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Stretch Bending of Z-section Stainless Steel Profile
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Abstract : The stretch bending pr oper t ies of a new Z-section s tainles s steel profile were inve stigated by s im ula tion.

The causes of th e forming defect s , such as section dis to rtions and poor contour prec isio n, were ana lyzed, and th e

correspo nding controlling meth ods we re proposed. T he results show that the main forming defects for the stretch

bending of the Z-sectio n profi le were th e flange sagg ing , th e sidewall obliquing inward, th e bott om sur face upwar p

ing , and the bad contour acc ura cy; the cross-section dist or tions were mainly indu ced by the shrinkag e of th e side

wa ll, whic h could be el iminat ed by incr easing th e sidew all heigh t of the pro file reasonably; th e poor contour pr ecision

was mainl y due to s p r ing back , w hich could be co n t ro lle d by m od ifyin g t he die su rface based on th e spring back

amo unt; for th e investigated bending beam, th e pr oper sidewall height compens at ion was 2 rnrn . and the suitable die

surface modification amount was 1. 2 ti mes of the spring back amount , whe n the elo ngation was 10 % of the initi al

profile length. Stretch bending tes ts wer e condu ct ed on a new ty pe of die wit h adjusta ble bend ing surfaces , and high

quality components were achieved, which verifie d th e effec tiveness of th e defect cont ro lling measures.

Key words : st re tc h bendi ng ; Z-section; profile; numer ical sim ulat ion; rai l vehiele

A s one of the important approaches to solve the

urban traffic problems. rail transportation such as

s ubway and h igh-speed railway has received a lo t of

a ttention in recent years for it s p rominen t advanta

ge s of large capac ity. high eff iciency . energy sa ving

and envi ron mental p ro tection[1-4 J. Rail vehicl e body

co m pone n ts with large size and complex se ction hav e

strict re quirements in sect ion and contour acc u racy .

which creates a challe nge for the m an uf acture of the

h igh quali ty ve hicle body. Stre tch bending process is

a hi gh precision forming tech nolog yl' • and is one of

the effec t ive way s to overcome this challe nge . Dur

in g the proc ess. the profile is bent and tangentially

stretch ed at the same time. which can reduce the

sp ringback and impro ve the fo rming precision-' ".

There are two m ain types of rail vehicle body

m aterials . which are s ta inless steel and a lum in um

allol7
-
9J . A t pres en t . m uch resea rch has been done

on the bending of the a lu m in um alloy ext r usions

wi th various sections . whil e the research on the ben

ding of the steel part wi th large ge omet ry is rel a ti ve-

ly few. L iu et al. [10.11J investigated the influence of

the rotary stret ch bending proc ess parameters on the

cr os s-sect ion dis to r tion of the rectangula r a lum in um

alloy tube. Nakajima et al. [12J dev eloped a pres s ben

ding t echnology for obta ining the ext r ude d square

tubes w ith highly ac cura te cross sec t ions. Xiao et

a l. [13J s t udied the effec ts of the rotary s t retc h ben

ding parameters on the forming quality of the doub

le-ridged rectangular t ube . Uizaresc u[11J inves tiga ted

the effect of internal fluid pressure on the qu al ity of

a lumi n um alloy tube in rotary s t re tc h bendin g.

Cl ausen et a l. [lSJ s tudied the infl uen ce of differen t

stret ch bendin g procedures on the forming qu ality of

the a lum in ium ext r us ions with clo sed sect ion for ca r

bumper s. Den g et a l. [16J research ed the ho t stretch

bending and cre ep formin g process of the titanium

alloy profile w ith L-sect ion. Liu et al. [1 7] in vest iga 

te d the s pr ingback beh aviors of the Al-Li alloys ex

trusions with Z-section and T -sect ion in st re tch ben

ding. W ang et a l. [lSJ developed a mul ti-gripper flexi

bl e st retch forming device to improve the conforma-
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Table 1 Mechanical properties of SUS301L-ST

stainless steel

Fig. 2 Contour and cross-section characteristics of

th e Z-section bent beam ( unit: mm )
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H a rd en ing expon en t 11

pl aced in the ben din g die , and the ends of the profile

a re clamped by the jigs. During stretch bending , the

rotation of the j ig drives the p rof ile to ben d around

the die , and the m ot ion of the jig m akes the profile

be s t r etched , w hic h is ben ef icial fo r im proving the

s tress dist r ibut ion of the section and reduce the spri

ngback .

