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Abstract The two-roller straightening process has an irre-
placeable position in the finishing process of metal bars. In
this paper, the deformation of bar is macroscopically recog-
nized by analyzing the deformation path in the roller gap.
Graphic method and mathematical induction are adopted to
analyze the deformation process of the section of bar. The
equation of residual curvature and the unified equation of
residual curvature are established. It is proved that although
the initial curvature of each section of bar is different, the
difference of initial curvature is eliminated by the reciprocat-
ing bending, and the process mechanism of the two-roller
straightening is revealed. The speed of curvature unification
is determined mainly by the ratio of plastic modulus to elastic
modulus. The greater the ratio of plastic modulus to elastic
modulus is, the slower the speed of curvature uniformity is,
and the more the bending time required. Then, the quantitative
analysis model and finite element model of the two-roller
straightening process are established by taking the three-
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section constant curvature roller gap model as an example.
The stress, strain, and straightness are discussed, and the var-
iation of the elastic area ratio, the residual curvature, and the
residual deflection with the bending time is quantitatively an-
alyzed. The results verify the process mechanism of the two-
roller straightening, and the design principle of roller shape is
given.

Keywords Two-roller straightening - Process mechanism -
Graphic method - Mathematical induction - Numerical
simulation

1 Introduction

Two-roller straightening process has many advantages, such
as all-direction straightening, high precision, good surface
quality, and simple equipment, which has an irreplaceable
position in the finishing process of metal bars [1]. However,
in the aspect of roller shape design and process parameters
determination, the theory is still not mature, and the operator
mainly relies on experience, which leads to poor straightening
accuracy and low straightening efficiency. The reason is that
the theoretical foundation and the experience accumulation
are insufficient. Therefore, it is necessary to deeply understand
the process mechanism of the two-roller straightening.

The multi-roller straightening [2—4] and multi-point bend-
ing one-off straightening [5] can not straighten all
directionally on the pipe or bar with circular section, so the
two-roller straightening process emerges as the times require.
In the initial stage of study, the scholars mainly analyzed the
two-roller straightening process based on the elastic-plastic
theory, in which a large amount of simplification is carried
out, such as material constitutive model, stress state, and con-
tact condition. Talukder et al. [6-9] analyzed the main factors
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of different types of skew roller straightening process, such as
moment, straightness, straightening speed, and straightening
force, gave the advantages and disadvantages and limitations
of different types of skew roller straightening process, and
optimized the arrangement of the straightening roller.
According to the two-roller straightening method, Kawai
et al. [10] developed a three-roller straightening process for
straightening the seamless aluminum tubes. The influence of
the roller angle and the guide angle and the length of the
straightening roller on the straightness were discussed. Li
etal. [11] adopted the envelope theory to propose a convenient
and universal method for determining the roller shape of skew
roller. Cui [1] analyzed systematically the two-roller straight-
ening process, and gave the determination method of structur-
al parameters, force and energy parameters, and process pa-
rameters. Based on the classical elastoplastic theory, Wu et al.
[12] analyzed the bending deformation of bar, considered that
the two-roller straightening process is a process of alternating
bending and reverse bending, and used iterative method to
study the curvature convergence in the two-roller straighten-
ing process.

At the end of the twentieth century, the numerical simula-
tion method was applied to the complex-forming problem.
With the help of numerical simulation, the researchers have
got a better and deeper understanding on the two-roller
straightening process. In order to realize the straightening of
thin-walled aluminum tubes, Huh et al. [13] established the
finite element model of skew roller straightening, carried out
the analysis with the fractional model and Taguchi method for
evaluation of the effect of process parameters. The optimum
combination of process parameters is determined. Kuboki
et al. [14] established four explicit and implicit finite element
models on the skew roller straightening process, and found an
optimal finite element model by comparing the simulation
results. Mutrux et al. [15] used a modified Chaboche material
constitutive model to simulate the two-roller straightening
process accurately, and predicted the cyclic softening and re-
sidual stress distribution. Wang et al. [16, 17] analyzed the
two-roller straightening process by finite element simulation
and physical experiment, optimized two parameters of the
roller gap and guide plate spacing, which reduced the adjust-
ment time of the roller gap and the replacement frequency of
the guide plate. Moon et al. [ 18] studied the residual stress and
dimensional change of bars during the two-roller straightening
process by finite element method, and the results show that the
roller spacing has obvious influence on both and the roller
angle has no obvious influence on both. Ma et al. [19] studied
the neutral layer offset of bar in two-roll straightening process,
and established a model, which provides a reference to further
study the straightening mechanism. Jindfich et al. [20] used
Euler algorithm to describe the longitudinal material flow, and
used the classical Lagrangian approach to describe the trans-
versal deformation in the finite element simulation on the
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skew roller straightening. It is expected to realize the on-line
prediction and control of the straightening process parameters.
Zhang et al. [21-23] established the mathematical model of
the straightening curvature-radius on thin-walled tubes by
using the elastic-plastic theory and classic unloading rule
and a prediction model of section flattening by using the min-
imum energy method, but the latter needs to be further verified
and improved. Wang et al. [24] proposed a theoretical analysis
method, and simulated the skew roller straightening process of
the bar. The results show that the curve of curvature and de-
flection is sinusoidal, and the residual stress is a spiral
distribution.

