the process
and analyzed the distribution of stress and strain along
with the variations in the profiles’ wall thickness
(profiles with steel rectangular cross sections with bend
radiuses of 75, 90, 105, and 120 mm). It was indicated
that the increase in the bending radius led to the increase
of the formability properties and reduced the tendency
toward wrinkling and rupture [10].

Shen et al. [11] used the FE model (which belongs to
profile deformation with rectangular cross sections) and
proposed three sections, including mandrels, clamp die,
and the middle section. They calculated the relationship
between the distortions of the cross sections and stress
components. The maximum cross section distortion in
the up and down dimensions of the profile is in the
symmetry line, and in the side dimensions it is in the
corner of the profile [11]. In the above-mentioned study,
there can be seen no reference to the mandrel and die
design. The experiments were carried out on the
aluminum rectangular cross sections with the ratio of
2.5.

With regard to the analytical models to analyze the
process, the following researches can be noted. The
important factor in determining the quality of RDB
bending is the collapsing deformation of the thin-walled
rectangular tube. Liu et al. [4] presented an analytical
model for collapsing deformation, showing that among
the elements of the process, the clamp die and cores of
mandrel had a greater impact on collapsing deformation
[4].

Paulsen et al. [12] presented an analytical model to
determine the local post-buckling and suck-in
deformations in the rectangular tube bending based on
the deformation theory of plasticity combined with the
energy method. However, the model is not suitable to
predict the large local deformation and the large
displacement in the rotary-draw bending process due to
the localization of the post-buckling deformation [12].
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In this study, an analytical model based on the power
law hardening model is presented to analyze the stresses,
strains and moments in the rotary-draw bending process
for the thin-walled rectangular tube. The balance of the
forces in all aspects of the tube is used to identify the
position of the neutral axis. Then, the strains, stresses
and bending moments are extracted, and the spring back
is predicted. In all of the above studies, the bending ratio
(bend radius of the inner arch to the profile height) is 2.5,
2.87, 3.28, etc. and there is no reference to the die and
mandrel designs. The reduction in the bend radius will
increase the forces and the probability of the failure in
the mandrel cores.

The purpose of this study is to successfully coagulate
a hollow aluminum cross section with a bending ratio of
1.6. Due to the small bending ratio, the possibility of
wrinkling or rupture of the workpiece is so high.
Therefore, the first and most important challenge in this
matter is to set a correct design, and the reduction of the
failures in the mandrel cores. In this study, a new core
geometry is presented whose design was based on the
relationships extracted from this paper. At the end, it
leads to the successful implementation of the process.

2. Analysis of RDB Process

In this study, an analytical model based on the strain
hardening power law is used to analyze the RDB
process. It is assumed that the directions of the
coordinate axis shown in Fig. 2 are the principle stress
directions.

Fig. 2. Coordinate axis of the bent.

As the pure bending moment M is used for bending
the tube and neglecting frictional forces, the total
circumferential stress resultant force of any cross-
section of the tube along the bent must be equal to zero.
Therefore, it can be written as:
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Tou = |0.0A= [0,dA+ [0, dA+2 [0, dA=T, +T,+2T, =0 @
A A, A A

Where A is the total cross section area and Ae, Ai, and A,
are areas of the external side, internal side and lateral
side of the cross section, respectively as shown in Fig. 3.
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Fig. 3. Cross section of the tube.

Due to the small thickness of the tube, the plane
stress assumption is used in the thickness direction.
Furthermore, due to the rigid core inside the tube, plane
strain assumption can be used in r and z directions for
the lateral and external-internal faces, respectively.

