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Abstract

Springback after unloading is an issue that directly reduces the accuracy of bentspdxalle

for Ti-alloy tubes which are of high strength and low Young’s modulus. The Young’s modulus, E;

wall thickness, t; and neutral layers, Df a tube vary during the bending process. These variations
may influence the bending deformation of components, thus on springback. Considering these
variations, an analytic elastic-plastic tube bending springback model was established in this study
based on the static equilibrium condition. When these variations were considered individually or
combined, the resulting springback angles were all larger and closer to the experimental results
than the results when variations were not considered for a D6 mm x t0.6 mm Ti-3Al-2.5V Ti-alloy
tube. The t variation contribution is the large stand decreases the prediction error by15$13286

De variation ranks second and decreases the error by 21.2%-25.3%. E variation is the least
significant, decreasing the error by only 2.4%. Furthermoreinthence of the stable Young’s

modulus & on the springback is larger than the initial Young’s modulus Eo. Therefore, for the
bending springback of tubes with a small difference between EQamatikEinder a normal bending
radius, E variation effects can be neglected. While for tubes with large differences bejardn E

Ea, and high springback prediction requirements, the E variation should be replacedTbg E
influences of the initial tube sizes, material properties and bent tube sizes of the Ti-3Al-2.5V tube
on springback were obtained using the newly developed model.
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Abstract

Springback after unloading is an issue that directly reduces the acciifaent tubes, especially
for Ti-alloy tubes which are of high strength and low Yosmgodulus.The Young’s modulus, E; wall
thickness, t; and neutral layer,df a tube vary during the bending process. These variatiogs ma
influence the bending deformation of components, thus on spgkgonsidering these variations, an
analytic elastic-plastic tube bending springback model was established stuthjshased on the static
equilibrium condition. When these variations were considered individually doinedy, the resulting
springback angles were all larger and cldeghe experimental results than the results when variations
were not considered fa@D6 mmx t0.6 mmTi-3Al-2.5V Ti-alloy tube The t variation contribution is
the largest and decreases the prediction &yrdil.2%-45.3%. Pvariation ranks second and decrease
the errorby 21.2%-25.3% E variation is the least significant, decreasing the error by onB6.2.4
Furthermore, the influence of the stall®ing’s modulus E; on the springback is larger than the initial
Young’s modulus Ey. Therefore, for the bending springback of tubes with a small diftex betweenE
and E and under a normal bending radius, E variation effects can be neglttiel for tubes with
large differences between, Bnd E, and high spingback prediction requirements, the E variation
should be replaced by,H he influences of the initial tube sizes, material properties and berdizelse
of theTi-3Al-2.5V tube on springbackere obtained using the newly developed model.
Keywords: Springback; Analytic model; Tube bendjngoung’s modulus; Wall thickness; Neutral
layer.

1. Introduction
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When metal tubes undergo bending to form bent tubes, elastic-plastic deforowtios. The
elastic deformation will recover after unloading, i.e., springback will occhie. §pringback directly
influences the precise form of the bent tube. When the sprikgladue exceeds the permissible error,
the geometric shape cannot satisfy the requirement, which significantisesethe performance of the
bent tube. This phenomenon is especially remarkable for tulleshigh strength and low Yoursy
modulus, such a&i-alloy tubes. Thus, tube springback analyses after bending defanrhatie gaed
significant interest.

With the development of numerical simulation technology, the finite element dnéfldM) has
become one of most common methods used to analyze stainless by And Ti-alloy tube
springback after bending. Via FE simulation, Murata et al. (2008) investigla¢edpringback of
Al-alloy and stainless steel tubes in the draw bending and press bendinfpurtethat the hardening
exponent had little effect on the springback. Paulsen and Welo)(é886ucted three-dimension&l¥)
elastc-plastic finite element analyses (FEA) focused on the bendig-afloy profiles. They found
that springback was influenced by the strain-hardening characteridtib@@amount of axial loading,
including that decreased strain hardening and increased tension replicgbagk. Liao et al. (2014)
performed FEA on twist springback prediction of asymmetric tube faryodraw bending with
different constitutive models. They found that the springback amglensitive to the hardening model
Xue et al. (2015) developed BE model of mandrel rotary draw bending for accurate twist sprirkgbac
prediction of an asymmetric aluminium alloy tubEhey found that the interfacial frictions have
significant effects on twist springback of the tube. Throbghsimulations, Zhan et al. (2014) found
that Young’s modulus variations had no effect on the variations trends of springback angles or the
springback radius with the bending angle of Ti-alloy tubes. Wewsét did cause the values increase.
Gu et al. (208) established an FE model for the numerical controlled (NC) bending refvtdled
Al-alloy tubes and obtained the effects of geometry, materials and ppatasseters on springback.
The results showed that the springback angle increases with the relativegbexdius and Poisson
ratio. Jiang et al. (2010b) developed B model for simulating the entire bending and springback
process of a Ti-3Al-2.5V tube. Using the model, Jiang et28l1@) revealed the coupling effects of
the bending angle and material properties on the springback angeTf3Al-2.5V tube. They found
that, egardless of the bending angle, the Young’s modulus, strength coefficient and hardening exponent

have significant effect on the springback angle. Huang et al. (204b¢dded the variation law of the



contractile strain ratio (CSR) with deformation into the FE simulation fer NlC bending of
Ti-3Al-2.5V tubes. Through considering this CSRriation, Zhan et al. (2015) found that the
prediction accuracy of the Ti-3Al-2.5V tube springback angles campeoved.

Considering that theoretical analysis can quickly solve for the sprdkgland reflect the
associated mechanism, law and major influence factors, it is importamaiygze tube bending
springback using analytic methods. In recent years, multiple anaigiiels have been developed to
predict tube bending springback based on the classical springback theoryiclintieh springback
bending moment and the bending moment are assumed equal in gaadtiopposite in direction.
Based on the classical springback theddyQureshi and Russo (2002) derived an analytic formula for
predicting springback and residual stress distributions of thin-walled aluminum tttosgever, in
their study, the material was presumed to be elastic-perfectly plastic, whichndbesflect the
response of metal tubes during bending deformation. Thus, to vengube bending springback
prediction accuracy, analytic models have been derived by assuming thlnatbe elastic-plastic
hardening material. Megharbel et al. (2008) modifiedAteshi’s model by assuming the material to
be eladt-exponent hardening plastic materiahsed on the classic springback theory, Li et al. (2012)
deduced a springback equation by assuming the material to be an expdening plastic material
and considexd neutral layer variation (or offset) effectslowever, the elastic deformation was
neglected in their analysis. In addition, making use of the triangle siwitafation of the tangential
deformation during tube bending loading and unloading, E et &9 @educed a calculation formula
for a 1Cr18Ni9Ti tube bending springback. They found that phimgback angle decreases with the
plastic modulus and relative wall thickness, but increases with the hagdexponent and Yoursg
modulus.