In order to explain the process mechanism of the two-roller
straightening, the deformation of bar is recognized macro-
scopically by analyzing the deformation path in the roller
gap. Graphic method and mathematical induction are adopted
to analyze the deformation process of the section of bar. Then,
the quantitative analysis model and finite element model of
the two-roller straightening process are established by taking
the three-section constant curvature roller gap model as an
example. The stress, strain, and straightness are discussed,
and the variation of the elastic area ratio, the residual curva-
ture, and the residual deflection with the bending time is quan-
titatively analyzed.

2 Two-roller straightening process

The main work parts of the two-roller straightening device are
composed of a convex roller and a concave roller, and the two
rollers are inclined in an angle to rotate at the same direction,
as shown in Fig. 1. In order to achieve continuous and all-
directional straightening, the circular bar rotates and moves
through the gap between the convex roller and the concave
roller under the action of rollers. As a result of the roller gap
slightly larger than the outer diameter of the circular bar, the
stress state of the circular bar can be approximated to pure
bending [15].

3 Process mechanism analysis
3.1 Deformation path

As shown in Fig. 2, the plastic deformation is produced in a
certain range of the bar by pressing from the rollers. The
plastic deformation zone is mainly determined by roller shape,
roller gap, roller angle, and material properties of the bar.
Without losing generality, a particle A on the surface of the
bar is taken. The spatial trajectory of particle A is a spiral line
centered on the bar axis. All the zones outside the plastic
deformation zone have no effect on straightening, where the
deformation of particle A is full elastic. When the particle A
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Fig. 1 The schematic diagram of
two-roller straightening

(a) Main view

enters the plastic deformation zone, the section where the par-
ticle A locates undergoes several times of elastic-plastic bend-
ing deformation.

In Fig. 2, the section where the particle A locates undergoes
a total of 11 plastic bending. In each plastic bending deforma-
tion, the maximum deformation of particle A occurs at posi-
tion 1, position 2, ..., and position 11, respectively. It is difined
that if the particle A undergoes compression deformation, it is
a positive bending, and if the particle A has a tensile deforma-
tion, it is a reverse bending. Therefore, in position 1, position
3, position 5, position 7, position 9, and position 11, the sec-
tion experiences positive bending, and reverse bending occurs
at position 2, position 4, position 6, position 8, and position
10. The bending curvature of each position is shown in
Table 1. The value of positive curvature is positive, while
the value of reverse curvature is negative. So K, K3, and K5
are positive, and K5, Ky, and K are negative. The order of the
section undergoes multiple bending is K;—K,—K;—K,—

Ks—K¢—Ks—K—K3—K,—K;.
Position land1l 2and10 3and9 4and8 Sand7 6
Curvature K, K, K, K, K K
Convex
roller Compression
Plastic deformation zone / zone
~ 7
~ L ,_’_/4
: ”’_ ) b ~_Tensile
! : T zone
i ' i | | Concave
| i i i roller
K¢ K, /) 7 §Kl
i ) f 3

( \
K rlim
K> Q ¢
~
6 -3

Fig. 2 Deformation path of particle

(b) Lower view

3.2 Graphic analysis

Three representative sections of A, B, and C are taken from
the bar, and their initial curvature are Ko, Kgo, and Ko,
respectively. The section A is at the extreme point of the tran-
sition from the positive curvature to the negative curvature of
the bar, and its curvature value is zero, K,y = 0. Section B is in
the positive curvature part of the bar, and its curvature value is
positive, Kgo> 0. Section C is in the negative curvature part of
the bar, and its curvature value is negative, Kco < 0.