In this research, regardless of the elastic zone, a
power law strain hardening model is used for material
behavior:

g=Kg" )

Where K is the strain hardening coefficient, and the
equivalent stress, &, and the equivalent strain, £, are
defined as:

:\/%[(o-r —o‘t)2+(0} _02)2+(0r _O-Z)Z:|

Qi

@)
= g(grz +& +gf)

3 @)
The assumption of the plane strain in z direction and

the use of the incompressibility condition, cause the
strain filed of the external face of the bent to be:

&, =0,6, =—¢,
()

The assumption of the plane stress in r direction and
proportionality of the process, and the use of the
hypothesis of the Levy-Mises flow rule, cause the stress
filed of the external face to be:

1
O =0’Gez =50

2 et (6)
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Substituting equations (5) and (6) in (4) and (3),
respectively and the results in Eq. (2), we can write:

n+1 .
Oy = (ij Ke,"=Ke," ()

3

Due to the small thickness of the tube compared to
its height, a uniform tangential strain in the external face
can be assumed and written as:

_n-t /2 8)
1+p-n
Wheren=h /b,z=t,/b,p=R/b and hy, t,, Rand b are the

et

positions of the bending natural axis of the section
relative to the external face, initial thickness, bending
radius and height of the tube, respectively. Substituting
Eq. (8) in (7) and the result in Eq. (1), we can write:

T, =ato, =at)(1-¢,) K &, = atoK’(get” —Sel””) ©)

In a manner similar to the external face, we can write
for the internal face:

Oy = _[%] K (_git )” =T K (_gil )n (10)
g 21rTI2-1 (11)
l+p-n

T = ato, = -ty (15, )K (-5, =-at,K (-5, +(~5,)"") (12)

For the lateral faces, the assumption of the plane
strain in r direction and the use of the incompressibility
condition cause the strain filed of the lateral faces to be:

Eo = O'gez ==&y (13)

The assumption of the plane stress in z direction and
proportionality of the process, and the use of the
hypothesis of the Levy—Mises flow rule cause the stress
filed of the lateral faces to be:

o, =00, = %Gel (14)

Substituting equations (13) and (14) in (4) and (3),
respectively and the results in Eq. (2), we can reacquire
Eq. (7).

Tangential strain in the lateral face can be written as:

&y = Z (15)
I+p-n

Where y =r/b and r is measured from the natural axis
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outward the bend as depicted in Fig. 7. Substituting Eq.
(15) in (7) and the result in Eq. (1), we can write:

/B
T = [odA= [ K(1-5.) (&) btd
A

n-1
(16)
After some cumbersome algebra analyses, the net
circumferential resultant force of the lateral side of the
section can be written as:

T _ thKy nn+l 7(1777)n+1 ~ nn+2 +(:I_777)n+2 (17)
" 1+ p-n) n+1 (n+2)(1+p-n)

Substituting equations (9), (12) and (17) in (1), the
total circumferential resultant force of the section can be

written as:
bt,K’ Ja[(l+p—27]+r/2)(n—r/2)n—(2+p—27]—r/2)(1—17—f/2)q
\ma\*(l_'_p_”)nl 1+p-7
+277n+1_(1_’7)"+1_2 17n+2+(1_17)”+2 0 (18)
n+1 (n+2)(1+p-n)|

Wherea=a/b. Eq. (18) can be solved to find the
position of the bending natural axis, #, using the
Newton-Raphson method. As seen in Eq. (18), the
position of the bending natural axis depends only on the
aspect ratio, a, thickness ratio, z, bending ratio, p, and
the strain hardening power, n.

After finding 5, strains and stresses of the bend are
acquired, and the pure bending moment can be attained
as:

M = [ro,dA (19)
A
In a similar manner of finding the total

circumferential resultant force, the pure bending
moment can be acquired as:

M _ar(l+p7277+2'/2)(777‘r/2)"‘1+(2+p72)772'/2)(177771'/2)"‘1
baK' (l+p—7])n4

21[17”‘2 +(1—27)"+2] 2‘[[(1—7])“3 —17"‘3] (20)
+ +

(n+2)(l+p777)n (n+3)(l+pfr])M

After determining the position of the bending neutral
axis and moment in the process, the amount of the spring
back (A0) after ending the process and releasing the
bending moment can be derived from the bending stress
relationship. If we assume that the unloading of the tube
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will be an elastic process, then the elastic bending
equation can be written as:

o_EsEY_MY (21)
R |

Differentiation of the last equality of Eq. (21) results

EM, EA[i):M (22)
R 1 R |

Where AM is the bending moment calculated from Eq.