1. 2 Simulation model

The inves tiga ted Z-sec tion bent beam is shown

in F ig. 2. T he mater ial is 2 mm SUS30 1L-ST s tai n

less steel, and its m echanical p rop er ti es are presen

ted in T ab le 1. Based on the geometry of the com po

nent, the si m ula tio n m od el was es tablished wi t h the

genera l fini te el em en t so ftware A BAQ US , as sho w n

in Fi g. 3. D ue to symmetry , half of the who le m od el

was adop ted. To en hance the calc ulation eff iciency ,

the bending die, holder and jig were se t as r ig id

shell, w h ile the profile was set as deformab le she ll.

T he const it u t ive beh avior of the prof ile was deter

mined based on the Kr upkow sky law and the Mi ses

yield cri t erion was selec ted as t he yield cri terion.

T he con tact behav ior bet w een the s urfaces was ex

pressed b y the Coulo m b m od el , as s um ing that the

fri ct ion coeff icien t was O. 1. The profile was meshed by

S4R element, an d the glo bal m esh size was 5 m m;

w hi le the tools were m eshed by R 3D4 elem ent , and

the glo ba l siz e was 10 mm. The fill et a reas of the

profile and the too ls were locally refined with 0. 5 m m

m eshes . The bending process was ca lculated w ith the

dyn am ic exp licit algorithm , an d the sp ringback process

(h) l I IWorkb en ch - - - I -$-
~I Profil e

.Iig I -0- \ -0- I /

o
l~ 1n

~V Bending die '0
Fig. 1 Stretch bending ma chine ( a) and stru cture sketch ( b)

bil it y of sheet m etal. Yu and L in [19J s tudied the

effe ct of p rocessing parameter s on the dimension

precisi on of the U- shaped alum inium profile in rota

ry s t retch bending. Yu and Li [20J dev elop ed the m od 

els for characterizing the s pr ing back angle aft er un

load in g based on the s t ress and s t rain distributions

in the cross-section of the L-sect ion extrusion pa r t in

ro ta ry st retch bending. Li et a l. [21J ana lyzed the ben

ding process of the la rge diameter stain less s teel

pipe, co mbini ng wi t h local heat ing or coo ling by

si m ula tion.

Wi th the updating of the desig n conc ep t of the

rail vehicle body , a new kind of stainless steel stretch

bent co mponen ts wi t h Z-sec tion appeared. T here are

few lit eratures on the st udy of the s t retc h bendin g of

the profile wit h th is kind of section unt il now. T o

en hance the qua li ty of the ra il vehi cle body, it is

necessary to ca rry out a sys tematical st udy on the

stretch bending of the Z-secti on st ain less steel pro

file. T he refore, the stretch bending prope rt ies of a

Z- section stain less steel ben t beam on a rai l ve h icle

was in vestigated by si m ulation , and the ca us es and

corresponding con t ro lli ng m ethod s of t he formin g

defect s we re analyzed. Besides , a new ki nd of ben

ding die wit h adj us ta b le formi ng s urfaces was deve l

oped, and the stretch bending te sts were cond ucted ,

w hic h ver if ied the correc tness of this s t udy.

1. 1 Stretch bending mechanism

Fi g. 1 shows the s tre tc h bendi ng m ach ine and

the corres po ndi ng struc ture sketc h . As shown, the

bending die is fix ed on the work bench ; t he profi le is

1 Simulation Model for Stretch Bending
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(b)

Holder

Profil e

Bend ing die

.Jig profile len gth; ~l and 0 are t he elonga tion and the

bending angle of the profile , respective ly. When the

elongat ion for the profile is 10 % of the in iti al p rofile

len gth and the die surface is the inner s urface of the

beam , the jig traj ectory fo r the inves tiga ted beam is

sho w n in Fig. 4 , w here the do tted lin e is the jig traj

ectory w hen the profile is on ly ben t , w hile the so lid

lin e is the actua l trajectory w hen the p rofile is

s tretc hed and bent si m ulta neo us ly , and hence the

distanc e betw een the tw o lin es is the elongation of

the prof ile.

x

.l ig
traj ect ory

Sidewall obliquing
inward 3.86 nun

Bottom plat e upwarping 1.76 nun
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Fig. 4 .Jig trajectory

Fig.S Stretch bending defects when elongation was 10 % of

initial profile length and profile section was

same as standard beam

y

Bending die 0

2 Simulation Results and Discussion

2. 1 Forming defects analysis

T he s t retch bendin g si m ula tion results when

the elongat ion was 10 % of the in iti al prof ile leng th

and the profi le section was the sa me as the standard

beam are shown in Fi g. 5. I t can be seen that se r io us

sec tion distort ion arose af ter the pro fi le was bent,

s uc h as the flange sagging, the si dewall ob liquing

in ward , an d the bottom pl a te upwarpin g. In addi

tion, a lthough the stretch ben di ng p rocess could re 

duce sp ringback compared with ot her forming proces

ses, the contour accuracy was poor due to the la rge

sprin gbac k , wh ich originated fr om the la rge geome

t ry of the beam.