The functional relation between the moment and curvature
of three sections is expressed as

Ma = iUWdA = ;[f[(K_KAO) wlwdA (1)
My :I_!;O’WdA = /{f[(K—KBO) wlwdA (2)
Mc = i owdA = /{ (K=K o) wiwdA (3)

where o is stress, w is radial coordinate value, A is integral
area, and M, Mg and M are the moment of section A, B, and
C, respectively.

From the Egs.(1)—(3), it can be seen that the functions of
the moment and curvature are the same under the condition of
uniform material, but the moment moves in different degrees
because of the difference of initial curvatures of three sections.
Therefore, graphic method is used to analyze the curvature
change of three sections in the two-roller straightening
process.

In order to make the graphic analysis universal, the effects
of deformation strengthening, Baushinger effect and cyclic
softening in the reciprocating bending process are taken into
account, and the discussion is divided into 3 cases:

Table 1 Bending curvature of each position
Position land1l 2and10 3and9 4and8 Sand7 6
Curvature K] K2 K3 K4 KS K6
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(1) Case 1: considering deformation strengthening without
considering Baushinger effect and cyclic softening. The
positive elastic limit moment and the reverse elastic limit
moment are equal.

|Mﬁm| = }Mfim (4)

The change process of the curvatures of three sections after

springback in case 1 is shown in Fig. 3.

(2) Case 2: considering deformation strengthening and
Baushinger effect without considering cyclic softening.

Fig.3 The deformation process of cross section considering deformation
strengthening without considering Baushinger effect and cyclic softening

@ Springer

The positive elastic limit moment is greater than the re-
verse elastic limit moment.
|Mﬁm| > }M{im (5)
The change process of the curvatures of three sections after
springback in case 2 is shown in Fig. 4.

(3) Case 3: considering deformation strengthening,
Baushinger effect and cyclic softening. According to
the cyclic stress-stain hysteresis curves obtained from
tension-compression test [15], it is seen that the macro
mechanical properties of the materials gradually stabi-
lized with the increase of cycle time. In this analysis, it is

|
|
|
|
|
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K
:
|
|
|
|
|

Fig.4 The deformation process of cross section considering deformation
strengthening and Bashinger effect without considering cyclic softening



Int J Adv Manuf Technol (2018) 94:4011-4021

4015

o

= H
(1]

——ee e D 1

| | (c) |

Fig.5 The deformation process of cross section considering deformation
strengthening Bashinger effect and cyclic softening

considered that the mechanical properties are stable
when the number of bending time reaches 10 times.

[Miim1| > [Miim2| (6)
[Miim1| > [Miim3| > [Miims| > [Miim7| > |Miimo|
= [Mimi1| = ... = [Myim@a-)|, n=1 (7)

[Miim2| > [Miimal > [Miime| > [Miims| > [Miim1o]

= |Miimi2| = ... = [Miim(2n)

,n=>1 (8)

where M,y is the elastic limit moment at the n bending.

Fig. 6 Geometry diagram of
round pipe

The change process of the curvatures of three sections after
springback in case 3 is shown in Fig. 5.

In the moment-curvature coordinate system, the positions
of the initial curvatures of three sections are located in the
origin, the positive axis of the curvature axis and the negative
axis of the curvature axis, respectively. As shown in Figs. 3, 4,
and 5, it is seen that the three sections undergo 11 bending and
reverse bending processes in turn, the residual curvatures of
three sections incuding, Ky, Kgp, and K¢, gradually ap-
proach to the origin of the coordinate system, and their value
become zero. Therefore, it is proved that although the initial
curvature of each section is different, the difference can be
eliminated by undergoing the same bending and reverse bend-
ing loading path, and if a set of proper bending curvature is
set, the residual curvature of each section of the bar can be
uniformly zero, that is, the aim of straightening is achieved.

3.3 Elastic-plastic analysis

Above, the two-roller straightening process is revealed visual-
ly by the graphic method. In this section, the mathematical
induction method and the linear simple kinematic hardening
(LSKH) model [25] are used to further investigate the variation
of residual curvature in the two-roller straightening process.