As commonly known, the wall thickness and neutral layer vary tiible bending deformation
Using anFEA on NC bending of twdi-3AI-2.5V tubes with outside diameters of 8 mm and 14 mm,
respectively, under various normal bending radii, Jiang et al. (2@8Ktpvered that the wall
thicknesseslong the crest lines of two bent tubes both resemble ptatelaen the bending angle
exceeds the critical angle. The maximum thinning reached 7% and 12.8%e f8 mm and 14 mm
tubes, respectively, and the maximum thickening reached 11% and t69tlotubes, respectively.
Through theoretical analysefang (2000) considered that the neutral layer should move toward the

bending center to balance the moment of the internal force becausedhevall is thinner than the



inner wall during pure tube bending. E et al. (2009a) foundthieaamount of neutral layer movement
is inversely proportional to the relative bending radius based on theoreticakan&tachowicz (2000)
found that the neutral layer od cqper elbow shifts outwards the bending center when the stress
pattern is asymmetric by the theoretical analy3ikrough 3D numerical analysis for a torque
superposed spatial bending (TSSB) of high strength steel squatespkididovernik et al. (2013) also
found that there exists stress neutral layer shifts outwards the becwtiter In recent years, the
Young’s modulus of tubes has beeobsrved to vary with the deformation level. Through repeated
loading-unloading experiments, Zhan et al. (2014) fothad the Young’s modulus of Ti-3Al-2.5V
tubes rapidly decreased in the initial stage, then slowly decreased until st@gbiliziee final stage.
The variation can be approximately expressed as an exponential fogielYoung’s modulus, wall
thickness and neutral layer variations influence bending deformatiospaimjback of components.
However, most existing analytic tube bending springback models didomsider these variations.
Furthermore, most existing analytic tube bending springback models are drasiet classical
springback theory, where the springback bending moment arzkittttng moment are assumed equal
in quantity and opposite in direction. However, for a bent tubdengoing an elastic-plastic
deformation after unloading, residual deformation, residual stress and residual bending tnstithen
exist. This means that the springback bending moment shoulduaitteg bending moment, which no
longer meets the unloading principle of the classical springback theogrefofe, an analytic
springback model was derived in this study based on the static equililmoudition and the
deformation compatibility of deformation and aimed at improving the acguof tube bending
springback predictions. In the model, the material was assumed to be an elastic-plastitnh
material andyoung’s modulus, wall thickness and neutral layer variations were conséti@his model
was evaluated by investigating the contribution¥@ing’s modulus, wall thickness and neutral layer
variations to the springback of a Ti-3Al-2.5V Ti-alloy tube. Thixe, model was compared to existing
springback analytic models and experimental results. Finally, the modelsesl to determine the
influencing laws of various springback factors onThalloy tube.
2. Theoretical basis
2.1 Fundamental assumptions

Deformation processes are extremely complicated during tube bendingpengback. The

following assumptions are given to develop a springback predictioelfaxdube bending:



(1) The tube material is continuous and exhibits elastic-plastic and exg@rdetiing behavioys
which satisfy the stress-strain relationship showing in Eq. (1).

1)

{Eg, wheno <o, or e<eg,

K(e+", wheno>o, or ¢>¢
where Eis Young’s modulus, K is strength coefficient, n is hardening exponent, b is a constanthe
flow stress,e is strain, os is the yielding stressgs is the yielding strain and at yielding point
Ee, =K(g,+b)"
The Young’s modulus variation with deformation is assumed to be a function of equivalent strain

during elastic-plastic tube bending, as shown in Eq. (2).

E,, o<o,
E:{ 2)

E,. o >0,

where E, is initial Young’s modulus and E, is the Young’s modulus relative to plastic deformation in

the current moment, which can be expressed as Eq. (3) (Chatti and Hdrimgr@DZhan et al., 2014).

E, =& (E- E)1€) 3)
where ¢ is a mechanical parameter that determines the rate of decreage ©f  the equivalent

strain and Eis the stabl&oung’s modulus for an infinitely large equivalent strain in Eq. (3)

(2) The shear stress, shear strain, thickness stress and circuiafeteformation are ignored

during tube bending and springbawkich can be expressed by Eq. (4).

c; =0 (i#])

g =0 (i=])

o0 @)
&, =0

where o;(i#]), ({#]), o and &, represent the shear stress, shear strain, thickness stress and

circumferential strain, respectively.

(3) The tube is isotropic and Bauchinger effects are ignored.

(4) The arbitrary cross-section of the tube remains plane beforetandexiding.

(5) The stress neutral layer always coincides with the strain neutral dayieg the bending
process.

(6) The volume is constant during the bending prqagisich can be written as Eq. (5).



&,+e,+6,=0 )
where &,,¢,, &, represent the three normal strain components.

(7) The friction between the dies and tube is neglected during the bemdoess.

(8) The inside radius of the tube, r, is considered constant becausestta mandrel inside the
tube during the bending process.

(9) The flattening during tube bending was neglected.
2.2 Mechanical basis

(1) The balance differential equation and deformation equation compatibility

The material deformation obeys the balance differential equation (Eqatid) deformation
equation compatibility (Eq. ()

oo, 0ty Or
+—L+
ox oy oz
or, 0o, 0 (6)

0ty Doy 07y _

ox oy o0z
or, 07, 0o,
=y =
oX oy o0z

whereoy, oy ando; are three normal stress components@nd,y, txy, Tz, T 7y, are the six shear stress

components.
6= g =re=aE+ )
X YOI 2 0y ox
g =N, L, LV, oW (7)
y ay yz zy 2 az ay
€z=aﬂ 7zx=7xz=£(alv+@)
0z 2 0x o0z

Where yy, ¥z ¥xyr Y2y Vo Wz @re the six shear strain components and u, v and w are the three
displacement components.

(2) Generalized Hooke’s law

When the material undergoes elastic deformation, its stress-strain relationship fhkoelastic

generalized Hooke’s law, which can be written as Eq. (8).