The ca us e for the serio us sec tion distortion was

the sec tion sh ri nkage ind uc ed by the extension of the

profile, in wh ich the sidewall shri nkage had the m os t

Fig.3 Simul ation model for st retch bending (a) and

schemati c diagram of middle section of the model ( b)

was simulated with the stat ic implicit a lgorit hm.

In the simulat ion m od el fo r stretching bending,

the ben di ng die and the holder were fixed a ll the

time; the mi ddle section of the profile was applied

with the sym met rica l boundary co nd itio n , and the

en d of the profi le was t ied wit h the jig; the jig was

applie d wit h the m o tion bou nd ary condit ion in the .r

an d y di rections and the rotat ion boundary condit ion

in the z di rection , res pect ively . T hus, the p rofile

could be st retche d an d ben t w it h the m ovin g and the

rotat in g of the jig.

T o inves tiga te the in fl uence of the bendin g con 

d it ions on the forming qualit y of the Z-s ectio n beam,

process parameters s uc h as the total elongation and

the st r uc t ure pa ram eters lik e the si dewall height of

the profile w er e selec ted as the variables. Throu gh

the study on the influence law , the controlling m ethod s

of the form ing defect s can be fo un d out, and the

ben t pa r t s wit h hi gh quali t ies can be manufactured.

1. 3 Jig trajectory design
In stretch bending , the mot ion an d the rotat ion

of the jig are the motivat ion of the forming of the

profile, so the moving trajectory of the ji g is the key

of the stretch ben ding simulation. Assumi ng that the

profile co m pletely contacts w it h the die surface dur

in g the ben di ng process , the contact po int be tween

the profi le an d the die surface w ill a lso be the ta n

gent poin t of the di e surface curve. Accord in g to the

geometric re lat ions , the jig trajecto ry during the

bendin g process can be calcu lated following the equa

tions as:

{

X j = 2 999sinO+ ( L +~l - 2 9990) cosO
. ( 1)

y j =2 999 (l -cosO ) + ( L + ~1 -2 9990 )stnO

w here , (X j ' Y j ) is the jig coo r di na te; L is the in itial
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influence on the deformation of the section. Fig. 6

shows the material flow trends of the profile during

stretch bending. I t ca n be seen that in the longitudi

nal direction. the material flowed to the end and the

profi le was exte nde d ; in the horizontal direction of

the section, the inward flowing of the material in

the flange and the sidewall made the sidewall ob

lique, which reduced the rigidity of the sidewall and

then led to the sagging of the flange in the fill et po 

sition; in the vertical direction of the section, the

upward flowing of the material in the bottom plate

made the upwarping of the bottom plate.

value repres ents the flange sagging. It can be seen

that more serious se ction distortion appea red as the

elongation increased, while the declining of the sag

ging amount was not obvious with decreasing the

elongation.

The sagging degrees of the flange for diff erent

sidewall heigh ts a re shown in Fig. 8, in which the

positive value means the flange upwarping , and H

m eans the sidewall height of the standard beam. The

corresponding section deformations are pres ented in

Fig. 9. It can be seen that when the sidewall height

was smaller than H, the fl ange sagging was more

serious (Fig. 9 (a»; as the sidewall height in 

creased, the flange sagging degree obviously de

creased, and the section di stortion was effe ct ivel y

controlled (Fig. 9(b»; however , when the sidewall

height wa s ov er compensated, new se ct ion di stortion

of flange upwarping appeared (Fig. 9 (c) ).

Therefore, the effective way to control the sec-
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Fig. 8 Flange sagging degrees for different sidewall heights

when elongatio n was 10% of initial profile length
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2. 2 Section distortion control
As known from the above analysis, the mam

reason for the section distortion is the sidewall

shrinkage. There are two main ways to con t rol the

deformation of the section , which a re adjusting the

process parameters and increasing the sidewall

height to compensate the shrinkage of the sidewall.

The flange sagging am oun t w as selected to ev aluate

the effe ct s of the two m ethods to control the sect ion

distortion.