(20). The length of the mid-surface of the bending tube

is 1=R@ and will remain unchanged during the

unloading. From this, we obtain:

119 (23)
R

Differentiating Eqg. (23), in which | is constant, we
obtain

A(éj _Ao (24)
R RO

Substituting Eg. (24) in (22) results in:

A6 _AMR (25)
o El

Where @ is the angle of bending, E is the elastic modulus,

R=R+b/2 is the average bending radius and

I :[(aﬂt)ba_a(b_zrﬂ/lz is the second moment of

the area.
3. FEM and Numerical Analysis of the Process

In this study, the explicit finite element analysis is
used for the numerical study of the RDB process in
commercial ABAQUS software which is compared with
the implicit method. The explicit finite element analysis
is able to simulate complex processes with large
deformations and dynamic contact conditions with
greater convergence. The bending die, pressure die,
clamping die and mandrel and its cores were modeled as
3D rigid bodies. The mandrel and the wiper die were
fixed at the reference point, and the clamp and bending
dies rotated together at 1.57 radians around the reference
point. For all the mandrels and their cores, which were
rigid, a four-node element was used. Quadruple shell
element was used for the profile. The approximate size
of the profile elements was considered to be 2.5 mm, and
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therefore, the profile with 2160 four dimensional
elements was demolished. The reference point for
applying boundary conditions and the loads were
defined for all dies. All contacts were defined surface to
surface using the penalty method. The friction
coefficient of the contact surfaces, based on their type of
surface and lubrication, was considered as shown in
Table 1, depending on the lubrication type. Fig. 4 depicts
the geometry model and finite element model.

Tablel. Contacts in finite element analysis [7]

. Friction —
Contact bodies . Lubrication type
coefficient
Mandrel/cores 0.02 S9808B oil
Mandrel/tube 0.02 S980B oil
Clamp die/tube 0.7 dry friction
Others/tube 0.17 10W oil

Fig. 4. (a) Geometry model, (b) finite element model and (c)
assembled finite element model.
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The simulation results also show that in Fig. 5, the
end of the process. Moreover, the FEM model of the
annealed profile was performed. The main strain contour
is shown in Fig. 6.

IAAAAAN?
LR 0000

Fig. 5. FEM in the end of the process.

PE, Max. In-Plane [,

Principal (Abs)
0.323
0.285

0.248
0.211

Fig 6. Main strain contour caused by the FEM of the annealed
rectangular cross sectional aluminum.

4. The Experimental Study of the Process

Bending die radius was as wide as the arch bend.
Wiper die was actually a canal in which the profile was
fitted with a suitable clearance and situated in the width
direction. Its main role was to prevent wrinkling in the
inner arch bend. In this study, the clearance in the width
of the profile was 1.5 percent, and the canal height was
3 percent lower than the profile height.

The bending and wiper dies were made of heat-
treated steel. The pressure and clamp die were made of
cold work tool steels with a hardness scale of 55
Rockwell C. All of the dies, such as the bending, clamp,
pressure and wiper dies were assembled with suitable
interspaces. Then, the assembled dies were mounted on
a bending machine.
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In this research, the NC bending machine was used
as shown in Fig. 7, with a bending radius of 25 to 250

mm and maximum angle of 195 degree.

Fig. 7. NC bending machine.

Also, the images of the dies were made and assembled
on the bending system, which is shown in Fig. 8.

Fig. 8. Assembling dies on the bending system.

The thin wall cross section used in this study is 6010
aluminum alloy with a width of 31.64 mm, a height of
15.9 mm and a thickness of 1.6 mm with a bending
radius of 25.4 mm in a 90-degree angle. The mechanical
properties of the profile with a rectangular cross section
and elasticity modulus of 69 GPa are the density of 2700
kg/m?® and Poisson ratio of 0.33. The uniaxial tension test
(stress-strain) was obtained by cutting the uniaxial
tension set sample with a width of 31.64 mm based on
the ASTM E8M-04 standard. The results are shown in
Fig. 9 in two modes of the experimental and power law
stress-strain curves of AL6010-T6. According to Fig. 10,
the experimental stress-strain curve can be curve fitted
by the power law model using K=225 MPa and n=0.25.
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Fig. 9. Experimental and power law stress-strain curves of
AL6010-T6.

