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ABSTRACT

In the process of plastic bending of thin-walled profiles, there is a significant deformation of the cross-section,
which has a very significant impact on the course and effects of the shaping process construction products. In this
paper, the experimental, analytical as well as numerical analyses of the box profile bending process enabled to
establish the relationships determining the dependence of the cross-sectional form and bending moment on the
bending curvature. The following paper discusses pure bending moment and the cross-sectional deformation of
21.5%21.5%1.8 mm and 25%25%2.5 mm square tubes made of the 6060 aluminium alloy. Satisfactory agreement
of the experimental results and numerical calculations was obtained for the values of horizontal and vertical wall

deflection, as well as for the experimental, calculated and numerical bending moment characteristics.
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INTRODUCTION

Rectangular tubes are widely used as struc-
tural elements in numerous applications, such as
automobiles, trains, vehicles, aircraft, and off-
shore structures. In the elastoplastic bending of
thin-walled profiles, the cross-sections are sub-
jected to deformations, which strongly influence
the value of bending moment, the minimum
bending radius and the amount of spring-back
[1-6]. In the case of bending circular cross-sec-
tion tubes, the parameter describing the degree
of cross-sectional deformation is the degree of
ovalization. In turn, for the tubes of square or
rectangular cross-section (box profiles), it is not
possible to determine a similar unique param-
eter because of the complex shape of the cross-
section after bending. The research works on
the plastic bending process of box profiles focus
on describing the changes in the cross-sectional
geometry and determining the impact of these
changes on the value of the number of param-
eters characterizing the bending process have
been and still are the subject of many research
works. The subject of numerous publications
involves both experimental research [2, 7] and

theoretical considerations based on the deforma-
tion theory of plasticity [8—11], numerical mod-
elling using FEM [3, 4, 12—15], as well as artifi-
cial intelligence identification [16].

The observations and measurements of the
bent cross-section shape of the box-section have
enabled to establish the relationships determining
the dependence of the cross-sectional form on the
bending curvature [2]. The following indices are
assumed for description of the shape of a cross-
section after bending (Fig. 1):

e U, — deflection of the inner horizontal wall,
U — deflection of the outer horizontal wall,
UyW — deflection of the inner profile corners,
uU,- deflection of the outer profile corners,
U, — maximum lateral displacement of
the points of the wall beyond the original
cross-section.

The horizontal walls were those that are nor-
mal to the bending plane, the vertical walls are
those parallel to the bending plane — inner and
outer refer to towards, and away, to the bending
axis, respectively. On the basis of the preliminary
results of experimental investigations it was found
that the wall shape of the deformed cross-section

85



Advances in Science and Technology Research Journal Vol. 14(2), 2020

can be described most conveniently by the func-
tions [2]:

U, =ne™"/% (1)
for horizontal walls,
Uy = az*+ Pz )

for vertical walls.

The analysis of the results of horizontal wall
deflection revealed its dependence on the geo-
metrical characteristics of the box profile and the
square radius of curvature:

B3H 1
fory=0—>UZ=17=ctR—2 3)

The values of constants ¢ determined by statis-
tical analysis are: ¢ = 1.57 for the inner horizon-
tal wall and ¢, = 2.25 for the outer horizontal wall.

The purpose of this study was mainly to ver-
ify the correctness of the numerical model used
to determine the changes in the cross-sectional
geometry of box profiles and the relationship
between the bending moment and the bending
curvature.

Material and experimental procedure

The study was carried out on the box profiles
0f21.5%21.5x1.8 mm and 25%25x%2.5 mm extrud-
ed from the 6060 aluminium alloy (chemical com-
position in %: 0.53 Si;0.48 Mg; 0.26 Fe; 0.12 Zn;
0.10 Mn; 0.09 Ti; 0.08 Cu; 0.04 Cr — the remain-
der is Al). This type of material was chosen be-
cause the box profiles made of it have highly
accurate cross-section shapes, which was consid-
ered to be an essential property for the validity
of the measured results. The samples prepared
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from profile wall were tested for tension and the
Hollomon strain-stress relationship in the form
of o = 322¢%% showed very significant reproduc-
ibility. Other tensile parameters were as follows:
yield stress Rp,, = 61 MPa; ultimate strength
R =128 MPa and Young modulus E = 71 GPa.