The in fl uence of the elongation on the se ction

distortion is shown in Fig. 7, in which the negative

- 4 L-...J-__....L__---L L.-__...L..-...J

Fig. 6 Material flow trends of profil e du ri ng

stre tch bend ing

Flange sagging degrees for differe nt elongations when

profile sectio n was same as standard beam

Fig. 7

o 5 10 15
Elongati oru%

20
( a) H -I ; (b) H + Z; ( cJ H + 1o

Fig. 9 Section deform ation of the bent parts for differe nt

sidewall height s when elongation was III % of

initial profil e length
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t ion distort ion of the Z-section prof ile in s t re tc h ben

ding is to increase the sidewall heigh t reasonably.

For the in ves ti ga ted ben t pa r t in this work, the

proper si dewall height co mpensation is 2 mm w he n

the elonga t ion is 10% of the in it ial profi le length.

2. 3 Contour accuracy control

T he ways to control the contour acc uracy are

m ainly by adjus ti ng the process pa ra meters or m od i

fyi ng the bending surface of the die. T he con to ur ac 

curacy deviat ions for differen t elonga tio ns and die

surface m od ifi ca ti on amounts are shown in Figs. 10

an d 11 , respect ive ly. I t can be seen that alt hough in

cr easing the elongation co uld improve the co n to ur

acc uracy to so me extent , th e deviat ion s were sti ll over

the ge neral accu racy requirement for the rail vehicle

bod y co mponen ts , w hic h was 1 mm ; the co n to ur ac 

curacy co uld be effe ct ivel y co n tro lled by proper die

surface mo dificatio n based on the spr ingback amount.

For the in ves t iga ted beam in this work, the prop er

die surface m od if ica ti on is 1. 2 times of the springbac k

Fig. 12 Stretch bending die with adjustable forming surfaces

It can be known fro m the si m ula tion results

that when the elonga tion is 10 % of the ini tial profile

len g th, to gain the qu alified component, the side 

wa ll heigh t sho uld be 2 mm h igher than that of the

s ta ndard beam , and the die surface sho uld be m od i

fied wi t h 1. 2 t imes of the sp ri ng back amoun t. In or

der to veri fy the correct ness of the concl usion, a

new ki nd of stretch ben ding die w ith adjus table

form ing surface was develop ed , as shown in Fi g. 12.

T his bendin g s urface of the die was made up of man y

small base bulks, and each s urface of the bulk was

designed as cylindrica l to avoid scratching the pro

fi le . T he bending s urface co uld be m od if ied by adjus 

t in g the rel at ive heights of the base bulks, w hic h

canceled the reprocessing of the die , and was advan

ta geous to ac h ieve the h ig h precise components.

Stretch bending tests we re conducted b y sett ing the

proper process pa ra m eters , as w ell as t he reasonable

profi le sectio n and die s urface, as shown in Fig. 13.

The test res ults in Fig. 14 showed that high quali ty

ben t pa r t s wit h hi gh contour acc uracy and li ttl e sec

tion distort ion we re produced.

a mount w hen the elonga tion IS 10% of the ini tial

p rofile len g th .

3 Stretch Bending Tests

15
Eiongatiolll%
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Fig. 14 Test part with high contour accuracy (a) and

little cross section distortion ( b)

Stretch bending testFig. 13<I

8

6

lO r------------------,

Fig. 11 Contour accuracy of bent parts for different die

surface modification amounts when elongation was

10 % of initial profile length

o 1.0 1.1 1.2 1.3 1.4
Die surface modification amount,

springback amount

Fig. 10 Contour accuracy of bent parts for

different elongations
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4 Conclusions

(1) The m ain form ing defects for the stretch

bending of the Z-sectio n profile a re the se cti on dis

tort ions and the poor contour ac curacy. The se ct ion

distortions incl ude the flange sagging , the sidewall

obliquing in ward and the bottom s urface upwarpin g.

(2) The sect ion dis to r tions of the Z-sectio n

stretch ben t part are m ainly in du ced by the sidewall

shrinkage. The se ct ion distort ions can be effe ct ive ly

eli mi na t ed by in cr easing the si dewall height reasona

bl y to co mpensat e the sh r in kage of the sidewall dur

ing st retch bending.

(3 ) The poor contou r accuracy of the Z-sectio n

stretch ben t part m ainl y originates from sp r in gback.

Co mpared w ith inc reasing the elongat ion , m odifyin g

the die s urface based on sp ri ng back can better im 

prove the con tou r ac curacy.

( 4 ) F or the in ves tiga ted Z- section beam , the

prop er sidewall heigh t is 2 mm hi gher than that of

the s ta nda r d beam, and the s ui ta ble die s urface

m od if ication is 1. 2 t im es of the spri ng back a moun t

when the elonga tion is 10% of the init ial profil e length .
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