X

g, = Elo[o-x —v(ay + az)]
£, = Ei[ay -v(o, +0'Z)] (8)

£, = i[az —v(o, + O'y)]
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where v is Poisson ratio.
(3) Total strain theory

When the material undergoes plastic deformation, it’s volume is invariant, and the material obeys

the Henckytotal strain theorygontaining the elastic strain (Hencky, #924), as shown in Eq. (9).
1 1Y) 1 |
&= +-=|0ox-=(o,+0,)
2

& —(1 +lj_0' —1(0 +a)_
y E! 3G i y 2 X z

L - 9)
1 1 1
&=|—+—|o0,-=(o,+0,)
E' 3G 2 Y
where E' and G are plastic modulus and shear modulus, respectively.
(4) Equivalent stress and equivalent strain
The equivalent stress and equivalent strain can be obtained by Eqgs. (10))anes(iectively.
1
5 =$J(ol—az)2 CAENENCREAE (10)
2
E:g\/(gl—gz)z+(52—g3)2+(53—£])2 (11)

where ¢,, o, and o, are the three major stressesspectivey, and ¢,, &, and &, are three
major strains, respectile

When the shear stress and strain are ignored during elastic-plastic béheinggjor stress is

equal to the normal stress, and the equivalent stress and strain formulees stenplified as Eqgs. (12)

and (13), respectively.

5:%\/(o'x_Gy)z"'(ay_Gz)z"'(o_z_ax)2 (12)
F= %@X —2,)" 4 (6, =8 +(2,-8)° el

(5) Yield condition

Tubes are assumed to be isotropic materials that obeythMises yield criterion (Egs. (14) and

(15)) when elastic-plastic deformation occurs.
f(o;,)=3,=C (14)

' 1 2 2 1 2
JZ:E[(O'l—O'Z) +(o,-0) +(63_61)2]= ?30-5 )

7



where J, is the second deviator stress tensor.

Combining Eg. (10) and E¢L5), the yield equation can be written as Ed)(

o0=0, (16)
(6) Static equilibrium condition
When the bent tube reaches a static equilibrium state after springbaskinthof axial forcesro

the tube cross-section is zero, as shown in EQ. (17

F,=0 7)
3. Development of a tube bending springback model
3.1 Proposal of a springback analysis method

The unloading principle of the classic springback theory states that theglsgok bending
moment during unloading and the bending moment during loading aakiequantity and opposite in
direction. During the elastic bending process, tube bending deformatiocowipletely recover after
unloading and the residual deformation is zero. Thus, the springbading moment and the bending
moment are equal in quantity and opposite in direction, which matches the clggsitgthack theory
unloading principle. However, for a tube undergoes an elastic-plastic betidirdeformation includes
elastic deformation and plastic deformation. After unloading, residual deformsatd residual stress
exist (Jiang et al.201M), which means that a residual bending moment still exists. Theréfiere,
value of the springback bending moment should not be equal to thimdp@maiment. This means that
it no longer meets the classical springback theory unloading principle.

Therefore, this study proposes an elastic-plastic bending springbagkiarssed on the static
equilibrium condition, where the residual stress and residual bending mareealtowed to exist after
springback while they meet the static equilibrium conditiecording to the condition, the sum of the
residual stress after the springback is z&mowhich an analytic tube bending springback model can be
obtained. In the modeYoung’s modulus, wall thickness and neutral layer variations with deformation
were incorporaédto improve prediction accuracy
3.2 Development of an analytic tube bending springback model

For a tube experiencing external loading, the wall thickness of the outeearbestomes thinner
and the wall thickness of inner arc area becomes thicker due tie tamicompressive deformation in

these two zones, respectively. A strain neutral layer exists betweentsidedansile deformation and
8



the inside compressive deformation of the tube. The strain neutral lagetlysihffset toward the
bending center from the geometrical neutral layeg (D Fig. 1) because the stress pattern is
asymmetric (Stachowicz, 2000). Thus, it balances the force momertse dhside and outside
deformations during the bending process.

Elastic deformation occurs first during external loading. As the external loadangases
deformation increases. During the process, thenmatst and innermost materials reach a yield limit.
They then undergo plastic deformation. The closer to the neutral lagelesth plastic deformation
occurs. Certain material near the neutral layer experiences elastic deformatiiog tther entire
bending process. Thus, the bent tube cross-section can be dividedadnelastic deformation zones
and two plastic deformation zones, as shown in Fig. 1, includiraueside elastic deformation zone,
an outside plastic deformation zone, an inside elastic deformation zone and an plasiie

deformation zone. In Fig. 1he is the distance from the parting line of the outside elastic deformation
zone and the outside plastic deformation zone to the geometrical neutrai#tyer position angle of
a. he, is the distance from the parting line of the inside elastic deformadioa and the inside plastic

deformation zone to the geometticautral layerwith a position anglef 2.

[777) Piastic deformation zone
[SS‘ Elastic deformation zone
'\O} Before bending

@ After bending

(Bending center)

Fig. 1 The bent tube cross-section
3.2.1 Stressduring the tube bending process

In the elastic deformation zone, the stress-strain relationship of materialtbbeyseral Hooke’s

law (Eq. (18)).



& :é(ag —vop)

1
& =—(op —voy,)

(18)

1
& =—[-v(o,+0,)]

=,
where o, and o, are the axial stress and the circumferential stress, respectively, gndndg,
are the axial strain and thickness stra@spectively.

According to Egs. (4) an¢l8), the axial stress-strain equation in the elastic deformation zone can
be written as Eq.10).

1-v2 7 19
In the plastic deformation zone, the stress-strain equation can be written(28) Eaccording to

the Henckytotal strain theorgontaining the elastic stra{ilencky, H.,1924).

(20)

> (21)

According to Eqgs. (4) and (5), the relationship between the axial ahohéiss strain in the

plastic deformation zone can be written as Eq).(22

& =&, (22)

According to Eqgs. (12), (13), (21) and (22), the equivalemisstand equivalent strain can be
written as Eqs(23) and (24)respectively.

(23)

—=|& 24
Nelid (24)
According to Egs. (1), (23) and (24), the axial stress-strain relatpo$ the plastic deformation

10



zone during the tube bending process can be written as Bq. (25

2 2K, 2
|C79|:_ =—=(

NE NE %|59|+b)n (25)

The neutral layer variation (or offset) can be determined via Eq.4@6)rding to assumption (5)

Ql

in Section 2.1 and the results of E et al. (2009a).