3.3.1 Analysis object

Without loss of generality, the circular pipe is used as the
object of analysis. The outer diameter of the pipe is R; and
the inner diameter is R,. When R, =0, the circular pipe can
become to a circular bar, as shown in Fig. 6. The center of the
circle at any section is used as the origin o, the normal direction
of the axis is w coordinate axis, and the tangent direction is v
coordinate axis, so the coordinate system ouvw is established.
In this coordinate system, the v axis passes through the centers
of all sections and is perpendicular to all sections.

3.3.2 Constitutive model

Since the elastic-plastic boundary point is considered in the
analysis process, the moment expression of the circular pipe is
more complicated than that of rectangular section [26], which
is very unfortunate for the derivation of the residual curvature
of reciprocating bending. Therefore, the linear simple kine-
matic hardening constitutive model is simplified, as shown

w
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Fig. 7 Simplified linear simple kinematic hardening constitutive model

in Fig. 7. In the simplified linear simple kinematic hardening
constitutive model, it is considered that the whole section is in
a state of full plastic deformation, and the elastic modulus,
yield stress, and plastic modulus do not change with the num-
ber of loading. The mathematical expression is as follows

e>0
e<0

U:{Dé‘JrUO 9)

DE—O'()

3.3.3 Mathematical induction

Since the deformation of each section of the bar in the two-
roller straightening process is continuous, the curvature after
springback of the former bending is considered as the initial
curvature of the current bending. According to the springback
equation of small curvature plane bending [27], the recurrence
formula of reciprocating bending is as follows

_Mn(Knv KO) n=1
" EI N
Ky, = 10
pr K _Mn(Km Kp(n*l)) n>2 ( )
4 El -

Table 3  Roller shape design parameters

Straightening diameter Straightening speed Roller angle
/mm /m min "' al®
30 ~50 30 20 ~ 25

The functional relation between the moment and bending
curvature in unit length can be expressed as

DI, (K—K,) + M,
DIL(K—Ko)~M,

_ R _ KEK(]
M = [y owdw = { K < Ko (1)
where M = ( and [, =
By using the mathematical induction, when the first bend-
ing is reversed, the residual curvature equation of the n-th
bending can be expressed as

4(R-R3)oo )
-3 —a

2
Kpn = ang (KnKn—l)(§> (Kn-1=Kp-2) =
16(R-Rs)o0[1-(~2)"]
37(R{-R3)(E + D)
(12)

D

_(E> n(Kl—KO) + (-1

When the first bending is positive, the residual curvature
equation is

Ky = Kn—g (K,,—Knl)—(%) (Kp1=Kp2)—...
(DY o _ o W6(RI=R)oo[1-(=5)"]
E) (K1=Ko) + (=1) 37rl(R‘1‘iR‘2‘)(E+D)

(13)

Because% <1, when the bending times # is large enough, in
Eq.(12) and Eq. (13) n-th terms on the % can be ignored, when
the first bending is reversed, the unified equation of residual
curvature is

K _%(Kn_Knl)_(%> (Kp-1—Kya)—... (14)
16(R{—R3) o
37(R=R3) (E + D)

—(%) " (Ky=K1) + (-1)""!

Table 2 Material properties of

the bar Yield stress Elastic modulus Plastic modulus Elongation Poisson ratio v Density
og/MPa E/MPa D/MPa 5% plkg m™)
900 206,000 1730 12 03 7.83 x 10°
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Table 4 Bending curvature of each bending

Bending times n 1 2 3 4 5 6 7 8
Bending curvature 4.17 —4.17 4.17 —4.17 4.85 —4.85 14.6 —-14.6
KA10™* mm™")

Bending times n 9 10 11 12 13 14 15 16
Bending curvature 14.6 - 14.6 4.85 —4.85 4.17 -4.17 4.17 -4.17
KA10* mm ")

And when the first bending is positive, the unified equation
of residual curvature is

K= K 2 )(2) Wi (19
1 3_p3
—(%) (Ka=Kq) + (-1)" 3W(1§?(f;§)]e(£? D)
Egs. (14) and (15) can be expressed as
Kow=f(D, E, 00, Ri, Ry, K1, K2, ..., K,)  (16)