According to Fig. 10 and Table 2, if R, H, and t stand,
respectively, for the mean radius of the bend, the height
of the profile and the thickness of the profile, the
mandrel height — indicated with h — is obtained from Eq.
(1). C represents the amount of clearance. This value is
considered to be about 0.2 mm based on the DIN7154
and H11/c11 standards.

| = [
E+Q O(O(D( Q]
_$eeEdse
Fig. 10. (a) Bend angle parameters, (b) Geometrical die
parameters.

One of the important parameters in the setting of the
process is the mandrel pertrusility, i.e. the position of the
mandrel nose as far as the bend radius is concerned. This
parameter affects the bending quality (e is shown in Fig.
11(b) and « angle is shown in Fig. 11(a)). In other words,
the mandrel should be placed far enough ahead of the
radius of the die in order to make sufficient pressure on
the materials in the radius of the bend [2]. In this study,
the value of e — as the forward position of the mandrel is
shown in Fig. 11(b) — was extracted from a hypothetical
triangle with one side as e, one side as the bending
radius, and the third side was extracted as chord. The
geometrical equation, number (2), was drawn from the
Pythagorean law.

The minimum and maximum values were proposed
in accordance with equations (3) and (4). In these
equations, r is the bending radius of the mandrel’s inner
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edges. Therefore, the position of the mandrel depends on
the bending radius, mandrel height, and the ratio of the
profile height to the profile thickness. When the forward
position of the mandrel was more than emax, the profile
interfered with the rectangular cross section of the
mandrel, resulting in a very thin or cracked bend of the
outer arch. Then, if it was less than emin, the mandrel did
not have sufficient pressure on the inner arch and led to
wrinkling.

p as the effective angle of the mandrel cores was
obtained by subtracting the bending angle (¢) from the
protrusility angle of the mandrel (). It was obtained
from Eq. (5). Considering the inclined circles which are
bent in the profile canal, as can be seen in Fig. 11(b), P,
the mandrel core’s pitch, is obtainable from Eq. (6). & is
the corresponding angle of each mandrel core obtained
from the radians in Eq. (7).

The core thickness (1) should be reasonable. If it is
too small, the mechanical connection between the cores
will be weak, and if it is thick, the clearance between the
profiles and the cores will disappear, and the cores
cannot bend up to the desired radius. Therefore, the core
thickness at the top and bottom of the mean bend radius
ought to be around the maximum and minimum values
obtained from equations (8) and (9). The above-
mentioned equations indicate that the core thickness
from the pin to the top of the bend is fixed at Imax, SO that
the cores can be directly located and the core thickness
from the middle pin to the down bend will be in a linear
trend from lnax t0 Imin. Finally, n is the number of the
calculated cores based on Eg. 10.

Table 2. The equation of the designed mandrel

No. . No. .
Eq. Equation Eq. Equation
1 h=H-2t-C 6 P zg
2 2
2 e2+(R+Dj =(R+E—tj 7 6~P/R
2 2
3 € =F+€ 8 | =6R
h
L= | = R—f
4 emm r 9 min ( ZJ
e RB

R——+t

5 ﬂw—aw—tanl[ = J 10 n=—
2
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The number of the existing geometric cores is
considered to be eight cores. Therefore, by using the
experimental data in this study, the output of the mandrel
designs is presented in Table 3. The final design and
assembly of the mandrels and core are shown in Fig. 11
and 12.

Table 3. The geometrical dimensions of the designed mandrel

parameter parameter
R [mm] 33.35 B [deq] 84
h [mm] 125 P [mm] 6.25
e [mm] 2.82 O [rad] 10.7
¢ [deg] 90 Imin [Mm] 5.1
a [deg] 6 Imax [mm] 6.2

625
R4 h’_—-} N

2x@2.5

125

Fig. 11. The final design of the mandrel core.