D,=p-ry(p/r)*-1 (26)
According to the definition of strain, the thickness strain and atifainson a bent tube

cross-section can be expressed as Eqgs. (27) and (28), respeativyconsidering the neutral layer

variation (or offset).

t
&=In— (27)
tO
Pty
=InLt—-
K P~ De 28)

In Egs. (26)-(28) and Fig. 1,.0s the stress and strain neutral layer variation/offset, r is the inside

tube radius t, is the initial tube wall thickness,is the tube wall thickness after bendipgis the

bending radius before springback and y is the distance betweemdhsured position and the

geometic neutral layer, which can be written as E29).

y=(r+t)cosp (29)
where @ is the position angle of the tube cross-section, as shown in Fig. 1.

By substituting Egs. (27)220) into Eqg. @2), the tube wall thickness after bending can be deduced

as Eq. (30).
(p B De)tO , Q= E
ol 2
t= . (30)
—(p+I’COS¢))+\/(p+rCOS¢)) + 4cosgt,(p — D,) L
2cosp P75

From Egs. (24) and2@), the axial strain between the elastic deformation zone and the plastic
deformation zone at the outside portion of the tube cross-section eaittbe as Eq. (31) since where

yielding occurs.

S a 3 a \/5 p _ De (31)



According to Eq. (31),hg can be expressed as Eq. (32).

he=(p-D)e? " » 2]
From Fig. 1, Eq. (33) can be obtained.
y, =hg =(r +t,)cosa (33)
According to Eq. 0), t, can be expressed as Eq.)(34
= —(p+l‘COSa)+\/(p+I’COSa)2+4COSatO(p—De) (34)
“ 2cosa
By substituting Egs. (32and (34) into Eq. (33 @ can be deduced as Eq. (35).
B, RER
[@—De)ez S—p}ez *
o = arccos (35)

re2” +t,
Using the same procedures that produdel anda, he, and g can be determined via Eqs

(36) and (37), respectively.

B,
he=p-(p-D)e 2~ (36)
B, B,
[@—De)e 2 S—p} e 2"
f =arccos &)

B,
re 2 +t,

From Egs. 19), (25), (35) and 87), the axial stress on the bent tube cross-section can be

expressed by Eq38).

2K( 2 !
—| —=¢,+b | , O<¢p<a
Jﬁ(ﬁ ’ ] ?
o, = %50, a<p< 39
—%(—\/—2:_359+bj ., Besrx

3.2.2 Residual stress after springback
The residual axial stressg,, , after springback can be expressed as Eq. (39).
o,=0,+A0, (39)

whereA . is the axial stress during springback. Assuming that the defornthtiorg the springback
12



process is completely elastic deformation (Al-Qure$889) the axial stress during springback can be
obtained by Eq. (40), according to Eq. (19).

E
1-v2?

Aoy =185, = 1 InC e ) 40)

1-v

8

where Ag, is the axial strain during springbackp, is the springback radius (Fig. 1) and

In(-2e—= Pe— Y ) can be simplified to—Y—D. because the axial strain during springback is very small.
Po+ D,

Pe+ D,
From Egs. (2) and3@)-(40), the residual axial stress distribution on the cross-section after

springback can be written as E41).

35 Jz_ &, +b)" + Euz_y_[?e, 0<p<a
Pet e
r - _De
o) = _E°2(eg+p ) a<p<p 4
_y_De
\/_ J_gg+b) + E“’/Z pe+De, PLo<rm

3.2.3 Springback mode
According to the static equilibrium condition (Eq. (17)), the surthefresidual axial stress after

springback should equal zero (Eq. Y¥2
a:jaxﬁ+2nmw=o (42)
0

From Eqs. (41) and (42), Eqg3) and (43.1) can be obtained

1 C+G+C,

p.+D, C,+C.+C, (43)
% 2KM 2
C =% (=¢+b"d,
1~ _([ \/— \/— o
B
E,M
C, =I1_°V2 £,d,
T O2KM 2 ,
Q:} ﬁ(5ﬁ%+md¢
g (43.1)
“E,M(y+Dp
Coml= o
B
E,M(y+D,)
CSZI ° 1—12 d(p
ZE,M(y+D,)
C.=|—+*—> "¢¢d
® ~/[ 1-v? ¢




where G is the sum of the axial forsén the outside plastic deformation zone before springbagcls C

the sum of the axial forsén the outside and inside elastic deformation zones before springhgisk, C
the sum of the axial foreén the inside plastic deformation zone before springbagks & o, + D,)
times the sum of the axial forcén the outside plastic deformation zone during springbagkisC
-( p, + D,) times the sum of the axiforcesin the outside and inside elastic deformation zones during
springback, Gis -(0, + D,) times the sum of the axial fos@ the inside plastic deformation zone
during springback andM =t2 +2tr .

Thus the residual curvature after springback can be obtained big&q.

1 1 1

pé _p_De pe+De

(44)

Because the difference in tube fiber lengths before and after Ispecikds minor, they can be

assumed equal (E¢45)).

(p_De)H = pefgr (45)

where 6" is the bending angle after springback.

From Eqs(44) and(45), the springback angle can be obtained ag45(.

r0=6-g =L g (46)
Pe+ D,
3.2.4 Resolving for the springback angle
The springback angle is an implicit function of the position anfle,according to Egs. (43),
(43.1) and (46)Thus, it is difficult to explicitly express and directly resolve. Thereforenerical
integral methods can be used to resolve the values-6§,&Gllowing the tube springback angle after
bendingto be obtained. The detailed flow chart used to solve for the springioabd is showrn Fig.

2.
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Input material parameters of tube: K, n, b, E, & v; initial geometric
parameters of tube;, Ir; geometric parameters of bent tuhe$:
v

According tcEs =K (¢, +0)" , calculate yielding strain: \

According to Eqg. (26), calculate the offset of neutral layer: De‘

elastic deformation zone and the outside plastic deformation on|

‘ According to Eq. (35), calculate the parting angle between the out

According to Eqg. (37), calculate the parting angle between the in|
elastic deformation zone and the inside plastic deformation gon

Set loop increments in outside plastic deformation zone, elasti
deformation zone and inside plastic deformation zofig: %.: @i

Carry out three loops:
|Loop & ¢=0,a.¢,] [Loop2% p=a,8.¢| [Loop3®: ¢=p.7.9)