It is proved from Eq. (16) that the difference of initial
curvature of the section is eliminated by reciprocating
bending, and finally the different curvatures are unified
to the same direction and the same value. According to
Egs. (14) and (15), when the mechanical properties and
geometrical parameters are defined, the residual curvature
of each section of the bar can be united to zero by choos-
ing a suitable set of bending curvature. The speed of cur-
vature unification is determined mainly by the ratio of
plastic modulus to elastic modulus. The greater the ratio
of plastic modulus to elastic modulus is, the slower
the speed of curvature uniformity is, and the more the
bending time required, i.e., the more the number of spiral
leads is.

-----a
» \

A
\/

Bending curvature K/(10*“mm™)
b o
/

Bending time

Fig. 8 Variation of bending curvature with bending time

4 Quantitative analysis
4.1 Initial conditions

The bar with length of 1000 mm and diameter of 30 mm is
chosen as the analytical object. The material properties are
shown in Table 2.

Three-section constant curvature roller gap model proposed
by Cui [1] is selected. The design parameters of the roller
shape are shown in Table 3. The straightening roller is divided
into three sections: waist section, abdomen section, and chest
section. The working length of the straightening roller is de-
signed with 8 spiral leads. Since each section of the bar is bent
once through half a spiral lead, each section undergoes 16
bends. According to the curvature design of the roller, the
curvature of each section is shown in Table 4, and the variation
of curvature with bending time is shown in Fig. 8.

In order to make quantitative analysis without loss of gen-
erality, 5 micro-beams [26] with different initial curvatures,
including 3 x 1074 mm !, 1.5 x 107* mm !, 0 mm !,
-15%x107* mmﬁl, and — 3 x 107* mmﬁl, are selected. The
initial deflection of each micro-beams can be obtained by Eq.
(17), which are 37.7 mm/m, 18.8 mm/m, 0 mm/m, — 18.8 mm/
m, and — 37.7 mm/m.

2v

K 5007 + 12 (17)

100 \

80

60 5\ 9
b A A b
I W AR N
s oL NI\ LV AAA L
St W\ e o
E’ 40 3 \/ \ —A—K::1,5x10“‘mm" \ / \/ \

0 2 4 6 8 10 12 14 16
Bending time

Fig. 9 Variation of elastic area ratio with bending times

@ Springer



4018

Int J Adv Manuf Technol (2018) 94:4011-4021

—
N}

—a—K =3x10"mm’

&
/\ —a— K =1.5%10"mm"

[\ “
L
L
[

O
=0

(=)}

—o— K =1.5%10"mm’

P
W
—
—
e

—o0— K =-3x10"mm’

'
(=)}
L—

[
el

Residual curvature K /(1 0"*mm’” )
(=)

0 2 4 6 8 10 12 14 16
Bending time

—
)

Fig. 10 Variation of residual curvature with bending times

2

R4 R2
LD(K=Ko) + 5 arcsin%(K—Ko) (E-D) + 251
1

4.2 Moment equation

When |emax|<%.the section of the bar is in full elastic
state, and the elastic limit curvature of positive bending
and reverse bending is respectively

(o
K;lim =Ko+ RISE (18)
g
K;c’lim = KO_RISEJ (19)

In order to improve the accuracy of quantitative analysis,
the linear simple kinematic hardening constitutive model is
adopted, and the functional relation between the moment
and curvature in unit length can be expressed as

\/ Ri-wi (K=Ko)(D-E)

R (KK (B-D) + 270\ (Ri-w2) K> Kl
M =I5 owdw = { EL(K-K,) ) ; Krfin <K<K, (20)
R LW wsR
1,D(K—Kp) + 71 arcst—:(KfKo) (E-D) + STI \/ R2-w2(K—K)(D-E)
4
o} R?*Wﬁ(K*KO)(EfD)f% (R2-w2)? K < Kz,
g
ws = ¢ 0 K_S Ko) (21)  same after 4 bends, and their values are close to zero. In the
0 design of roller shape, the number of bending is 16, which is
(= % (22)  more than that of quantitative analysis. The reason is that in
1

where ( is the elastic area ratio.