Fig. 12. The newly designed mandrel along with the
assembled cores.

The purpose of this study is to investigate how
successful the process can be and the extraction of the
strain distributions in order to investigate the defects of
the process and improve the quality of the produced
workpiece. Therefore, it is necessary to prepare the
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samples before performing the experimental process.
For this end, the four faces of the profile sections with
rectangular cross sections were turned into grids, and the
standard 2.5mmx2.5mm square grid was adopted with a
laser machine with lines of 0.1 mm length. By measuring
the previous grid dimensions and after conducting the
bending process with the visual measurement system
(VMS), the linear strain distributions were carried out
with an accuracy of 0.01 mm. Also, for measuring the
thick strain, the samples were cut after bending and the
cross section thickness was calculated with a caliper
with an accuracy of 0.01 mm. The thickness strain was
measured by considering the first thickness. In this
research, the experimental study was carried out in a
constant temperature of 24°C, and in a constant angular
velocity of 2.4 radians per minute. The linear velocity of
the pressure die was considered to be the product of the
angular velocity of the bending die in the mean bend
radius. The value was calculated as 80 mm/min. In the
RDB process, there are a lot of contacts between the dies
and profiles. Frictional conditions are key factors in this
process. Therefore, to achieve the appropriate frictional
condition before the test, the die and profile surfaces
should be cleaned and lubricated efficiently. For
lubricating the mandrel and the inner surface of the
profile, a special draw oil with the commercial code of
S980B was used. To lubricate the external surface of the
profile, an engine oil with a viscosity of 10 W was used.
Also, due to the high friction needed between the clamp
die and the rectangular cross section profile, the surface
of the clamp die was roughened and not lubricated.

5. Results and Discussion

The results of the experimental study and the FEM
simulation indicated that the material in the external arch
of the bend did not have sufficient length extension
ability and the profile was ruptured at this point. To fix
this problem, the tested profiles should be placed under
the annealing heat treatment to make them softer and
have sufficient draw capability to complete the process.
After the heat annealing process, the samples were
prepared and experimented without any particular
problems at 90-degree bending angle. This is shown in
Fig. 13.
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Fig. 13. Successful profile bending on the annealed heated
rectangular cross sectional aluminum.

Then, after bending at a 45-degree angle, the
engraving was measured in three internal, external, and
side dimensions. Also, by measuring the bending profile
(Fig. 14) the thickness changes were calculated.
Therefore, the longitudinal strains (e in the bending
direction), width strains (ew, perpendicular to the
bending direction) and thickness strains (e in the
thickness direction) were extracted at the bending angle
of 45.

Fig. 14. Profile cut in 45-degree angle for measuring the
thickness strain.

Moreover, the longitudinal and width strains of the
internal and external dimensions (in the middle bends of
the arch) were measured at different angles. The
longitudinal and width strains of the sides were
measured at different heights based on the bending arch
and its angles.
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The bending moment calculated from Eq. (20),
M =131.66 N.m \was compared to the bending moments
extracted from the FEA as depicted in Fig. 15. The mean
value of M =130.94N.m ;55 calculated from the FEA
results. The results show good agreement.
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Fig. 15. bending moment versus the bend angle for the
aluminum tube.

The position of the bending natural axis can be
located wherever the sign of the circumferential strain on
the lateral face of the bend is reversed. The analytical
value of 7 =0.69 calculated from Eq. (18) is in good
agreement with » =0.7 and 5 =0.71 extracted from the
experimental and FEA longitudinal strain distribution on
the lateral face, respectively.

The major problem in RDB is the tearing of the
external face of the bent. Therefore, the strain field on
the external face of the bent plays a significant role in
the prediction of tearing using the FLD diagrams, and
the plane strain distribution in the transverse direction in
the external face of the bent, as discussed previously,
causes the use of only one point of the FLD diagram to
predict tearing.