The bending tests were carried out with the
help of a self-developed device mounted on a
testing machine (Fig. 2). The bending on four
supports ensured that the pipes are loaded with
a pure bending moment, without the use of lat-
eral forces. During bending, the bending force
was measured continuously (then the bending
moment value was calculated). The bending tests
were carried out until the phenomenon of defor-
mation localization occurred in the form of local
refraction of the profile (usually in the middle of
the bent section of the tube). For several selected
bending stages, the curvature of the profile was
determined and the measurements of displace-
ment of characteristic points of individual walls
were performed to determine the shape of the
cross-section and the components of the deforma-
tion state.

Components of the strain state

When bending box profiles, the way of mov-
ing individual points on the perimeter of the pro-
file varies, which makes it necessary to analyse
the state of deformation separately in horizontal
and vertical walls. The following assumptions
were made for the determination of the strain
state components:

e the neutral axis lies in the central area of the
cross-section, because of the application of
only relatively small curves,
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Fig. 1. Characteristic tube dimensions and displacements of the deformed cross section
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Fig. 2. Laboratory bending device with pure bending moment: 1 — lever, 2 — clamping jaws,
3 —sample, 4 — connector, 5 — bending arm, 6 — traverse of testing machine

e the postulation of plane cross-section is re-
tained in the bending process, thus the strain
state was determined for the central line of the
cross-section,

e the mechanical characteristics of the material
in the compression (inner) and tension (outer)
zones are identical.

e According to the assumed scheme of horizon-
tal wall displacement (Fig. 1), the individual
components of the strain state have the forms:
for the horizontal inner wall:

_ Hs—uzw() |

Eaw = T iEw = (4a)
= Ay ; Ew = Exw — Ay
for the horizontal outer wall:
£, = Hs_I;zz(y) : gyz —
(4b)

= Az &z = &z — 4y

and the value of effective strain:

_ 2 ez
Se_\/§( €2 —ag, + a? 5)

A constant value of deformation in the direc-
tion of the y axis (a = const) was assumed in order
to simplify the calculations. By means of varia-
tion calculus [17] based on the Ritz method the
value of parameter a can be determined from the
condition of total minimum energy of the system:

OE = 0(W — A) (6)

The work of external forces is determined by
the relationship:

A = My @)

where: M is a bending moment and y is the ro-
tation angle of the outer fibres of the
cross-section.

And the work of internal forces dependence
is:

w = [If, {J;ods}dv (®)

After using equations (1) and (4), the value of
internal forces for horizontal walls will be:
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Because in the expression for the work of ex-
ternal forces (6) the size of bending angle y does
not depend on the parameter a, the value of this
parameter can be determined with the relation:

W _ 0 10
After carrying out the prescribed calculations,
the expression for the value of the parameter a

takes the form:

+1 3
B nT(11—0.7577Hs)—g(n2—1)(Hls)(1—1.5H1

a= R ' (1)
(n+1)H—S+0.25(n2—1)(1—4.5H—S)H—S
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In the case of vertical wall displacement
(Fig. 1) considering equation (2), the individual
components of the strain state have the forms:

—&x &z,

(12)

= J1+(az+p)* -1

The magnitudes of a and B were determined
from the condition relating the displacements of
the horizontal and vertical walls in the profile
corners:

Upw = V(1 +ay,)2B2—n2 — B (13a)
Uy, = J(1+a,)*B2 —nZ— (13b)

The solution of the equation system presented
yields:

Uyw Uyz dﬁ Uyw Uyz

(14)
The maximum dlsplacement of the vertical
wall determined as the extremum of the assumed
parabola (2) has the value:
.82 _ (Uyw B Uyz)2

Upp = —— = 2 Y27 15
YT 4a 8(Uyy + Uyy) (

Bending moment

The variable parameter that determines the
size of the bending moment in the bending pro-
cess is the value of curvature k = 1/R. Therefore,
we differentiate dependence (6) with respect to
the curvature and yields:

M ow
| (16)
(R)

In order to determine the value of the bend-
ing moment of horizontal walls, we differentiate
with respect to the curvature of the equation for
the work of internal forces (9) for these walls and
we obtain:

_ 2KtB (ZHS)"+1
hor n+1 \/§ (17)
R-1(1+n+n+1/1+n2 — 15
2 8

where:
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The calculations should be carried out sepa-
rately for the inner wall (a, and n ) and the outer
wall (a and ).