\According to Eq. (30), calculate wall thickness of tube after bendiﬁ“

v
According to Eq. (29), calculate the distance of the measure point
geometry neutral layer: y
v

t

‘ According to Eqg. (28), calculate axial stfain: ‘

\ According toM =t? +2tr | calculate value of factor: M|

\ According to Eq. (3), calculate Young's mod&us: \
¥

For Loop £ calculate |For Loop 2% calculate [For Loop &, calculate

C1, C4 using numerical| C,, Cs using numerical|Cs, Cs using numerica

integration method| | integration method integration method

based on Eq. (43.1) | based on Eq. (43.1) | based on Eq. (43.1
¥

‘ According to Eq. (43), calculate springback curvaturge#fe) ‘
¥

‘ According to Eq. (46), calculate springback angle: ‘

End
Fig. 2 Flow chart used to solve for the springback angle
4. Results and discussion

First, the analytic tube bending springback model developed in this saslgvaluated based on
the contribution of Young’s modulus, wall thickness and neutral layer variations to the springback.
Then, this model was testified via comparison with existing analytic maatads experimental
springback results. Furthermoezror sources relative to this model were analyzed. Finally, this model
was @plied to a tube bending to investigate the influence of the initial tube georskapes, tube
material properties and bent tube geometric shapes.

In recent years, Ti-3Al-2.5V Ti-alloy tubes have been used fretyuenfields of aeronautics and
aerospace due to their advantages of high strength/weight ratio, excellgné feesistance and
corrosion resistance, and good welding performance (Zhan et al.). 2Z0¥®efore, o sizes of
Ti-3Al-2.5V Ti-alloy tubes were analyzed in this study. Ona ¥ mmx t0.6 mm tube with an initial
outside diameter of 6 mm and wall thickness of 0.6 mm, while the sthép12 mmx t0.9 mm tube
with an initial outside diameter of 12 mm and wall thickness ofnth® The property parameters of
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these two tubes were obtained via tensile testing, as shown in Table 1.

Table 1 Material property parameters of the tubes.

Parameter /MPa IMPa
T E, E, & 14 K /MPa n b
D6 mmxt0.6 mm 97541 94215 -97.45 0.3 1038.9 0.093 -0.0040
D12 mmx t0.9 mm 100380 94109 -59.08 0.291 1326.5 0.070 -0.0006

The bending experiments for D6mrBx@mm Ti-3Al-2.5V tubes were conductesh an Eaton
VB50 rotary bender, and the bending experiments f&2nimxt0.9mm Ti-3Al-2.5V tubes were
conductedon a GQ W27YPG53 rotary bender. The basic die composition for rotary tube bending is
composed of a bending die, a clamping die, a wiper die, a pressure @jindcaical mandrel and
several balls (or a cylindrical mandrel with a hemisphere head), asnsimowig. 3. The die
composition for bending the De6mn®®mm Ti-3Al-2.5V tubes was composed of a bending die, a
clamping die, a pressure die and a cylindrical mandrel witknasphere head~or the bending of the
D12mm x t0.9mm Ti-3Al-2.5V tubes, a wiper die was applied, and the cylindrical marwitél a
hemisphere head was replaced by a cylindrical mandrel and a ball. Duriigdherperiments, the
lubricant among the tube, mandrel, ball, pressure die and wiperedgusion oil S980B. The bending
parameters for these two kinds of tubes are shown in TableeXprimgback angle is the difference of
bending angle before and after springba&fter springbackthe bending anglevas measured by a

universal bevel protractor

Wiper die

Bending die

Mandrel

Cylindrical mandrel
with a hemisphere head

Presure die

Ball

Clamping die

Fig. 3 Basic die composition for rotary tube bending.
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Table 2 Bending parametersTif3Al-2.5V tubes.

Parameters D12mmxt0.9mm D6mmx0.6mm
Bending radius /mm 24 18
Mandrel feed /mm 1 1
Ball thickness /mm 5 -
Bending speed /rad/s 0.80 0.80
Boosting velocity /mm/s 19.2 14.4
Pushing ratio /% 100 100
Mandrel diameter /mm 9.94 4.64

4.1 Effect of Young’s modulus, wall thickness and neutral layer variations

In this section, the contributions &bung’s modulus, E, wall thickness, t, and neutral layer, D
variationsto tube bending springback were studied by comparing springbaclsafg&periment and
prediction obtained using the model in this study under various coaster about B t and E fora
D6 mm x t0.6 mm >»18 mm Ti-3Al-2.5V tube, as shown iRig. 4 During the bending process, the
bending radius was 18 mm (i.e., the relative bending radids3). Fig. 4 shows that the springback
angle prediction errors of the model under various bending angles arentiffThus to easily evaluate
the prediction capability of the analytic springback model in this stalyndex named the average
relative springback angle error at different bending angles 4&3). Was proposedased on Eq. (47),
the average relative springback angle errors under different considerations Q, t and E were

calculated, as shown in Table 3.

AHia _Agie

100
= 47)

where A@, represents the analytic springback angle valye, is the experimental springback

angle value,s is the average relative error anglimthe total data numbef various bending angles
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Fig. 4 Springback angles of experiment and prediction obtained usingdldel in this study under various

considerations about,Pt and E foraD6 mmx t0.6 mmx p18 mm Ti-3Al-2.5V tule.

Table 3Average relative springback angle errofsnalytic results from the model in this study and different

considerations aboutt and E.

Considerations of
t and E k None D. t E Decandt D.andE tandE DgtandE

Average relative
error (%) 74.0 49.5 30.1 73.0 6.6 477 27.7 6.5

Fig. 4andTable 3illustrate that the springback angles at a given bending angle becomeafaiger
approach the experimental results when considering one, two or all éreeegpers than those without
considering variations in,BE and Q. The predicted springback angles are closest to the experimental
results for the cases that consider t apam that consider D, and E.

Fig. 4 andTable 3also show that the springback angle significantly increases after icimgdu
variations, while @ ranks second and E variations cause only a slight incréasdast finding is in
accordance with that from the previous finite element anatystie bending of a D6 mm x t0.542
mm Ti-3Al-2.5V tube (Zhan et al., 2014). Though except fer dtside diameter, the conditions in
these two cases, including wall thickness, the bending radius and materetipsogre differentThe
springback angle prediction errors can be decreased by 43.9%4 24d51.06 under these three cases
respectively. This means that, when only one of three parameteromnsidered, the variation in t and
E are the most and the least significant pararmaféacting on springback, respectively

As comparing to the springback angles without considering the variation tinaBd R, the

springback angle increases after introducing both t aneaBations is the largest, while introducing t
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and E variations ranks second and consideripgrid E variations ranks last. The springback angle
prediction precisions can be improved by 67.4%, 46.3%, and¥2@u3der these three cases,
respectively. This means that, when the variations of two parameterscavesielered together, the
comprehensive contribution of,[and t is the largest, that of t and E is second and that ahdE is
the least.