As Eq. (8) shows, the position of the bending natural
axis affects the tangential strain in the external face of
the bent. Therefore, accurate estimation of the position
of the bending natural axis causes accurate strain
distribution, and the possibility of tearing can be
estimated more precisely. As Eqg. (18) indicates, the
position of the bending natural axis, #, depends on p, a,
7, and n and can be solved for various values of these
parameters to draw a practical graph as depicted in Fig.
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16. As this graph shows, the position of the bending
natural axis tends to get close to the internal face of the
bent as the bending radius decreases, and it tends to
move to the center of the tube as the bending radius
increases. Decreasing 7 and n and increasing a cause the
position of the bending natural axis to move toward the
internal face of the bent.
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Fig. 16. A practical graph to predict the position of the
bending natural axis (7).

In the experimental test, by measuring the final angle
of the bend using the shadow graph and comparing it
with the bending angle adjusted on the NC bending
machine, the value of the spring back was measured
experimentally as A@=0.95. The value of the analytical
spring back was A@=0.997 using Eq. (25), whereas the
value of A@=0.98 was extracted from the FEA,
showing good agreement.

Radial (thickness), tangential (longitudinal), and
axial (transverse) strains calculated from the analytical
equations ((8) and (5)) and those extracted from the FEA
and experimental test are depicted in Fig. 17 for the
external faces of the bend. The angle is 45 degrees as
shown in Fig. 17. In Fig. 18, the strains are placed in the
middle of the cross section. The results indicated that the
width strain was almost near zero, and the external side’s
draw of the bend in the direction of the bending caused
the thickness to decrease. Due to the presence of the
mandrel cores inside the profile and the small clearance
between these cores and the profile, with the external
side’s draw, the material tended to shrink in width and
thickness. Due to the presence of the mandrels, the
material shrank in width only as much as the clearance
between the core and the profile, and the predominant
deformation was done in the thickness direction.
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Therefore, the width strain was negative and close to
zero. Thickness strains were done in the direction of
negative and they were equal to the longitudinal strains.
At the primary and end angles, the strain was lower and
at the bending angle of 45, the greatest amount of the
strains occurred as a result of the draw. The numerical
and experimental results, while having a relatively good
consistency, represented this physical argument. On the
other hand, due to the small thickness of the profile, in
comparison with other dimensions, the bending stresses
were insignificant in comparison with the membrane
strains; therefore, the strains and stresses can be created
in the external side which is known as the membrane
strain. With this condition, the deformation field in the
external arch bending was very similar to the
deformation field in the plane strain in the width
direction.
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Fig. 17. Experimental, Analytical and Numerical strains in
the external bend of the arch in a 45-degree angle.
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Fig. 18. Experimental and Numerical strains in the middle

bend of the external arch.

Radial, tangential, and axial strains calculated from
the analytical equations ((8) and (5)) and those extracted
from the FEA and experimental test are depicted in Fig.
19 for the internal faces of the bend. The middle bending
is indicated in Fig. 20. Here, the width strain was almost
close to zero, and with compression in the internal arch,
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the thickness increased in the direction of bending. Due
to the presence of the mandrel cores inside the profile,
and the small clearance between these cores and the
profile, with compression in the internal arch, the
material tended to draw (increase in dimensions) in the
width and thickness directions. Depending on the die
type, the material deform was very small in the width
direction. But the predominant deformation was in the
thickness direction. Therefore, in the width direction, the
width strain was predicted to be close to zero. Thickness
strains were done in the direction of positive and they
were equal to the longitudinal strains. Also, the
maximum amount of the strain occurred at a 45-degree
angle. The strains were lower in the two sides of the
bend. Numerical and experimental results, while having
a relatively good consistency, represent this fact.