After using equations (8) and (12), the ex-
pression of internal forces for vertical walls takes
the form:

Hx
err=n+1f)n“ff er* dy dz (18)

After performing the prescribed calculations,
the expression for calculating the bending mo-
ment value for horizontal walls will take the form:

2Kt
ver —— (\/_)n+1R an+2 (19)

where: H.=H-t

The H_ value was introduced to avoid double
bending moment calculation for profile corners.

The total bending moment of the box profile
will be the sum of the bending moments for the
horizontal (internal and external) walls and verti-
cal walls:

My = Mﬁor + Mi‘;vor + 2Myer (20)

Numerical calculations

FEM modelling of the bending process was
performed for two types of numerical models.
The first is a full 3D model analysed in a spa-
tial state of stress, while the other is a shell type
model. Both numerical models of the bending
process were built on the basis of an experiment,
maintaining the same geometrical parameters of
both the bending beam and the bending device.
Due to the occurrence during bending of the test-
ed beam, two planar symmetries (along the beam
axis and perpendicular to the cross-section in the
middle between the supports) numerical models
were simplified to %4 parts of the experimental
model. Numerical modelling was carried out us-
ing a commercial MSC system, MARC/Mentat,
which is considered as one of the most advanced
programs for the MES analysis [18], in particular
for the modelling of highly non-linear and contact
issues. In both models, the beam was defined as a
deformable body, while the elements of the device
being in contact with it as perfectly rigid bodies.

In order to discretize the deformable body in
the 3D model, 8-node hex-shaped elements type
7 [19] were used. The size of the elements on the
cross-section of the beam was 0.625x0.625 mm,
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while on its length it amounted tol mm, which
gave a total of 54,720 finite elements. In order to
discretize the deformable beam in the shell model
(shell), 4-node quad 4 bilinear elements of type
75 [19] were used with the formula considering
the effects of transverse shear [20], improving the
behaviour of the shell elements during bending.
The use of this type of mesh in coating models
(e.g. pressing processes) enables to obtain good
accuracy of calculations, with simultaneous sav-
ings in the form of shortening the calculation time
[21]. The height of elements on the cross-section
of the beam was 0.625 mm and their width on
the beam length was 1 mm, which gave a total of
13,680 elements.

The other simulations, the parameters for
both numerical models were the same. The elas-
tic-plastic model of the beam material was ad-
opted with the non-linear strengthening described
by the Hollomon power equation. The isotropic
properties of the beam material were assumed
both in the area of elastic and plastic deforma-
tion. The values of material constants in terms of
elastic deformation of the material were: Young’s
modulus of elasticity E = 71.0 GPa, Poisson’s ra-
tio v = 0.33. The curve of strain hardening deter-
mined on the basis of the uniaxial tensile test was
introduced into the program in the tabular form.
The evolution of the surface of plasticity as a re-
sult of the phenomenon of strain hardening was
described using the isotropic model. The Huber-
Mises-Hencky plasticity condition, the associated
law of plastic flow of Prandtl-Russ and the im-
plicit scheme of integration of differential equa-
tions over time with the Newton-Raphson method
were used in the calculations.

RESULTS AND DISCUSSION

The results of numerical calculations allow
noticing that the distortions of the equivalent de-
formations on the section of the 25%x25%2.5 mm
profile sample subjected to the bending moment,
obtained for the 3D model (Fig. 3) are slightly
different from those obtained for the shell model
(Fig. 4). The strain values in the extreme fibres of
the bent profile are higher for the 3D model than
for the shell model. It should be noted here that the
calculation time for the 3D Model (87673 s) was
8 times longer than for the shell type (11065 s).
The results of numerical calculations presented in
Figure 5 confirm the assumption that the neutral

axis lies in the central area of the cross-section
only for relatively small curves. The central po-
sition of the neutral plane can be assumed for
bending curvature k <4.0 m' (Fig. 5a); for larger
bending curvatures, the position of the neutral
plane (Fig. 5b and 5c¢) shifts towards the bending
axis (internal horizontal wall of the bent profile).