As comparing to the springback angles without considering the variatippirahd E, there is a
significant springback value increase when all three parameters areeceddinjethermesulting in an
average error decrease from 74.0% to 6.5%.

FromFig. 4 andTable 3 it can be noted that the springback values significantly increase when
considering t variations versus without considering t variations, awitdrage error decreases from
74.0% to 30.1% (decreased by 43.9%), from 73.0% to 27.7% (decrbgstdl3%), from 49.5% to
6.6% (decreased by 42.9%) and from 47.7% to 6.5% (decreasdd29gy)4vhen comparing the values
considering t to those without considering t, E ang &nsidering botht and E to those only
considering E, considering both t andtb those only consideringePconsidering t, Pand E to those
considering both Pand E, respectively.

These springback angle differences are caused by the original umifirthickness becoming
non-uniform, with decreasing thickness from the neutral lay&ngmuemost portion and increasing
thickness from the neutral layer to the innermost porfioith the maximum thinning ratio and
thickening ratio of about 15% ar&%, respectively, as shown in Fig. 5). Tiul result in axial strain
(Fig. 6), axial stressHig. 7) and axial forceKig. 8) variations under these conditions. As seen fFagn
6, the t variations cause the axial strain to decrease before springbgck6q, increase during
springback Fig. 65 and decrease after springbaékg( 69 by comparing the results considering t to
those without considering t, E and.,Dconsidering botht and E to those only considering, E
considering both t and 3o those only consideringesPconsidering t, B E, and to those considering
both D, and E, respectively. These strain variations from t variations causevstres®ns Fig. 7). As
Fig. 7billustrates, the farther to the neutral layer, the larger the axial stressdwvaing springback.
Thus, it leads to significant differences in the axial stress valuedistntbution after springbacke(g.

70) versus before springbaclkei§. 79. The axial stress after springback is smaller than before
springback. In the zones farther from the neutral layer, the axial stfeessspringback becomes

opposite of the axial stress before springbdek.(7aand ¢. As Figs. &, b and c illustratethe t
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variations causa decrease in the axial stress before springbBk {9 and an increase in the axial
tensile stress during and after springbaekj¢ 7b and c) .by comparing the results considering t to
those without considering t, E and,,Dconsidering botht and E to those only considering, E
considering both t and 3o those only consideringcDconsidering t, B E, and to those considering
both O and E, respectively. Introducing t variations will lead to a decrease ingheoaithe outside
deformation zone and an increase in the area of the inside deformation hese.siress and area
variations from t variations cause the axial force to decrease in the pdastic deformation zone
before springback (€ (Fig. 89 and during springback (L (Fig. 89, in the elastic deformation zone
before springback (€ (Fig. 89 and during springback £r (Fig. 89, and in the inside plastic
deformation zone before springback)C-ig. 8c) and during springback ¢C(Fig. 8f). Thus, the sums
of the axial forces before springback (the sum fG3 and G in Fig. 89 and during springbackoth
increase (the sum of,0Cs and G in Fig. 8h), and the increased axial force ratio before springback are
larger than during springback. This difference in ratios leads tocrease in the springback curvature

according to Eq. (43)Hg. 8)).

0.75
— This study
0.70 X
—O— Experiment
0.65
€ Midst bendina plane
£ 0.60-
= . g
)
0.55 1 ~ Bending plane ;. )
- O/ Initial bending plane
0.50 gp

0 20 40 60 8|0 1(I)O 1é0 14|fO 160 1é0
?(°)
Fig. 5 Analytic and experimental thickness distribution along the midsirgepthne ola D6 mm x

t0.6 mm xp18 mm Ti-3Al-2.5V bent tuk with =120 °
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Fig. 4andTable 3also illustrate that the springback values considering neutral layer vasiatin
larger than those without this consideration, with average errors dedreas 74.0% to 49.5%
(decreased by 24.5%), from 73.0% to 47.7% (decreased by 25%:8f)30.1% to 6.6% (decreased by

23.5%) and from 27.7% to 6.5% (decreased by 21.2%), by compaiugs considering Do those
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without considering E, t andPconsidering both Dand E to those only considering E, considering
both D, and t to those only considering t and considering E, t and those considering both E and t
respectively.

These springback angle differences caused by different consideratian®aboe due to that the
strain neutral layer, which will slightly offset toward the inside defttion zone, caes axial strain
(Fig. 6), axial stressHig. 7) and axial forceKig. 8) variations under these conditions. As seen fFag
6, the D, variations cause an increase in the axial strain before springbiacl6g, a decrease in the
axial strain during springbackeig. 60 and an increase in the axial strain after springbgck 69, by
comparing the results considering o those without considering E, t and Bonsidering both Dand
E to those only considering E, considering bothabd t to those only considering t, considering E, t
and D to those considering both E and t, respectively. These strain variesioss an increase in the
axial stress before springbackid. 79 and a decrease in the axial stress durkfig. (7H and after
springback [fig. 79. The introduction of neutral layer variations will lead to an increase in the area of
the outside deformation zone and a decrease in the area of the inside deformagio These axial
strain, axial stress and deformation zone area variations dueviariBtions exhibit an opposite trend
as those caused by t variations. The stress and area variations causgdamiatidns lead to an
increased axial force in the outside plastic deformation zone before l|mingG) (Fig. 89 and
during springback (§ (Fig. 8d, adecrease in the elastic deformation zone before springbackHG.
8b) and during springback ¢C(Fig. 89 and a decrease in the inside plastic deformation zone before
springback (@) (Fig. 89 and during springback ¢ (Fig. 8f). Thus, the sum of the axial fose
increases from a negative value to a positive value before springbackrttted €, C, and G in Fig.

80) and also during springback (the sum qof C; and G in Fig. 8h. In addition, the increased axial
force ratio before springbadk larger than during springback. This difference in ratios leads to
springback curvature increase based on Eq. (48) 8)). Because the degree of variation in the sum of
the axial forces (includin@,+C,+C; andC,+Cs+Cg) caused by Dis significantly less than that caused
by t, the springback considering, Rariations is smaller than considering t variations.