On the other hand, the comparison of the longitudinal
strains of the external and internal sides of the bend (Fig.
17 and 19) show that the longitudinal strain in the
external arch bend was about three times the size of the
longitudinal strain in the internal arch bend. Therefore,
it is expected that the position of the neutral axis is very
close to the inside bend.
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Fig. 19. Experimental, Analytical and Numerical strains in
internal bend of the arch in a 45-degree angle.
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Fig. 20. Experimental and Numerical strains in the middle

bend of the internal arch.
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In addition, the radial, tangential, and axial strains of
the lateral faces of the bend calculated from the
analytical equations ((15) and (13)) and those extracted
from the FEA and experimental test are depicted in Fig.
21 and 22. In this side, the longitudinal strain is tensile
next to the external draw arch and it was compressed
next to the internal draw arch. As mentioned before, the
thickness of the external draw arch decreased and the
thickness of the internal draw arch increased. Both
arches came forward after the yield point and the
difference in their longitudinal stresses is not noticeable
in the plastic state. In order to balance the forces, it is
necessary to move the neutral axis toward the thicker
arch. For this reason, the neutral axis was close to the
internal arch, which is indicated in Fig. 21 and 22. Also,
at the bottom of the neutral axis, the longitudinal strain
was in the compression form and the width strain was in
the tensile form (at the bottom of the neutral axis, the
height of the profile tended to increase), and at the top of
the neutral axis, the longitudinal strain was in the tensile
form and the width strain was in the compression form
(at the top of the neutral axis, the height of the profile
tended to decrease). Therefore, it is expected that the
width strain size on the top and bottom sides of the bend
be more than the corresponding size of the external and
internal bend arches. This comparison is indicated in
Fig. 17 to 22. As a result, the contribution of the
thickness strain of the side deformation is less than its
contribution to both the internal and external arches. In
other words, at any point in the side of the bend, the
thickness strain size was always less than the
longitudinal strain size which is indicated in Fig. 21.
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Fig. 21. Numerical, analytical and experimental strains in
sides with a 45-degree angle.
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Fig. 22. The ratio of the numerical and experimental linear

strains in the bend sides with different heights to the down
side.

The comparison of the results, indicated in Fig. 17 to
22, shows good agreement, and neglecting the transverse
strain in all faces of the bend is a correct assumption in
the analytical analysis.

6. Conclusions

A new mandrel core geometry is developed in a
rotary-draw bending process with a small bending
radius. Some relationships were made for the proper
design of the cores, based on which, new cores and
mandrels were made and the process was successfully
performed for annealed aluminum profiles with a small
bending ratio of 1.6.

An analytical analysis of the rotary-draw bending
process with a small bend radius for rectangular
aluminum tube based on the power law hardening model
was presented and accomplished experimentally. A 3D
model of the tube and dies was constructed in ABAQUS
commercial code, and the process was analyzed using
the explicit finite element method. Experimental,
analytical and FE outcomes of the analysis of the process
show:

1- Due to the thinness of the rectangular tube and
since the tube was enclosed by the dies and cores of the
mandrel, the plane stress assumption in the thickness
direction and the plane strain assumption in the
transverse direction for all the faces of the tube can be
used.

2- The thickness strain equaled the mines of the
circumferential strain for the external and internal faces
of the bent.

3- The position of the bending natural axis played a
crucial role in distributing the strains and possibility of
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tearing the external face of the bent predicted by the FLD
diagrams.

4- Decreasing T and n and increasing o caused the
position of the bending natural axis to move toward the
internal face of the bent.

5- The accurate bending moment predicted in this
research can be used to select the proper machine for the
bending process.

6- Rotary-draw bending process is a suitable process
for bending thin walls with small bend radius. Mandrels
and cores are used for maintaining the profile cross
section while bending.

7- Suitable lubrication to reduce the friction
coefficient has proved to be very successful in this
process. In this research, S980B oil was used to carry out
the process successfully.

8- One of the important parameters in the mandrel
design is the proper positioning of the mandrels. If this
value is lower or higher than the proposed limit, the
process is doomed to failure.

9- The degree of the thickness reduction of the
external bend is equal to the increase of the length.
Therefore, the thickness increase of the arch bend is
equal to the length reduction in the same side.

10- If the external bend ruptures, the annealing of the
workpiece — due to the increased ductility — can be a
good solution for the successful implementation of the
process.
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