4.3 Results and discussion

The geometrical parameters, material mechanical parameters,
and bending curvature parameters are substituted into Eq. (10)
and Egs. (18)~(22), and the variation of the elastic area ratio,
the residual curvature, and the residual deflection with the
bending time can be obtained, as shown in Figs. 9, 10, and
11, respectively.

As can be seen from Fig. 9, the absolute value of the elastic
area ratio decreases at first and then increases with the increase
of the bending time. It shows that the deformation degree of
the micro-beam increases first and then decreases, which con-
forms to the design principle of the roller shape and the basic
principle of the two-roller straightening.

It can be seen from Figs. 10 and 11 that the variation of
residual curvature and that of residual deflection with bending
time both are basically the same, that is, the residual curva-
tures (residual deflections) of the 5 micro-beams with different
initial curvatures (initial deflections) are approximately the

@ Springer

the quantitative analysis the material is assumed to be homo-
geneous, and the change of mechanical properties is not con-
sidered. What’s more, considering the applicable range of the
roller, as illustrated in Table 2, the smaller the diameter of the
bar, the more the number of spiral lead, and the more the
number of bending.

150 - -
—=— K =3x10"mm’
100 ﬂ ﬁ —a— K =1.5%10"mm" |-
/ \ / \ ——K O=0mn‘[I
50 —t— K =1.5x10"mm’" |-
\ / \ —o— K =-3x10"mm’

o\

-150 * :
0 2 4 6 8 10 12 14 16
Bending time

Deflection vp/(mm/m)
N
%}
|
),

Fig. 11 Variation of residual deflection with bending times
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Fig. 12 Finite element model of
two-roller straightening

Push plate Bar

5 Numerical simulation
5.1 Finite element model

The initial deflection curve of bar is assumed to be an equal
curvature, and the deflection is 10 mm/m. According to the
material parameters and the roller parameters in the quantita-
tive analysis, the two-roller straightening process is simulated
by ABAQUS 6.14, and the finite element model of two-roller
straightening is shown in Fig. 12.

The main parts of the model include bar, convex roller,
concave roller, guide plate, inlet sleeve, outlet sleeve, and
push plate. The inlet sleeve is mainly used to restrict the swing
of the bar in the straightening process, and the outlet sleeve is
used for the recovery of the bar after straightening. The push-
ing plate provides an initial speed for the bar, so as to facilitate
the bar to be inserted into the roller gap. The bar is set up as a
deformable body, and the 8-node linear reduced integration
element (C3D8R) is adopted, which is divided into 9200 ele-
ments. Other components are set as discrete rigid bodies. The
surface-to-surface contact type is adopted, the penalty func-
tion is used for the tangential behavior, and the friction coef-
ficient is 0.18. Because the two-roller straightening process is
a very complicated nonlinear dynamic process, the ABAQUS/
Explicit solver is used. The relevant process parameters are
shown in Table 5.

5.2 Results and discussion

In order to study the change of stress and strain in straighten-
ing process, a cylindrical coordinate system (CSYS-1) is
established by taking the center node of any section of the
bar as the origin, and the coordinate system is converted to
an absolute coordinate system. An outermost node, which is
415 mm from the entranceat, is taken as an example. The
variation of axial stress, circumferential stress, and radial
stress of the node with time in the straightening process is
analyzed, as shown in Fig 13.

Concave roller-_

Inlet sleeve

Convex roller—

Outlet sleeve

4

V%

_ Guide plate

As illustrated in Fig. 13, during the bar through the roller
gap, the node undergoes three stages: before entering the roller
gap, in the roller gap, and after leaving the roller gap. In the
straightening process, the value of the axial stress changes
alternately, which shows that the node is subjected to a cyclic
tensile-compressive load and the section is subjected to recip-
rocating bending. It proves the rationality of the mechanism
analysis of the two-roller straightening. According to Saint
Venant principle, when the node is out of the roller gap, it is
affected by the local deformation of the bar, so the node still
under alternating load before entering the gap and after leav-
ing the gap. The axial stress of the node increases at first and
then decreases, which is consistent with the design of the roller
shape. When the straightening process is completed, the axial
stress of the node is almost stable, and its value is about
250 MPa. Compared with the axial stress, the circumferential
stress and radial stress are smaller, and the stress of the node is
mainly determined by the axial stress.

In Fig. 13, the node undergod 8 cycles of tension-
compression alternating load in the roller gap, which is con-
sistent with the 8 spiral leads of the roller. It shows that the bar
and the rollers are in good contact, and there is no slippage.