Furthermore,Fig. 4 and Table 3illustrate that the springback angleonsidering E variations
slightly increase when compared to those without considering E variatidtis average errors
decreasing from 74.0% to 73.0%, from 49.5% to 47.7%, from 30.1%6.786, and from 6.6% to 6.5%,

when comparing these values considering E to those without considetimmdER, considering both
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E and R to those only considering.Pconsidering both E and t to those only considering t, consigerin
E, t and R to those considering both.@and t, respectively. These are a restithe Youngs modulis
distribution in the hoop direction of the tubiéd. 9), and the variations in,&Cs when E variations are
introduced Fig. 8. As Fig. 9 showing, the Young modulus near the neutral layer sharply increases
from a stable value, [Eto the initial value, E; and remains unchanged in a very narrow zone. It then
decreases to Fwhich is nearly equab the stable Evalue in constant zones. This is because most of
the zone along the cross-section underwent large plastic deformation aftergbeaxdinonly the
narrow zone near the neutral layer experienced elastic deformation, Hhuariations have no
influence on the bending deformation in any zemghe springback deformation within the elastic
deformation zones. Therefore, ng C,, C; and G (Figs. &-c and e) variations occur. In addition, only
a slight decrease occurs in the unloading slope of the outside and ptestie deformation zones
which is a result of the limited E variations within 3.4% from its initialiea97541 MPa) to its stable
value (94215 MPa) for the tube, thus a little decreaseg an@€ G (Figs. & and f), respectively. Thus,

the springback angle slightly increases due to introducing E variations.

98000
E,=97541MPa
H Elastic deformation zone

97000 |

96000 Outside small plastic§ ‘ Inside small plastic
§ [ deformation zone | | deformation zone
g
]

95000 + Qutside large plastic H ' Inside large plastic
deformation zone | '\ | deformation zone

94000

E-94215MPa E,-94215MPa

100 120 140 160 180
?(°)

Fig. 9 Distribution of E along cross-section ciD6 mmx t0.6 mmx p18mm Ti-3Al-2.5V bent tube.

0 20 40 60 80

To further investigate the effect dfoung’s modulus on springback, tube springback angle
variations with variousnitial Young’s modulus and stald Young’s modulus values were studied, as
shown in Fig. 1Q In Fig. 1Q the reference value dhitial Young’s modulus and stable Young’s
modulus values are 97541 MPa and 94215 MPa, respectively, whitlressame as those in Table 1.
Because the initia¥oung’s modulus value should be larger than its stable vatte,initial Young’s
modulus floats 5%, 10%, 15% and 20% upward based on its refereneciv&lig. 10, while the

stabk Young’s modulus floats 5%, 10%, 15% and 20% downward based on its reference valige in
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10b.

Fig. 10aillustrates that the initia¥ oung’s modulus has little influence on the springback. This is
because the variation iy Bnly causes a variation in the unloading slope within the elastic deformat
zone and the small plastic deformation zone, which account for a very saribnpof the
cross-section Kig. 9). Fig. 10b shows that the springback anglgreases as the stable Young’s
modulus decreases, and increase trend increases as the bending anglesin€rea is because the
decrease in Bwill cause a decrease in the unloading slope of the outside and insidedaéstication
zones Fig. 9), thereby increasing the springback angle. Compédfigg 1Ca andFig. 1(b, it can be
seen that the influence of,Bn the springback is more obvious than that ef This is because the
range of the outside and inside large plastic deformation zones, whadfe&s, is larger a lot than the
range of the elastic deformation zone and small plastic deformation zone, whiffades.

This different effects betweenyEnd E on springback means théte effects of the Young’s
modulus variations can be negligible for the springback of tulidsavsmall difference between, E

and E and bent undem normal bending radius {/p=2-4) (Jiang et al., 2011), where elastic

deformation encompasses a very small portiball deformation zones~(g. 9. While for tubes with
large difference between kand E, if given high spingback prediction requirements, the E variations
should be replaced by the stable value of Ydsingodulus E since it affects most of deformation

ZOnes on cross-section.
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Fig. 10Springback angle variations based on differentainitbung’s moduli (a) andstable Young’s moduli (b).
4.2 Reliability evaluation
To evaluate the reliability of the analytic elastic-plastic tube bending springhadél developed
in this study, the springback results@% mm x t0.6 mm x p18 mm andD12 x t0.9mm X p24 mm

Ti-3Al-2.5V Ti-alloy tubes after bending, while introducingD, and E variations were examined
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compared our model results to existing analytic model results (Al-Qureshi asso R2002),
Megharbel et al. (2008), Li et al. (2012), and E et al. (2009bghawn inFig. 11andTable 4 The

characteristics of these existing analytic models are listédlie 5

20 18
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Fig. 11Predicted and experimespringback angles: (&6 mmx t0.6 mm (b)D12 mm x t0.9 mm.

Table 4Average relative springback errors of existing analytic modelsdrenehodel in this study.

Ref. Al-Qureshiand Megharbel etal. | . .
Tubes Russo (2002) (2008) Lietal. (2012) E etal. (2009b)  This study
D6 mmx t0.6 mm 703 11.0 18.7 26.7 6.5
P12 mmx109 81.1 26.6 42.4 58.1 21.0

Table 5Characteristics of existing analytic springback models.

Principle of unloading
springback

Al-Qureshi and Russo (200: Elastic-perfectly plastic Classical springback theon  Without

considering the
Similarity in unloading triangl g, t, and Q

to elastic loading triangle variations, excej
Megharbel et al. (2008) Elastic-exponent hardening plas Classical springback theon that Li et al.
(2012)
Li et al. (2012) Exponent hardening plastic ~ Classical springback theon considered P
variations

Ref. Material model Similarities

E et al. (2009b) Exponent hardening plastic

Fig. 11illustrates that the springback angles predicted using these analytic models alkeincreas
nearly linearly as the bending angle increagemsed on the classic springback theory and when
considering the tube material to be elastic-perfectly plastic, the springback amgtisted by
Al-Qureshi and Russo (2002) are the lowest. When the tube material wakeimhso be exponent
hardening, the Megharbel et al. (2008) prediction yielded the highestsgrkhgngle values. When
the tube material was considered to be an exponent hardening material and nertrariations
were introduced, Li et al. (2012) produced a value between the vdlAéQareshi and Russo (2002)

and Megharbel et a{2008). The prediction line based on the similar triangle unloading thehigh
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was predicted by E et al. (2009b), is the second lowest. The predicBaumslimg the model developed
in this study is the second highest. This is due to the classic sprkgheory assumed that the
bending and unloading moments are equal, which will cause a large ugloadment leading to
over-springback. The static equilibrium springback theory can avoicb#eisspringback because it
accounts for the residual moment. The similar triangle unloading theay approximate method,
where the unloading stress and strain are determined only throughténesorface stress, strain and
similarity between the unloading triangle and elastic loading triangle. Fudherthe elastic-perfectly
plastic model will lead to under-springback due to neglecting the hardefiaty éfccounting for wall
thickness, neutral layer and Yousgnodulus variations will cause the springback to increase due to
providing more accurate strain, stress and deformation zone area calcukdiditionally, neglecting
the elastic deformation will also bring about inaccurate springback results.