The numerical calculations of the displace-
ment values of selected points on the 25%25%2.5
mm profile cross-section occurring with the in-
crease in curvature were compared with the re-
sults of measurements carried out during the ex-
perimental studies. In the case of the changes in
the degree of the deflection of horizontal walls,
both internal and external, good compliance of
the results of calculations and the experiment was
obtained (Fig. 6). Higher values of wall deflec-
tion, and also closer to the results of the experi-
ment, were obtained using the shell method. It is
worth noting that for the value of bending curva-
ture equal to 0<«k <1 m’, the deflection of the hor-
izontal inner wall has the opposite direction than
at a later stage of the bending process — this phe-
nomenon was observed earlier [2, 22] for the elas-
tic bending phase. Larger differences between the
results of numerical calculations and the results of
the experiment found in the case of the analysis of
the degree of vertical wall bending (Fig. 7) — this
time closer to the results of the experiment, were
obtained using 3D calculation. It should be noted
that the bending of the vertical walls of the pro-
file cross-section slightly affects the value of the
moment of the cross-section inertia, which deter-
mines the value of the bending moment.

On the basis of a comparison of the experi-
mental tests results, the dependence of the bend-
ing moment on the value of the bending curvature
and the results of the analytical and numerical cal-
culations of this parameter (Fig. 8 and Fig. 9), it is
possible to conclude that a better agreement of the
characteristics was obtained for a profile with the
dimensions of 21.5%21.5%1.8 mm than for a pro-
file with the dimensions of 25x25x2.5 mm.

In the case of a profile with larger cross-
sectional dimensions, very good consistency be-
tween the rigidity and the experimental bending
characteristics can be seen for the analytically
determined curve (Fig. 8). The course of bend-
ing characteristics determined numerically (both
with the shell method and 3D method) differs
from the course of the characteristic determined
experimentally in the range of bending curva-
tures kK > 5 m™.
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Fig. 3. An exemplary distribution of equivalent plastic
deformations obtained from the 3D model (k=7 m™)

For a profile with larger cross-section dimen-
sions of 21.5x21.5%1.8 mm, the best agreement
of the experimental bending characteristics can
be seen for the curve determined numerically
with the shell method (Fig. 9). The courses of
the characteristics determined analytically and
numerically with the 3D method are very similar
and differ from the characteristic determined ex-
perimentally in the range of curvatures k > 6 m™.

When analysing the course of bending charac-
teristics, the phenomenon of the bending moment
value in the final phase of the process for bend-
ing curvatures k > 6.0 was considered. A clear de-
crease in the bending moment value does not cor-
respond to the monotonic increase in the degree of
bending of the individual walls of the cross-sec-
tion of the profile (Fig. 6 and Fig. 7). Therefore, it
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Fig. 4. An exemplary distribution of equivalent plastic
deformations obtained from the shell model (k=7 m™)

can be explained that during the experiment, due
to the design of the bending device, the bending
arm increased, which resulted in a decrease in the
bending force, and consequently a reduction in the
value of the calculated bending moment. For the
bending curvatures k > 9.0 m’!, a clearly increased
wall deflection was observed, which consequently
led to the local collapse of the pipe, and for these
values of bending curvature, a decrease in the
bending moment value is expected.

CONCLUSION

On the basis of the obtained results, it can
be concluded that the developed numerical

LLL
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Fig. 5. Changing the shape of the cross-section of a bent beam (3D model) and distribution of equiva-
lent plastic deformations for different bending curvature: a) k=4 m', b) k=7 m’, ¢) k=8 m’
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Fig. 9. The effect of bending curvature on the bending moment of the 21.5x21.5x1.8 mm profile

calculations, both for the shell and the 3D model,
describe well the analyzed parameters of the box
profile bending process, i.e. the changes in cross-
sectional geometry and the value of the bending
moment as a function of bending curvature. Sat-
isfactory agreement of the experimental results
and numerical calculations was obtained for the
values of the horizontal wall deflection, while for
the vertical walls it is significantly smaller, which
does not significantly affect the results of calcula-
tions of the bending moment value for the bend-
ing curvature K <6 m’!, i.e. to the beginning phase
of the deformation location.
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