In order to show the alternation of axial tensile stress and
compressive stress visually, the two node of A and B in the
same section with central symmetry are taken as the analysis
object. When the section is in the waist section of the roller,
the variation law of the axial stress of the two nodes is ana-
lyzed during the section rotates for a week, as shown in
Fig. 14.

As shown in Fig. 14, when the section is in the initial
position (a), the node A has the maximum axial tensile stress,
and the nodal B has the maximum axial compressive stress.
As the section rotates from position (a) to position (c), the
axial tensile stress of the node A decreases. When the section
rotates 90 degrees and passes through the position (c), the
tensile stress of the node A changes to compressive stress
and increases gradually. Similarly, the axial compressive stress
of'the node B decreases gradually from position (a) to position

Table 5 Relevant process

properties Straightening speed Pushing speed Convex roller speed Concave roller speed Roller angle
/(m min"") /[(mms ™) /ral s™) /(ral s™) /)
30 300 6.76 7.78 25
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Fig. 13 Variation curves of stress with time on one node

(¢), and after position (c¢) the compressive stress of the node B
changes to tensile stress and increases gradually. When the
section rotates 180 degrees to position (e), the axial stress of
the node A and B reaches the maximum, which shows that the
section is subjected to a single bending. As the section rotates
from position (e) to position (g), the axial compressive stress
of'the node A decreases. When the section rotates 270 degrees
and passes through the position (g), the compressive stress of
the node A changes to tensile stress and increases gradually.
Similarly, the axial tensile stress of the node B decreases

(a) (b) (c)
' e N

S, S33 (CSYS-1)

(Avg: 75%)
+1.205e+03
+9.885e+02
+7.716e+02
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-9.641e+02
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Fig. 14 Variation of axial stress of node A and node B on arbitrary cross
section

Fig. 15 Equivalent strain

ot . . PEE
distribution after straightening .

(Avg: 75%)
+3.421e-01
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+2.280e-01
+1.995e-01
+1.710e-01
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+2.851e-02
+0.000e+00
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gradually from position (e) to position (g), and after position
(c) the tensile stress of the node B changes to compressive
stress and increases gradually. When the section rotates to
position (i), the axial stress of the node A and B reaches the
maximum, which shows that the section is subjected to a
single bending again.

Figure 15 shows the equivalent strain distribution of bar
after straightening. It can be seen in Fig. 15 that the plastic
strain of the bar decreases gradually from the surface to the
center, and the center only occurs the elastic deformation. The
maximum residual deflection of the bar along the x axis is
0.59 mm/m, the maximum residual deflection along the y axis
is — 0.71 mm/m, and the maximum total residual deflection is
0.92 mm/m, a good straightening effect has been achieved.

Based on the above analysis, in the two-roller straightening
process, the node on each section of the bar undergoes a cyclic
tension-compression load, that is, each section undergoes re-
ciprocating bending. It is proved an objective fact of realizing
the purpose of straightening by reciprocating bending in the
two-roller straightening process.

6 Conclusions

—_—

By analyzing the deformation path of the bar through the
roller gap, the process of reciprocating bending is recog-
nized macroscopically in the two-roller straightening
process.

2. By means of graphical method and mathematical induc-
tion, it is proved that although the initial curvature of each
section of bar is different, the difference of initial curva-
ture is eliminated by reciprocating bending, and the mech-
anism of the two-roller straightening process is revealed.

The speed of curvature unification is determined mainly
by the ratio of plastic modulus to elastic modulus. The
greater the ratio of plastic modulus to elastic modulus is,
the slower the speed of curvature uniformity is, and the
more the bending time required, i.e., the more the number
of spiral leads is.

4. The design of roller shape should be based on the design
rule that the deformation degree of each micro-beam in-
creases first and then decreases with the bending time. In
the quantitative theory analysis, the residual curvatures of

w
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5 micro-beams with different initial curvature after 4 times
of bending are almost the same, and their value is close to
Zero.

In the two-roller straightening process, the stress of the bar
is mainly determined by axial stress, and the value of axial
stress changes alternately, which shows that the node is
subjected to a cyclic tensile-compressive load and the sec-
tion is subjected to reciprocating bending.
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