Thus, comparing these predictions to the experimental results suggests thathfof the bent
tubes, the prediction accuracy of the model developed in this study igliesth The Megharbel et al.
(2008) model ranks the second, the Li et al. (2012) modk$éird, the E et al. (2009b) model ranks
fourth and theAl-Qureshi and Russo (2002) model ranks last. These comparisonsttsiothe
analytic elastic-plastic tube bending springback model, whichai®d on the static equilibrium
condition and considers t, E and \ariations is reliable.

4.3 Error analysis

The analysis in Section 4.2 shows that the springback prediction preofstbe Ti-3Al-2.5V
tubes was improved using the analytic model developed in this. $tiadyever, disparities still exist
between the predicted and experimentally derived springback angledisphéties for thed6 mm x
t0.6 mmx p18 mmandD12 mmx t0.9 mm x p24 mmtubes are 6.5% and 21.0%, respectively

The difference between the preddiand experimesl results may be due to a number of issues.
During the practical bending process, springback is not only closlaled to the shape, performance,
bending radius, bending angle, neutral layer variations and tube igkhdbs. It also has a significant
relationship with the bending method, die structure, friction state and atteengters. However, tbe
effects are ignored in our andtymodel. Furthermore, during the practical NC tube bending process,
cross-sectional flattening will occur, and the smaller the relative bendimgsrad the larger the
bending angle, the larger the flattening that occktattening will lead to decreased springback.

However, this flattening effect was also neglected in our analytic modeteliwe bending radius of
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theD12 mmx t0.9 mm x p24 mm bent tube is 2 and that of tB® mmx t0.6 mmx »p18 mm bent tube

is 3. This means that more essectional flattening will occur for the bent tube with the relative
bending radius of .ZThis will cause a larger error for that tube, which is why therdar theD12 mm

x 10.9 mm x p24 mm bent tube is larger than for th& mm x t0.6 mm x p 18mm bent tube.n
addition, though thickness from our analytic model and the experiments vary similarly, there is
difference between them with the maximum error of about 4%=80° (Fig. 5). This difference in
thickness variation would also bring about disparities in springback aegieen the predicted and
experimental results.

4.4 Springback model application

As Eq. @6) showing, the springback angle has a relationship with the initial tubeegeo sizs
(including the outside diameter, D, and wall thicknegs,material properties (including the strength
coefficient, K, hardening exponent, n, and Poisson ratiand bent tube geometric sizes (including the
relative bending radiusp/ D). The influence and significance of these parameters on the spcig
angle were obtained using the analytic springback model developed in thisastishown irFig. 12
In the analyses, taking the initial geometric size, material properties anetgesizeof the D6 mmx
t0.6 mm xp 18mm Ti-3Al-2.5V bent tube as reference values, parameters floarsPd0% upward
and downward basecdhaheir respective reference valyegcept for the relative bending radius, which
varies within the range of the normal bending radius, from 2-4.

Figs 12a, ¢ and f show that the springback arigleeases nearly uniformly with increases in the
tube’s outside diameter, strength coefficient and relative bending radius. Thaeasing trends
become more obvious as the bending angle further increases. Théiseimdfate a coupling effect
betweenthe tube’s outside diameter, strength coefficient, relative bending radius and bendilegoang
the springback angle

Figs. 1D, d and e illustrate that the springback angle decreases almastrnimifvith increase
wall thickness, hardening exponent, Poisson ratio and the decreasthgntierases with the increase
in bending angle. These results indicate a coupling effect between thehigkiiess, hardening
exponentPoisson ratio and bending angle on the springback .arigie 121 and e show that various

hardening exponents and Poisson ratios have minimal effects sprihgback angle
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Fig. 12Springback angleariations with the tube’s outside diamets (a), wall thicknesses (bytrength coefficient

(c), hardening exponent (dpoisson ratio (e) and relative bending wad).

5. Conclusions

An analytic elastic-plastic tube bending springback model was established draslee static

equilibrium condition. In the modelYoung’s modulus E, wall thickness t and neutral layere D

variations were considered. Using the model, springback angle variatisrfdaTi-3Al-2.5V tubes

were obtained under various conditions. The main results are as follows:
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(1) The springback angles, which considered these variations individuaiynininedy, increase
and approach the experimental results compared to the results that did not fwrciwase variations
For aD6 mm x t0.6 mm Ti-3Al-2.5V tube, the prediction error was decreased by 1.0%, 24.5% an
43.9% when only considerirg De and trespectively; by 26.3%, 46.3% and 67.4% when considering
bothDeandE, t andE andDe and t, respectively; and by 67.5% when considering all three variations.

(2) The t variatiorhas the largest impact on the springback angle, decreasing thebgrnaore
than 40%. This was due to that the non-uniform thickness fromuteenmst to the innermost tube,
resulting in an axial stress that decreased before springback, incdesisedand after springback, and
a decrease and an increase in the area of outside and inside deformatigrrespestively. The
contribution from R ranks as the second most influential, decreasing errors bythaor®€0%. This is
because Pvariations cause opposing stress and area of deformation zone variedioas as those
caused by t variations.

(8) The E variation contribution is the least significaad the minimal variations between the
initial value, K, and stable value, Fonly caused a slight decrease in the unloading slope of the plastic
deformation zone. Furthermore, the influence gbk the springback is more obvious than that f E
because the affecting range qfi& larger than that of ETherefore, the E variations can be neglected
for the springback of tubes with a small difference betweeggmB E and bent under a normal bending
radius. While for tubes with large differescbetween & and E, and high spingback prediction
requirements, the E variations should be replaced,by E

(4) The springback angle of Ti-3Al-2.5V tubes obtained udiegmodelincreased nearly linelgr
with the increasén tub€s outside diameter, strength coefficient and relative bending radius, as well as
with the decrease in wall thickness, hardening exponent and Po@&smnHowever, the hardening
exponent and Poisson ratio had little impact on the springback angle.
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